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Foreword
Civil engineering is as old as mankind, and, which will be forever. The civilization, which
includes all applied sciences is the basics of civil engineering. Thus, the gap, between pure
science and enhancing quality of life is the wisdom of civil engineering, which is a
combination of art, craft, and mathematics. Thereby, the Congress name should imply the
scientific era, which is inspected intensively as long as mankind. That means also, many
things have done before. This concept, gathered us to decide a name, which can be memorized
and remembered easily, harmonic, and emphasized the openness of the Congress. Withal, the
abbreviation of the Congress has to be a meaningful word. For a pandemic world, to activate
the scientific impression to our lives, International Congress on Phenomenological Aspects
of Civil Engineering (PACE) get in life.
As the above-mentioned sense, PACE-2021 aimed to get in touch the academicians,
researchers and practitioners in the civil engineering, geological engineering, geophysical
engineering, architectural engineering, architecture, and landscape architecture related
topics from all around the world to review recent trends, topics, problems, and innovations
of knowledge and understanding in the relevant areas to share the knowledge that the
present, and the future pose. It is hoped that the transactions of the PACE-2021 will provide
a fruitful background for up grading the branch, through an appropriate exchange of
information between all researchers, scientists and industrial scholars.
The first impression for a congress is very important, especially, when it's executed for the
first time. Thus, 36 keynotes from all over the world are selected for wider audience. About
200 manuscripts from 32 countries are submitted; however, we could only accept 164 of
them. All authors are submitted their full manuscripts except, the 9 of the ones, who
submitted their works, as abstracts. Withal, only the presented submissions are included
within this transactions e-book. The reviews of the papers were undertaken by the Scientific
Committee of the congress and only the accepted ones were announced for the congress. The
editor is deeply grateful to all for their effort in enhancing the quality of the transactions. At
the end, the PACE-2021 Congress is executed with 36 Keynotes, 161 presentations (three nonpresented, but accepted manuscripts not included within this transactions), and 422
participants from 32 countries at 23 sessions and 4 breakout rooms, which includes Porto
Rico to Vietnam, USA to Australia, UK to India, Morocco to South Africa, Pakistan to Greece,
Iran to Spain, Portugal to United Arab Emirates, and Brazil to New Zealand. Hereby, the
manuscripts were about 65% from out of Turkey, which implies the globality of the Congress.
We think, the Congress got the pace…!
I would like to thank to all participants of the congress, especially the session chairs and
Keynotes from all over the world; to get in touch at PACE-2021, and I have to express my
gratitude to Rector of Atatürk University, Prof. Dr. Ömer Çomaklı; Rector of Erzurum
Technical University, Prof. Dr. Bülent Çakmak, Ataturk University Deputy Rector Prof. Dr
Ayşe Bayrakçeken Yurtcan, and Head of Civil Engineering Department of Universiti Putra
Malaysia, Assoc. Prof. Dr. Fauzan Mohd Jakarni for their collaboration and support. At the
second stage, all PACE-2021 Committee members, they have done their best to get in life this
Congress. Without their grateful support, the PACE-2021 would not have been the great
success it was.
We look forward to get in touch again in the next congress, PACE-2023.
Abdulkadir Cüneyt Aydın
Editor & Chairman of the PACE-2021
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Our country is home to many important engineering structures such as bridges, dams,
historical structures with different carrier systems. Both touristic and usage-purpose
structures are damaged in time-dependent conditions. Considering the important earthquakes
that have occurred in our country, which is located in the seismic belt, many structures have
been exposed to earthquakes of great intensity. These earthquakes may have caused timedependent internal stresses and/or damages in the structures. In addition to these, fatigue
damage may occur over time in structures exposed to continuous and variable traffic, wind
and human loads. Therefore, these structures may face the danger of collapse in the next
earthquake. Structures that took many years to build may have been affected by earthquakes
and constant traffic, wind and human loads, as well as time-dependent material deformations,
temperature changes and blasting in the immediate surroundings. As a result, it is necessary
to determine the safety of different structures of great importance by using developing
methods as a result of these stresses they are exposed to. Today, with the developing
technology, the designs of important engineering structures such as bridges, historical
structures and dams can be easily made using computer aided methods. In particular, the
safety of these structures against earthquakes or other dynamic effects can be determined with
various programs prepared using the Finite Element Method. However, when these damaged
or destroyed structures are examined, it is seen that there are many differences between the
structures designed with computer programs and the existing structures. Among the reasons
for these are some acceptances during the designs and various workmanship errors. Therefore,
it is necessary to determine the safety of existing structures under earthquake and permanent
loads using experimental methods and to monitor how the changes in the structure affect the
remaining life of the structure over time. The structural behavior of engineering structures
under dynamic effects is determined by the dynamic characteristics defined as natural
frequency, mode shape and damping ratio. Experimental Modal Analysis method is used to
determine the dynamic characteristics of structures depending on experimental measurement
methods. In this method, sensitive accelerometers are placed on the modal motion points
obtained as a result of finite element analysis on the structure. Vibration signals from
accelerometers are collected with the help of data acquisition unit and dynamic characteristics
are obtained by using up-to-date software. Structural Health Monitoring (SHM) is a method that
has been widely used in civil engineering in recent years, based on the principle of continuous
monitoring and control of the structural behavior of engineering structures with different
types of materials and structural systems, together with experimental methods, and
determination of damage by taking into account the changes that may occur. Experimental
methods used in Structural Health Monitoring systems are divided into two main parts as
destructive/damaged and non-destructive methods. Non-destructive methods are preferred
because no damage is desired on the structures after the experimental measurements.
Experimental Modal Analysis method is divided into two as Forced Vibration Method and
Ambient Vibration Method. In the Forced Vibration Method, the structure is vibrated with a
known and measurable effect (shake table, impact hammer, shakers, etc.) and the response of
the structure to this effect is measured. In the Ambient Vibration Method, on the other hand, it
is assumed that the building vibrates with an ambient effect (such as wind, vehicle load,
earthquake, blast or pedestrian movement) and the response of the building to this effect is
measured. With Structural Health Monitoring, the current conditions of the structures are
determined, the structural behavior characteristics are determined, the building is monitored
24/7, the damage that will occur in the building due to aging and external factors is determined
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in advance, and the building is immediately intervened with the early warning system. SHM
systems are increasingly being integrated into the structural design phase as a necessary part
of structures design. Each SHM system is specifically designed and ordered to specific
monitoring purposes. It is of great importance that the structure-specific behaviors are well
determined and the most appropriate monitoring systems for the structure (displacement,
accelerometer, straingage, pressure gauge, heat meter, etc.) are placed in the determined
locations. Classification, processing, and storage of data obtained 24/7 from sensors placed in
suitable locations is another important issue. The management of the obtained big data also
affects the reliability of the Structural Health Monitoring system. Processing all data and
making them meaningful by interpreting constitutes the decision mechanism for the
structures in the Structural Health Monitoring System. The allowable limit values of the
structural condition are defined as threshold values and compared with the values obtained by
processing the raw signals. Thus, the confidence interval of the structure is determined, and
the structural status is monitored.
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Geophysical methods have ultimately proved their efficiency in solving different engineering
problems. They permitted the illustration of the subsurface using multidimensional imaging
processes by revealing the variations of the physical properties of the subsurface environment.
The hydrodynamic events present in the underground have been investigated since the first
apparition of the Hydrogeophysics during the 1990s. During the arose of the application of the
geophysical methods to reenforce and facilitate the hydrogeological results wealthy literature
has grown presenting successful examples in different hydrogeological aspects. The increasing
need for groundwater resulting from the growth of population and industrialization better
understanding of the hydrogeological problems are of great importance. Industrialization is also
presenting a threat not only on the groundwater reserve quantity but also on its quality by the
heavy metals liberated to the environment. In this paper, methods as electrical, and
electromagnetic methods are presented by illustrating concrete field and laboratory
investigations. The results obtained by these methods are reinforced by lithological information
collected from mechanical boreholes. Electrical resistivity tomography, and vertical electrical
sounding methods have been widely used for the characterization of the hydrogeological aspect
of the subsurface. Electrical resistivity methods relies on measuring the ground apparent
resistivity by injecting an electrical current using exterior electrode and measuring the resulting
electrical potential. In order to investigate the shallow layers of a given study area especially for
the detection of karstic formation Ground Penetrating Radar is a useful tools having proved it’s
efficiency in such studies. The radargrames are also useful in red forcing electrical data
especially in absence of lithological information. As a quick and non expensive method the
magnetic susceptibility methods can be used to detect the contamination degree of the topsoil of
vulnerable catchment areas. This method relies on collecting soil samples to be magnetically
evaluated in the laboratory, these information are then correlated with geochemical aspect of the
study area.
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Ultra-High Performance Concretes (UHPC) until now have only been used for recent structural
applications. Extraordinary properties of UHPC have not yet been exploited for design and
application yet. UHPC that distinguish it from conventional concrete; their higher compressive
strength, higher tensile strength with ductility, increased durability. It also has a great potential
to use improving and rehabilitating of existing concrete structures. Shortage on the codes of
structural design and construction guidelines for UHPC is the biggest challenging issue at the
moment. A general overview on the properties of UHPC, some studies carried on Gazi University
will be summarized. A new method has been proposed for the load bearing capacity of reinforced
concrete (RC) beams under bending load. Unlike the widely used existing models, the proposed
method was developed using fracture mechanics principles. First, shape functions frequently
used in linear elastic fracture mechanics were simplified numerically. Second, design
coefficients ( 1, 2, 3) were formulated depending on the normalized crack length ( ). Then,
depending on the dimensionless parameters ( p and f) managing flexural response, an
empirical equation giving normalized crack length was experimentally obtained. In relation to
this, 27 RC beams were tested by using 2D digital image correlation method to investigate the
effect of concrete strength, tensile reinforcement ratio and steel fiber content on the flexural
response. It has been observed that those parameters greatly influenced the load bearing
capacity of the RC beam by manipulating the normalized crack length. Finally, proposed method
was verified with the test results of 68 RC beams collected from various studies in the literature.
Besides, a comparison was made between the proposed method and the frequently used ACI
models with respect to load bearing capacity. In relation to this, mean absolute percentage errors
in the proposed method and the ACI model were found to be 8.6% and 9.5%, respectively.
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Phenomenology is the study of phenomenon which is the fact, occurrence, circumstance
observed or observable; remarkable, extraordinary, exceptional thing or person; philos. In this
context, the appearance of awareness in experience becomes important in the phenomenological
existence. The appearances of things, or things as they appear in our experience, or the ways we
experience things, thus the meanings things have in our experience are the main research topics
that phenomenology focuses on. Thereby, the phenomenology in architecture is a discursive
attempt to understand and embody the philosophical insights of phenomenology, due to
architecture’s direct involvement with experience. In this aim, the paper focuses on the ways of
experiencing architecture over the queries on how people experience architecture, how
architecture exists, how the meaning of architecture occurs, and, tries to find the answers by
initiating a discussion on the architectural paradox of essence and form in housing design.
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Believing that we are both shaped by and shaping our world, learning is not simply acquiring
knowledge and skill; it is re-alignment of experience, transformation of habit of mind and reset line of action. In the first year of education, students are mostly inexperienced in the field.
They are not introduced and familiar with patterns of intellectual behaviors/actions and
therefore not able to make a choice which patterns should be used at a certain time. In
architectural education which implicit, explicit and tacit knowledge are deeply integrated to
students’ educational journey, this “inexperience” status of students can be taken as an asset
or handicap to educational performance. The intriguing teaching practices are among those
which break mono culture, assimilation, inferior in other ways, and those which facilitate
within-person changes (which modifies the way in which person interprets and acts) and gives
emphasis to unique experience and inputs of participants. The change in initial years of
education can introduce new culture (such as culture of investment in the design process),
unlock modes of creativity and enhance spatial perception. To do so, the elaboration of new sets
of values, principles, targeted knowledge, skills and competencies, tools and means, as well as
priorities and preferences, and new architectural paradigm in thinking is essential. This
keynote speech un-wraps a pedagogical practice which has been approached by developing
multifaceted conception of teaching.
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Steel-concrete composite structures have been used in a design manner for well over 50 years in
Civil Engineering in Australia. Standards and codes of practice in Australia have existed in this
area for well over 40 years, however innovative builders and engineers have often worked well
ahead of the curve in applying composite steel-concrete composite techniques using innovative
systems and materials. This paper provides a summary of Australian practical experiences in
the application of steel-concrete composite structures focusing on bridges, buildings, transport
infrastructure and other civil engineering projects. The paper then highlights important
advances in the development of the main materials of concrete and steel and focusses on high
performance concrete and steel and the associated issues in applying these new materials for
steel-concrete composite forms. A brief summary of advances in composite systems, namely in
beams, columns, joints, walls and frames is then provided. A focus on reliability and demount
ability is then provided which focus on existing and future structures with particular application
for the civil engineering sector. Codes of practice are also summarized in particular the newly
released Australian-New Zealand bridge and building standards, ASNZS5100 Part 6 and
ASNZS2327 both released in 2017 and under current amendment. The paper then concludes with
a brief summary of future and further research in the Australian context for civil engineering.
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Nowadays, because of the negative effects of plastic material, more and more researchers trying
to find the best solutions both to obtain more environmentally friendly and sustainable product
that responds as accurately as much as possible to the different needs of the market. On the last
years, an attempt has been made to continuously improve the functional characteristics of
biodegradable polymers. Also, the manufacture of products based on biodegradable materials
using modern technologies, such as additive manufacturing, increases the advantages of this
positive alternative. The authors of this work studied samples made from biodegradable materials
such as PLA, Impact PLA Gray, Green PLA HD, Extruder BDP Pearl, Extruder BDP Flax and Fiber
Wood with the experimental research plan took into account three input parameters (deposited
layer thickness, infilling rate, and sample orientation). The presentation presents some
experimental results regarding different characteristics, such as mechanical, dynamomechanical, tribological, thermal, morphological, and structural analysis. Take into account the
results obtained, the process parameter "sample orientation” on the printing table during the
layer’s successive deposition has a great influence on the mechanical characteristics (such as
tensile and bending strength, modulus of elasticity and elongation) for the product manufactured
using the FDM (Fused Deposition Modeling) additive technology. The obtained results highlighted
the fact that the studied biodegradable materials can successfully replace the fuel-based plastics
parts, from many industrial fields as automotive, medical, construction, furniture etc.
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Recent advances in performance-based earthquake engineering and existing information
technologies provide opportunities to develop extremely granular inventories of the built
environment and assess its vulnerabilities to earthquakes at region at regional scale. This
presentation outlines various necessary ingredients for achieving regional seismic loss
assessment ranging from physics-based simulation of scenario-based earthquakes, to
development of infrastructure/asset inventories, to distributed sensor networks. Two casestudies are offered as examples, both involving a scenario-based earthquakes for the cities of Los
Angeles and Istanbul.
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Adobe is a wide range of naturally occurring clay rich soils broadly inclusive of weathered and
heavily weathered residual soils that are reconstituted, moulded, compacted, air dried or fired to
blocks and bricks for sustainable infrastructure support and development. In Tropical and
Subtropical parts of Africa, laterites, lateritic soils, and ferricretes underlying vast portions of the
continent, readily provide a sustainable resource for adobe production. Mud, Red Mud, Lateritic
Earthen materials, Compressed Earth Blocks walls Mud Houses and sections of Earth dams are
sustainable infrastructure and materials built up with adobe. Some of the major clay mud-based
infrastructure in the continent are fired brick Bell Tower in Cape Town, built between 1666 and
1684 and the Sun-dried Timbuktu Library in Mali 1545 – 1560 Clay rich earthen structures
improved by different degrees of reinforcements and stabilization predominate the Africa
landscape. However, despite the sustainable, recycle potential and cost effectiveness of clay mudbased infrastructure, conventional sundried houses suffer from many structural durability and
serviceability limit problems. Some of the major problems of sun-dried Adobe Infrastructure are
variability of particle size constitution and mineralogy, moisture and cyclic moisture induced
desiccation, reduction in strength and stability and bearing capacity of earthen walls, shrinkage
cracking of adobe masonry walls, significant reduction in stability due to shock load, tremor and
cyclic loading, mass Loss and erosion of adobe foundations. Traditional sustainable and nonsustainable improvement methods have been implemented and have mostly required the use of
plant / bio fibre reinforcement. However, this method has required the management of moisture
adsorption and degradation of ultimate tensile strength and durability, that are related to
materials biochemical composition and properties that are controlled mainly by cellulose and
Lignin content. The more common readily deployed improvement method are reinforcement by
conventional synthetic fibers ie Polypropylene Fibers In the past 10 years, series of investigations
have been conducted to improve the properties of sundried clay rich infrastructure materials.
These include: the use of natural fibre Inclusion and precompresion on the strength properties of
Lime-Fly ash stabilized adobe soil, improvement of adobe masonry ductility by optimized strand
fibre inclusions, improvement of compressive and tensile strength properties of pre-compressed
and soaked natural fiber reinforced lime—fly ash stabilised adobe soil, effect of natural fibre
inclusion and precompresion on the strength properties of Lime-Fly ash stabilized soil,
desiccation characteristics and desiccation induced compressive strength of natural fiber
reinforced soil, density control method for compression test of compacted lime-fly ash stabilised
fiber-soil mixtures Title of Journal, effect of fibre surface coating on the mechanical properties of
natural fibre reinforced soil, improvement of cyclic and post-cyclic shear behavior of natural fibre
reinforced soil, benefits of fiber inclusion in adobe masonry construction in relation to elemental
matrix i.e. unreinforced and fibre reinforced brick and mortar, combinations in wallets and adobe
panels. Adobe material for sustainable material development and applications To SDG 9 (Industry,
Innovation and Infrastructure) and SDG 11 (Sustainable Cities and Communities ) would require
the integration of the following research imperatives : The performance of Adobe at low firing
Temperature in Relation to Recycle Potential; Biopolymers Stabilization, Durability and
Degradation in UV and acid mine environment; BioFibres and improved coating Methods , Macro
and strand reinforcement of load bearing Adobe Members with Bamboo and strands (i.e. Sisal).
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Experimental studies in Civil Engineering research are mostly conducted in laboratories. These
tests require extensive and expensive laboratory facilities. Moreover, the results obtained from
them are usually suspicious due to the differences related to the use of artificial specimens and
application of external effects such as loading. Even the shake table tests contains the
approximation, neglecting, scaling and loading errors due to the use of scaled or full scaled
specimen produced for the aim of testing in laboratory.
Recently, the experiments conducted on real structures with operational modal analysis (OMA)
take attention. The vibrations records are analyzed to obtain the dynamic properties of existing
structures. Since the obtained data are inherent features determining the main characteristics
of structures, they can be used in researches efficiently. Besides, the cost of the technical
equipment is not so expensive. In this keynote speech, the presenter has summarized his
experimental activities conducted in existing structures to search different types of civil
engineering problems with operational modal analysis. The outline of the speech covers the
required testing equipment for dynamic identification, the tools for analyzing the data and
derivation of dynamic parameters, and different types of structures that can be a main subject
for a scientific work. The last section contains the examples of conducted studies in existing
structures. Scientific works conducted on reinforced concrete buildings, timber buildings,
masonry buildings, post tensioned bridges, and historic bridges are summarized.
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The exoskeletons are innovative established gadgets providing more durability and strength for
body structures. Most of them are driven by outsource such as hydrohalic system, pneumatic
system, electrical motor etc. Because of it is wearable devices, it must be comfortable and low
weight. Two types of people normally use of these gadgets; disable persons and labors. In this
paper, some fabricated rehabilitation apparatuses at Arak University of Technology are
introduced to make better sense by this technology.

1.

Introduction

The exoskeletons are novel developed gadgets providing more
endurance and strength for body organs. Most of them are powered by
outsource such as hydrohalic system, pneumatic system, electrical
motor etc. due to it is wearable apparatuses, it must be comfortable and
low weight. Two types of people normally use of these gadgets; disable
persons and labors. Disable persons can come back to normal life by
having movement potential, and labors can work easier and move
heavy things. The spine column is supported by exoskeleton and injury
risks are decreased. So, hard tasks for labors can be safe for example
construction jobs which are very hard and unhealthy. Short history is
mentioned in continue.
The most primitive exoskeleton tool was gadget for helping motion
established in 1890 by Russian engineer Nicholas Yagin [1]. It stores
energy in gas accumulators to help during human movement, though
it was not active and needs human power. An active apparatus
developed in 1917 by inventor Leslie C. Kelley which worked on steam
power. This system was able to supplement human power with
external power [2].

endurance of soldiers and be able to move long distances with heavy
loads and huge weapons [7, 8, and 9].

Figure 1. Some exoskeleton

In the 1960s, the primary real 'mobile machines' combined with human
actions started to unveil. A jacket named Hardiman was constructed
by GE and the US Armed Forces. The jacket was powered by hydraulics
and electricity and magnified the wearer's power and endurance.
Operator can lift 110Kg weight by minimum force. A feedback system
was used for this exoskeleton to have sense of lifted weights [3].
In purpose of human locomotion and rehabilitation, Mihajlo Pupin
Institute developed an exoskeleton to provide movement of human
gait. This exoskeleton powered by pneumatic actuators and it was
programmable for locomotion in various surfaces [4 and 5]. Next, new
generation of exoskeleton were revealed connected to the human brain
by some electrodes or chipsets [6]. Some exoskeleton invented by
researchers are shown in Fig. 1. In addition to biomedical exoskeleton
and worker models, some of them were developed for military
applications. DARPA provided various types of them to increase
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Figure 4. A low-cost arm CPM developed at ARAKUT

Figure 2. DARPA exoskeleton
2.

In another project, a CPM form human leg is developed to prepare
smooth motion for human legs after injuries. Same as previous
projects, it is low-cost and simple to fabrications. A four-bar
mechanism working by electrical motor is installed for moving human
leg. It was simulated and analyzed by CATIA Software, then it was
constructed and evaluated. It can be seen in Figure 5.

Review of Rehabilitation Apparatuses and Exoskeletons
fabricated in Arak University of technology

Due to population of old persons increased recently, and changes in life
style some rehabilitation gadgets are required. First attempt is a
wearing PCM for fingers to intensify finger muscles because of injuries.
It was fabricated at Arak University of Technology and unveiled in
Fig.3. Next, an arm CPM was developed for human hand exercise to
make it normal for required activity. It is a low-cost CPM but effective
for arm motions after surgery operations. It utilized of an electrical
motor and hand guides to provide proper movements. It is presented
in Fig.4.

Figure 5. Human Leg CPM

Figure 3. Finger PCM fabricated at ARAKUT

A more modern robot was produced at Arak University of Technology
to make more motions for human ankle rehabilitations via 3 degree of
freedom (3DOF) called Stewart Platform. Three servo motors are
mounted in this robot to provides roll, pitch and yaw twisting. It was
developed by modeless controller based on Fuzzy controller. It is
demonstrated in Figure 6.
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muscles can use it, and construction labors can employ it for lifting
heavy pieces without spine injuries.

Figure 8. installation EXOS o the human arm

Figure 6. Ankle rehabilitation robot by 3 DOF
After stated projects, an exoskeleton was developed for human arm
which is connected to nerve system by some electrodes to gather EMG
signal. This gadget can translate EMG signal of arm muscles to identify
type of motion for arm extend or arm closing. A Fuzzy PID controller
was mounted for this wearing robot for fast computations and
controlling parameters of motion. The assembled components are
shown in Figure 7.

Figure 9. evaluation of EXOS by different motions
3. Conclusion
By review of rehabilitation tools and exoskeletons which were
developed at Arak University of Technology, the potential of using
them and types of them are introduced. By increasing elder population
using them is compulsory. We need develop them to make life easier
and comfortable for them and patients suffer pains from skeleton
disorders.

Declaration of Conflict of Interests
Figure 7. ARAKUT EXOS for arm motion
The accuracy and efficiency of this exoskeleton was tested by persons
which is exposed in Fig.8 and 9. Two electrical motors are mounted in
this robot to provide high torque for arm motions. Patients with weak
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known competing financial interests or personal relationships that
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Reinforced concrete system is the most widely applied structural system in Turkey, where slabs
are considered the primary structural member which play an essential role in diaphragm actions.
The concrete slab type directly affects the height of the building, the ductility level, the design
calculations, and the cost of construction. In earthquake prone countries (i.e. Turkey), the type of
slab affects the ductility levels of structure hence, it affects the base shear force and the cost as
well. It is worth pointing out that the new 2018 Building Earthquake Code of Turkey provides
more precise provisions concerning the selection of slab systems which is no more limited to the
technical calculations only. One important update of the new national regulations is that for flat
slab reinforced concrete buildings, the implementation of shear wall structural members
becomes a mandatory. This work provides a detailed interpretation of the new national
regulations concerning the selection of slab type, the work also briefly discusses different types
of reinforced concrete slabs and the parameters which influence the selection process of the slab
type.

1.
Introduction
It is well known that cement paste plays a primary role within the
concrete mixture and influences most important features of the mix
by binding the aggregate to develop the workability, compressive
strength, and durability as well. In the same context, a slab presents a
primary part of the structural system in reinforced concrete buildings.
The concrete slabs also compile the structural system as a whole by
connecting the columns/walls and beams to each other.
Slabs are classified according to different criteria and sometimesdifferent names are used for the same type of slab. This work discusses
three type of slabs as slabs on beams, flat slabs and ribbed slabs. The
parameters that generally affect the selection of the slab type are [1]:
(1) The cost of slab
(2) Maximum span length
(3) Seismicity of the region
(4) The severity and type of the imposed loads,
(5) The purpose of the use of the building,
(6) The compliance with usage changes,
(7) Plan geometry of the building,
(8) Sensitivity of the goods and devices to be carried,
(9), Knowledge and skills of technical staff,
(10) Presence of console slabs

Figure 1. The internal forces in a slab due to the imposed vertical and
horizontal loads [1, 2].
The most common damage under vertical loads is deflection. Figure 2
shows a slab damaged by deflection due to the applied vertical loads.
The punching failure is another fatal damage which may occur under
vertical loads, refer to Figure 3.

Figure 1 shows the internal forces (stresses) which occur in the slab
under the imposed horizontal and vertical loads. According to the
direction of imposed loads, two normal stresses and two shear stresses
occur, refer to Figure 1.
The punching failure, which is commonly known in flat slabs, occurs
when the in-plane shear stress exceeds the punching strength.
Flexural cracks occur when the tensile stress, which is perpendicular
to the plane of the slab, exceeds the tensile strength.
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Figure 2. A cracked slab due to excessive deflection under vertical
loads

For countries that are located in high seismic regions such as Turkey,
the seismicity of the region significantly governs the selection of slab
systems, the following paragraphs explain the reasons and
consequences related to this issue in detail.

2.

Selection of slab system for design purposes

The role of the slab system differs according to the characteristics of
the impact loadings acting on the building in question. In the case of
static vertical loads including dead and live loads, slabs are designed
to transfer the imposed static vertical loads to the supporting beams or
directly to the columns/shear walls if there are no beams.
In the case of lateral loads such as earthquakes and wind, slabs are
responsible for distributing the lateral loads to the vertical bearing
elements such as columns and shear walls consistent with their
stiffness.
When a structure is exposed to external impact which can result in a
support collapse for example, slabs along with the beams provide the
adaptation of the structural system, and ensure that all elements resist
the external impact together. With no beams, only slabs perform the
task of ensuring adaptation between the vertical structural elements.
If slabs do not have sufficient strength and/or rigidity to resist the
loads acting upon them, severe damages will occur at various levels
based on the intensity of the imposed loads and the properties of the
structural system.

Figure 3. Punching damage under vertical loads
Reinforced concrete slabs; as stated earlier; are classified into three
main categories as follows: (1) slabs on beams, (2) flat slabs, and (3)
ribbed slabs. Naturally, each group has advantages and disadvantages
according to their behavior under various loads.
Literature studies have thoroughly discussed the behaviour of slabs
under vertical static loads. However, in countries which are located in
active earthquake regions such as Turkey, where devastating
earthquakes occur, it has been revealed that slabs also have very
important role during earthquakes.
Slabs significantly affect the earthquake design of a building through
three parameters, A-Ductılıty Level, B-Buıldıng Heıght, and COverstrength Factor. The aforementioned parameters affect each
other as well.
A-Ductılıty Level:
The ductility level is one of the most important parameters to
determine the earthquake loads that will affect the structure. The
selected ductility level may even cause the earthquake load to be twice
as large. According to TBDY-2018, the following four parameters affect
the selection of the ductility level:
1. Seismicity of the region where the building is located (DTS:
Earthquake Design Class),
2. Building height (BYS: Building Height Class),
3. Type of slab system
4. The features of structural system (whether there are shear walls and
how much lateral loads are imposed upon them)
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Figure 4 presents a flow diagram for the effects of the aforementioned
parameters. It can concluded that slabs on beams are the most
appropriate type for a system with high ductility level, and the ribbed
slabs, as well as the hollow slabs, do not fit well with this level of high
ductility. The slabs on beams fall between these two types of slab.

following diagrams show the effect of slab type on the height of the
building, refer to Figure 5, Figure 6, and Figure 7 for ribbed slabs, flat
slabs, and slabs on beams respectively.

DTS: Earthquake Design Class
A11: Buildings in which all earthquake loads are fully resisted by
reinforced concrete frames with high ductility level
A12: Buildings in which all earthquake loads are fully resisted by
reinforced concrete coupled structural walls with high ductility level
A13: Buildings in which all earthquake loads are fully resisted by
reinforced concrete shear walls without openings and with high
ductility level
A21: Buildings in which all earthquake loads are resisted by reinforced
concrete frames with limited ductility level and coupled structural
walls with high ductility level
A31: Buildings in which all earthquake loads are fully resisted by
reinforced concrete frames with limited ductility level.
A32: Buildings in which all earthquake loads are fully resisted by
reinforced concrete structural walls with no openings with limited
ductility level

Figure 5. Structural systems and slab design that can be applied
according to the ductility level in one direction ribbed slab [1, 2].

B31: Buildings in which seismic loads are fully resisted by prefabricated
frames of limited ductility level with connections capable of cyclic
moment transfer

Figure 4. Determination of ductility level for structural systems [1, 2].
B-Buıldıng Heıght:
Until 2019, there was no unified limitation on the height of buildings
overall Turkey, the applied limitations were based on the individual
local governments. Since there were no limitations on the height of the
building in the earthquake regulation, anyone can build a structure at
any height. However, according to the new Turkish Earthquake
Regulations 2018 [3], it has become impossible to construct a building
with a random desired height. The following parameters limit the
height of the building:
1) Earthquake Design Class (1, 1a, 2, 2a, 3, 3a, 4, 4a)
2) Structural System Features
a) Slab system (slab on beams, flat slab or one direction ribbed slab)
b) Ductility Level (limited, mixed or high)
c) Whether there is a shear wall (solid or coupled)

Figure 6. Structural system and slab design that can be considered
according to the level of ductility in flat slabs [1, 2].
C- Over-strength Factor
The over-strength factor is included in the design processes according
to the slab type. The issues related to over-strength factor are
mentioned in the following two paragraphs concerning the design of
slabs on beams and flat slabs.
Over-strength factor D is applied to the average in-plane tensile,
compressive, and shear stresses that occur under earthquake loads in
buildings with slabs on beams and flat slab.

Given this, the most effective parameter is the slab system. According
to the national earthquake regulation 2018, the type of flooring system
plays a main role in determining the height of the building. The
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The earthquake load which is transferred from the slab to the wall or
the wall arm in the strong direction is obtained as the difference of the
wall shear forces (DVd), which considers the over strength factor at the
lower and upper sections of the floor level of buildings with flat slab or
slab on beams, where it is necessary to show that the earthquake loads
are safely transferred from the slabs to the vertical load-bearing
elements.
3. Conclusions
Similar to the task of cement paste, which connects aggregates to each
other; slabs in reinforced concrete structural systems connect the
vertical structural elements together such as columns and shear walls,
and ensure that the system responds as a whole. In the case of slabs on
beams, the slabs perform this important task together with the beams.
In contrast, with no beams, flat slab performs this important task on
its own. In the case of ribbed slabs, the task is carried out by the slab
and beams which are called pillow beams.
The behavior of slabs under vertical loads is different from the
behavior under horizontal loads. It transfers the vertical loads acting
on it to the supporting beams or directly to the vertical structural
elements. For this transfer task, its bending and shear/punching
capacities in the direction perpendicular to its plane are effective.
However, the scope of the task expands further if the building is
subjected to lateral loads. Where the slabs are designed to resist the
vertical loads acting on it with out-of-plane capacities in general, and
to resist the in-plane stresses caused by the horizontal loads. Given
this, it is extremely important for a slab to act as a rigid diaphragm in
order to fulfill its duty. Otherwise, the slabs will be damaged because
they cannot fulfill the task of transferring the lateral loads to the
vertical structural elements in proportion to their rigidity.
Earthquake loads demand much more complicated behavior of slabs.
The structure resists the inertial forces that occur due to the mass
distribution. The structure responds according to the rigidity of its
vertical structural members. In addition to the in-plane axial forces,
the in-plane shear stresses caused by the torsional moment occur in
the slab as well. Therefore, considering the earthquake loads, the slab
has to resist all the effects that may be distributed unevenly both in
the out of plane direction as well as the in-plane direction. In each
revision, the earthquake regulations enhance the calculations and
designs of slabs more and more. TBDY-2018, which was applied in 2019,
provides very important innovations in terms of both slab modeling
and earthquake calculations and designs, as detailed in the text.
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Corrosion results cracking in the concrete and it reduces the bearing capacity. Corrosion affects
the durability of rebar; therefore, usage would not be economical and complete its lifetime if this
situation persists. Iron and steel materials lose their physical, chemical and electrical properties
by being affected by these different atmospheric conditions. In this study, the corrosion
resistance of reinforcement in concrete structures was increased. For this purpose, the
reinforcements are coated with combinations of zinc and boron elements by using a different
principle, the thermionic vacuum arc system. The coated reinforcements are embedded in the
concrete mixture in the mold. After the curing stage, the samples were taken out of the molds
and subjected to accelerated corrosion test. The results show that the rebars covered with the
TVA system were damaged later than the uncoated rebars. Thanks to the coatings, the damage
occurrence time is extended and the corrosion resistance of the reinforcement is increased. It
is believed that with this study, it will contribute to the prolongation of the life of the structures
by eliminating the corrosion reactions that occur as a result of negative effects in the
reinforcement.

1.Introduction
Researchers indicated by years that corrosion of reinforcement threatens
most of the structures. In addition, the corroded reinforcement occurs a
volume increase of 2 to 6 times, which forms an internal tension in the
concrete. Consequently, concrete-steel adherence decreases [1-5]. The
bearing capacity of the reinforcement decreases because of corrosion,
which causes cracks and collapses to the concrete by time.
The "durability" properties of reinforced concrete mean, not to lose its
strength and quality for years without being adversely affected came from
external influences or the components of the concrete. It can be also
defined as, maintaining its original features and design function, under
environmental and service conditions [6]. Concrete loses its properties
under adverse conditions such as environmental condition, material
properties or design errors. Among all these factors, the most effective and
concealed deterioration was corrosion of reinforcement. Iron and steel
materials lose their physical, chemical and electrical properties by being
affected by these different atmospheric conditions [7]. Generally, moisture,
oxygen and chlorides in the vicinity of reinforcement are major factors
responsible for the corrosion of reinforcement. Their presence in concrete
depends upon the temperature, humidity, chemical contents in the
surrounding environment, and the quality and thickness of the concrete
cover [8-14].
The most rational and definitive solution for the protection of iron and
steel against corrosion is the coating of the material with hot dip
galvanizing method. Hot dipped galvanized zinc coating is a standard,
effective, economical and easy applicable method of protection when steel
is exposed to corrosion in air, soil, or water [15]. In terms of the

construction sector, galvanized rebars comply well with concrete and it
can increase the bond strength of steel up to two-fold [16]. Galvanizing
process is generally done with zinc. This method experimented on many
industrial components and nanomaterials, and widely used in both
academic and industrial environments [17-19].
Corrosion is the result of a series of chemical reactions. These reactions
are divided into two as anode and cathode reactions. Corrosion reactions
on the reinforcement are given in the Equations 1-6.
Anode reactions on reinforcement:
2𝑒

𝐹𝑒 → 𝐹𝑒
2𝐹𝑒

(1)

3𝐻 𝑂 → 𝐹𝑒 𝑂

6𝐻

6𝑒

2

Cathode reactions on reinforcement:
2𝐻

2𝑒

→ 𝐻

(3)

2H2 O O2 4e- → 4OH𝐹𝑒

2𝑂𝐻

2𝐹𝑒 𝑂𝐻

→ 𝐹𝑒 𝑂𝐻

→ 𝐹𝑒 𝑂

3𝐻 𝑂

(4)
(5)
(6)
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Figure 1. Corrosion reactions on structural rebar
In low carbon steels, surface oxidation and pitting type corrosion can
occur and surfaces have the appearance of red-brown rust. By creating a
coating on the surface, the corrosion resistance of steel can be improved.
Many methods have been used to protect the rebar from corrosion, but
these methods are either very expensive (stainless steel) or reduce the
adherence between concrete and reinforcement (epoxy coatings) [20-22].
The method used in this study is a unique and unprecedented technique.
The TVA system is used in this article in order to enhance the corrosion
resistance of steels. Unlike other corrosion protection methods, this
system is based on covering the reinforcement surface. Thus, chemical
liquids such as corrosion inhibitors and epoxy coatings that reduce
adherence are avoided. The system provides cheap and fast application.
It was previously used in industrial applications to protect metal from
corrosion.
2.

Figure 2. Prepared concrete lollipop specimens
The materials used and their proportions are given in Table 2. In this
study, 0.5 water / cement ratio with 350 kg cement dosage. Cube (15 cm)
and cylinder (100x200 cm) samples were cast for the experiments. Ribbed
rebar with a length of 20 cm was placed inside the cylinders. Samples were
cured in water for 28 days. The samples were kept in curing until the time
of the experiment, when the time came, they were taken out of the pool
and subjected to the experiment.
2.2. Test Methods
2.2.1.

TVA System

Testing process

2.1. Test specimens and material properties
Ordinary Portland cement (CEM I) produced by Eskişehir cement plant was
added in the concrete as binder. The chemical and physical properties of
cement are listed in Table 1. Crushed limestone and river sand were added
in the concrete as aggregates. The specific gravity of the cement, the
coarse aggregate, the fine aggregate was 3.15, 2.71 and 2.58 g/cm3
respectively.

In this study, construction reinforcements are covered with thin films in
a system called TVA. TVA can be considered a PVD system. As a result of
recent studies, it has been observed that such thin films protect the
reinforcement from corrosion. In this study, the effect of coated rebars on
corrosion, which is one of the most important structural defects, has been
investigated.

Table 1. Chemical properties of portland cement
Chemical Components of Cement

Value

SiO2

21.97%

Al2O3

8.59%

Fe2O3

3.54%

CaO

50.2%

MgO

3.45%

SO3

1.27%
0.048%

Cl

2.14%

Ignition loss
Specific gravity (g/cm3)

3.15

Specific surface(cm3/g)

3280

Table 2. Proportions of concrete mixtures
w/c
ratio

Water
(kg)

Cement
(kg)

Fine
agg.
(kg)

Coarse
agg. (kg)

Superbly. (kg)

0.50

175

350

683

1119

2.65

Figure 3. a) Photo from outside the TVA system
chamber

b) Inside the vacuum

TVA technique is used in many new technological applications. The most
important of these is the ion-supported coating technique. Coatings
produced by bombarding the anode material with ions; These are
extremely smooth, low roughness, dense and high cohesion coatings. In
the carbon and boron coatings made with TVA, the structures were seen
to be in nano-size and this caused the TVA technique to be used in nano
technology applications. The representation of TVA is as shown in Figure
3. TVA system consists of 9 main parts. These are;


Vacuum Chamber



Directly heated cathode



Anode material holder



Cathode current and anode potential power supply



Pumping system



Vacuum measurement systems



Ammeters and Voltmeters system



Thin film thickness measurement systems



Cooling systems [22-29].
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After the reinforced concrete samples are covered with nanostructures,
the durability of these coatings on the rebar surface against corrosion was
ready to experiment. The method and coating material that we use is
unique system. Table 3 was showed the parameters of the coating that
used in this study.
Table 3. TVA Parameters
Parameter

unit

Zn

Zn-B

Zn-BN

Filament Current

ampere

16

16

21

Discharge Current

ampere

200

200

100

Ignition Voltage

volt

300

300

400

Pressure

torr

6x10-5

1x10-4

1x10-4

Time

min

7

7

4

Figure 6. Results of the EDX analysis of elements
As a result of EDS analysis in Figure 6, we can observe that a thin film
with a nano-crystalline structure formed on the surface. This crystalline
structure is the coating itself, and all reinforcements are covered in this
way. The elements coated on the reinforcement completely envelop the
surface and protect the reinforcement from corrosion.
Table 4. Proportions of elements in surface
Elements
Figure 4. Samples of rebar coated with different elements
Figure 4 shows the rebar samples covered with 3 different coatings. Each
coating reacted differently to the corrosion effect and reduced the
corrosion rate differently. Since the concrete mixes are the same for all
the samples poured, the effects of the coatings in preventing corrosion
could be compared. Concrete casting was carried out immediately after
the coating process was completed.

Wt %

Wt% Sigma

B

0.00

8.79

N

0.26

0.44

O

1.40

0.25

Zn

98.34

0.50

Total

100.00

The Table 4 shows the proportions of elements in surface of the rebars. As
can be seen, a high rate of Zn spectrum was detected on the reinforcement
surface. As a result of the analysis in Figure 12, 98.34% Zn compound was
found on the surface. This means that the thin film coating is formed
properly on the reinforcement surface. These coatings protected the
reinforced concrete reinforcement from harmful effects such as chloride
by preventing corrosion.
2.2.2.

Compressive Strength and Electrical Resistivity

Although the reinforcement corrosion that occurs in reinforced concrete
structures is dependent on environmental effects and reinforcement, if
the quality of the concrete is high, the corrosion event occurs either too
late or not at all [30]. Therefore, the compression strength, placement,
quality and cement ratio of concrete are very important parameters
affecting the reinforcement corrosion [31-33].
Figure 5. Rebar samples sent for laboratory analysis
The Figure 5 shows the sample pieces sent for laboratory analysis. The
rebars were cut in 1 cm length, their surfaces were polished in the
polishing device and made ready for analysis. Separate samples were
prepared for each coating series.
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Figure 7. Performing the compressive strength test
In this study, the mechanical properties of unreinforced concrete
specimens were investigated. The reason for this is to have information
about the quality of concrete. In the experiments shown in Figure 7 and
Figure 8, compressive strength, electrical resistance values of
unreinforced concretes were determined. These values were made
separately for cube and cylinder samples, and the endurance values on
the 28th and 90th days are shown on the graphics in result and discussion
section.

Figure 8. a.) Applying gel to the samples b.) Execution of the test
2.2.3.

Accelerated corrosion tests Method

The aim of the impressed current tests was examining the corrosion
performance of reinforced concrete specimens [33-35]. During the
impressed current technique, accelerated corrosion was applied on the
concrete lollipop specimens shown in the Figure 7. In this test, the
embedded rebar in lollipop specimens acted as an anode and stainlesssteel plates act as a cathode. The electrolyte was %4 sodium chloride
solution (NaCI). A constant voltage of 20V was applied from the external
direct current power supply source between anode and cathode. The
electrical current was recorded by time.

Figure 9. Execution of accelerated corrosion test
In the Figure 9 above, the application of the accelerated corrosion test on
reinforced concrete specimens is shown. The voltage supplied from the
power supply is transmitted to the samples. The voltage is read as current
on the data logger after passing through the samples. The data logger
records each data during the 16-day test period. With the help of these
data transferred to the computer, the corrosion flow chart given in Figure
10 was drawn.
3.

Result and Discussion

In Figure 10, severe corrosion damage can be seen in samples caused by
high current and chloride effect. While some samples have pitted
corrosion, some have corrosion damage in the form of general mass loss.

Figure 10. Images of the concrete samples after the accelerated corrosion
test
While the reinforced concrete samples were being prepared, each of the
rebars placed inside were covered with separate materials with the help
of TVA system. When we look at the damage caused by the accelerated
corrosion test, the coatings reduced the corrosion damage by preventing
the corrosion current. Each coating provided a different degree of
corrosion protection. Highly current absorbing samples were damaged
more, samples with less current impeded by the coatings were damaged
less.

Figure 11. Corrosion current graph of coated samples after accelerated
corrosion test
As seen in Figure 11, the sample with the highest initial corrosion current
absorbed by the system is the uncoated sample. Since the current applied
by the accelerated corrosion test system is directly proportional to the
corrosion potential, the samples that absorb less current are less corroded.
Damage occurrence times are also seen on the same graph. While damage
occurred earlier in uncoated reinforcement, damage occurrence times
increased according to the coating type. In the control, Zn-coated and ZnB-coated samples, crack formation started and damage occurred earlier.
However, the Zn-BN coated sample remained uncracked for
approximately 15 days. Since the concrete quality is the same for all
samples, the effectiveness of the coating is clearly visible in the samples
that crack lately.
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Zn, Zn-B and Zn-BN coatings were applied to the rebars using TVA system
and successful results were obtained. Thin films formed in reinforcement
bars protected the reinforcement from corrosion reactions. As a result of
this study, best result observed by Zn-BN sample with lower corrosion
current and longer damage occurrence time.
It is thought that this study will shed light on future applications. The
most effective way to avoid the destructive effects of corrosion is to avoid
the occurrence of corrosion reactions from the very beginning. The cost
of preventing corrosion at the beginning of the construction process is
much less compared to the costs after corrosion occurs. In addition, the
loss of life and property that may cause corrosion should be kept in mind.
By using this system, reinforcements can be produced as resistant to
corrosion and there is no need for additional methods and costs to protect
the structure from the harmful effects of corrosion.

Declaration of Conflict of Interests

Figure 12. Compressive strength results of unreinforced cylinder and
cubic samples
In Figure 12, when we look at the compressive strength results of the
concrete specimens poured without reinforcement, we see that the 90th
day compressive strength of the cube specimens is 40.7 MPa. This
compressive strength meets the standards, considering the dosage and
type of cement used. The compressive strength results of the cylindrical
specimens were slightly lower due to the shape effect. On the 90th day,
their compressive strength is 32.5 MPa.

Figure 13. Electrical resistivity results of unreinforced cylinder and cubic
samples
The electrical resistance properties of concrete specimens poured without
reinforcement are given in Figure 11. Since the concrete mixes are the
same, the electrical resistance results are close to each other regardless of
the shape effect. The conclusion to be drawn from this is that as the curing
time increases, the hydration reactions within the concrete develop
better, the compressive strength and electrical resistance results of the
concrete samples have increased positively at further ages.
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It is anticipated that the future shall need consideration of more frequent space travel and space
research, for any form of scientific understanding of the universe we live in. This futuristic
architectural proposal is based on a very special geometry of a recently Discovered Invention of
a non-regular Icosahedron, related geometrically, as a whole, to the five Platonic/Eucleidean
Polyhedra. The Model built is a non-regular Icosahedron having 12 Isosceli triangles and 8
Equilateral triangles. Mirror triangles cut to size, invested the structure for the configuration of
a “Polyhedroheliotrope” Satellite Optical Tracking application [size the Polyhedron was built is 4x
scale of theory drawings presented: approx. encapsulation in cube of size 16x16x16 cc].
Homemade dark room for satellite - Space simulation involved for photos and video clips taken.
The “Skeleton “Structure of this Polyhedron consists of three Orthogonal Parallelogramme Planes,
vertical to each other of size each 4Xπ by area [orthogonal parallelogramme sides’
ratio: 4/
𝜋 √𝛷/1. The geometry of this work is part of the published book “Treatise on Circle Generator
Polyhedron Harmony and Disharmony Condition of Three Concentric Circles in Common Ratio”.
ISBN 978 – 618–83169–0-4, National Library of Greece 04/05/2017 by Panagiotis Ch. Stefanides
[leading to this Polyhedron]. It concerns relationships of 3 Concentric Circles in Ratio to each
other of
√𝛷/1 4/𝜋 𝑓𝑜𝑟 𝜋 4/√𝛷 3.14460551 , √𝛷/1 𝑇 1,2701965 [Ref: Bibliography
2017: stefanides.gr]. Generator, refers to the geometric characteristics of this non-regular
Icosahedron found to be roots of the Platonic/Eucleidean Polyhedra. It is related to the
Icosahedron, which in turn relates itself to the Dodecahedron of involved sides’ dimensions of
their orthogonal parallelogrammes skeleton planes’ structures, in the ratios: 𝛷^2 / 𝛷 𝛷/1 for
Dodecahedron to Icosahedron and 𝛷/√𝛷 √𝛷/1 for Icosahedron to Generator Polyhedron.
Further important angular relationship between Dodecahedron and Generator Polyhedron found:
1/8 ∗ 4/ 𝑠𝑞𝑟𝑡 𝑠𝑞𝑟𝑡 5
1 /2 ^2
1/𝑠𝑖𝑛 54
1/8 ∗ 4/1.27201965 1 ^2
1/8 ∗
3.14460551 ^2
1.236067977 1/ 𝑠𝑖𝑛 54 . Numerical value 1.236067977 and its geometric
relationships, are found in the structure of the Generator Polyhedron, in this paper.

1. Introduction
Since 1985, I posed a Conjecture to myself, that there should be at least
one reliable Formula or Method [possibly a ruler and compass one] with
its proof for the Value of π [as there are many of the kind, but not
leading to the same Exact Value]. The concept envisaged, should
involve Eucleidean Geometry [as it bears reliable consequence, and
should be easily examined for its Truth or not]. Amongst the various
methods that I have come to, [and delivered to various Conferences and
Exhibitions, nationally
and internationally], for some classical
problems’ solutions, [as those additional ones presented here as
contents of the book, which to me are very interesting and challenging],
are problems with theoretical geometric solutions and proofs, simply,
by ruler and compass with purpose of performing, as far as possible,
more analytic and more simplified presentations.

Ratio to each other of 4/π (or square root of the golden ratio), analyzing
and comparing the results, for evident conditions for found
Symmetries or Dissymmetries and consequently conditions for
Harmony or Disharmony. Part of this paper is, an extract of my
published book| [ISBN 978 – 618 – 83169 – 0 - 4] titled: Treatise on Circle
– Generator Polyhedron Harmony and Disharmony Condition of Three
Concentric Circles in Common Ratio [Ref. Bibliography 2017:
www.stefanides.gr].
2. Polyhedron Geometry and Construction

Condition THAT 𝜋

4/

3.14460551..

The work presented [Generator Polyhedron] resulted from elaborating
on my work “Treatise on Circle” which concerns 3 Concentric Circles in
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Figure 1. Skeleton Paper Structure

Figure 6. Generator Polyhedron AutoCad
Satellite Rotating in Space around itself], Reflects [Sun] Rays in a
Codified [Dual] Form due the different amounts of light energy leaving
from the dissimilar kinds of Triangular Mirrors.
Figure 2. X-Y-Z Co-ordinates’ Skeleton

Figure 3. Paper Structure
Figure 7. Polyhedron Skeleton Structure AutoCad
Three Orthogonal Parallelogramme Planes, Vertical to each other [ F7]
of Size each 4𝑋𝜋 by area [orthogonal parallelogramme sides’ ratio:
4/𝜋
√𝛷/1 .

CONDITION THAT 𝜋

4/

3.14460551..

Figure 4. X-Y-Z Structure

2.1. Mirrors’ Investment of Solid and AutoCAD Computational
Design

2.2. Polyhedron Theory Based on Plato’s Timaeus “Most Beautiful
Triangle Proposed by Panagiotis Stefanides

Figure 4. Mirrors’ Invested Polyhedron
Satellite Optical Tracking application [size the Polyhedron was built is
4x scale of theory drawings presented: approx. encapsulation in cube
of size 16x16x16 cc]

Figure 8.
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“Ruler and Compass” Quadrature of Circle By application of Plato’s Most
Beautiful Triangle Theory [ Kepler/Magirus Triangle (ABC) is Similar to
and Part of Plato’s].
Geometry,Vector and Co-ordinates Definition By Panagiotis Stefanides.
AutoCad Computations by Dr. Giannis Kandylas [ F6, F7, F8].

3. Planes’ Vertices’ Combinations of Connections
AE, AF, AI, AL
4. Geometry, Sections, Planes and Stereometric Measurements of
the Solid Polyhedron

BF, BK, BE, BJ
CK, CG, CH, CJ
DI, DL, DG, DH
IA, IE, ID, IH
JE, JH, JB, JC
KB, KC, KF, KG
LA, LD, LF, LG
EA, EB, EI, EJ
FA, FB, FK, FL
GK, GL, GC, GD
HC, HD, HI, HJ

Figure 9.

3.1. X,Y,Z Co-ordinates of Polyhedron Vertices
𝛮. 𝛣: 𝑇𝐴𝑁 𝜔
𝜋/2 – 𝜋^2 /8

4.676205016
3.14460551/2

1.236067977

0.336234778

3.14460551/2 / 0.336234778
𝜋/2 / 𝜋/2 – 𝜋^2 /8
4.67620501

𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 𝑡ℎ𝑎𝑡 𝜋

4/

3.14460551
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𝑟𝑆𝑖𝑛 54

0.68819096 4/ 𝑠𝑞𝑟𝑡 𝑠𝑞𝑟𝑡 5

1 /2

3.14460551102969314427823434337183571809248823135
0892950659
3.14460551102969314427823434337183571809248823135 08929
50659 ^2 /8
1.2360679774997896964091736687312762354406183596115257
24270
[1/8 ∗ 4/ 𝑠𝑞𝑟𝑡 𝑠𝑞𝑟𝑡 5

1 /2

^2

1/𝑠𝑖𝑛 54

1/8 ∗ 4/ 𝑠𝑞𝑟𝑡 𝑠𝑞𝑟𝑡 5

1 /2

^2

3

Figure 10.

𝐶𝑂𝑁𝐷𝐼𝑇𝐼𝑂𝑁 𝑇𝐻𝐴𝑇 𝜋

4/ √

4/1.27201965
𝑎

√

4

𝛾

√ 𝛼^2

𝑇𝑎𝑛 𝛹
𝛹

2^2
2.045220021 𝛽
0.427697244

𝜋/2 ^2
𝛼/ 𝜋/2

𝜔

52.44801593 2𝛹

2𝜔

104.8960319 𝐷𝑒𝑔

Relationships
Structuring:

with

the

DODECAHEDRON

𝑠𝑞𝑟𝑡 5 / 2
PENTAGON

1/8 ∗ 4/ 𝑠𝑞𝑟𝑡 𝑠𝑞𝑟𝑡 5

1 /2

^2

1/𝑠𝑖𝑛 54

1/8 ∗ 4/ 𝑠𝑞𝑟𝑡 𝑠𝑞𝑟𝑡 5

1 /2

^2

3

1.236067977

1/ 𝑆𝑖𝑛 54

𝑠𝑞𝑟𝑡 5

𝑠𝑞𝑟𝑡 5 / 2

Angular

𝑠𝑞𝑟𝑡 5

𝑥

75.10396814 𝐷𝑒𝑔
2/

𝜔

𝜋 /2

2.045220021 / 1.572302757
1.300780027

4

𝜋 /2

5.1.

4.676205016

𝐴𝑟𝑐𝑇𝑎𝑛 4.676205016

90

4

2.579740469

𝐴𝑟𝑐𝑇𝑎𝑛 1.300780027

𝑇𝑎𝑛 𝜔

1 /2

3.14460551

𝜋 /2 ^2

180 – 2𝛹

5

Dodecahedron Pentagon Relationship with the
Generator Polyhedron

77.92918912 𝐷𝑒𝑔

90 – 77.92918912

12.07081088 𝐷𝑒𝑔

155.8583782 𝐷𝑒𝑔

180

2𝜔

24.14162176 𝐷𝑒𝑔

5. Important Discovery [2017]
From the geometry of the “GENERATOR POLYHEDRON”, we find
relationships: 3 parallelegrammes vertical to each-other. Sides’
lengths,of each parallelogramme, are in ratio of 4/𝜋
1.27201965 𝑓𝑜𝑟 𝜋
3.14460551 𝑖. 𝑒. 4/ 𝑆𝑄𝑅𝑇 𝐺𝑜𝑙𝑑𝑒𝑛 𝑅𝑎𝑡𝑖𝑜 .
4/2 / 𝜋/2

𝜋/2 / 𝑥, 𝑥
𝜋/2 ^2 / 4/2
1.236067977

2.472135953/2 𝑥
Figure 11.

Wolfram Alpha Checking Solutions:
1
𝑆𝑖𝑛 54
1.236067977499789696409173668731276235440618359611525724
270

3 ∗ 36 𝑑𝑒𝑔

ℎ
𝐺𝐹

𝐾𝑉, 𝑟
1/2

𝑟/ℎ

𝑆𝑢𝑚 𝑜𝑓 𝑎𝑛𝑔𝑙𝑒𝑠 ∶ 36
𝐴𝑛𝑔𝑙𝑒 𝑉𝐺𝑁
𝑟

𝐴𝑁𝐺𝐿𝐸 𝐹𝐺𝑁

½
𝐶𝑜𝑠 54

3 ∗ 36

36

36

72

180 𝐷𝑒𝑔.

108 𝐷𝑒𝑔. 108/2

54 𝐷𝑒𝑔

𝐿𝐺

𝑟𝑆𝑖𝑛 54
1, 𝐺𝑉

𝑟/𝑟𝑆𝑖𝑛 54

108 𝑑𝑒𝑔 108 𝑑𝑒𝑔 /2
½ /𝐶𝑜𝑠 54

𝐾𝐿 𝐹𝑀

1/𝑆𝑖𝑛 54
1.236067978 𝐻
1.538841768

𝑆𝑄𝑅𝑇 2.618033989

54 𝑑𝑒𝑔
𝑀𝐿
𝑟

𝐿𝑁

𝑁𝐺

ℎ

1.61803398

0.850650808 ,
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6. Building Blocks of Solids

Figure 12.
Representation of the 4 elements [ Spectrum ] Elemental Lines [ Plato’s
Timaeus “TRACES”- i.e. Matter] Structuring Orthogonal Triangles
which joined together build [Tetrahedra]Volumes, which in turn
precede building Solid Polyhedra [ ref: F14].

Figure 14.
Structuring the Polyhedra From lines representing combination of
orthogonal triangles’ sides, building solids and thereafter relating
geometrically and logariothmically to spirals etc.

7. Unified Solids

Figure 13.

Icosahrdron Octahedron and Tetrahedron [Contained within a Cubenot shown] Joined together, by fitting equal sized equilateral triangles
of the solids’´bases.

Somatoides
First Built Tetrahedron from two pairs of orthogonal triangles,
proceeding in structuring a Great Pyramid Model, from which the
Skeleton of the Icosahedron is Structured [and so on further ref: F14]
https://youtu.be/RBO2zbX8IzM?t=1

Figure 15.
The open gap is a Tetrahedral Wedge.
Dihedral angle
= 41.81031479.. deg found, also, in the Cross-Section
of the Dodecahedron
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Figure 17.
Plato’s Most Beautiful Triangle
𝛢𝛤

𝛵^3 , 𝛣𝛤

𝛵^2 , 𝛢𝛣

𝑇^3 ^2 – 𝑇^2 ^2 – 𝑇^1 ^2
𝑇^4 – 𝑇^2 – 1
Figure 16.

𝑇𝑎𝑛 𝛩

𝛵

𝛵^1
0 𝑇^6 – 𝑇^4 – 𝑇^2

0

0
𝛤𝛣 / 𝛢𝛣
𝛵^2 / 𝛵^1
𝑇𝑇
𝑆𝑄𝑅𝑇 𝐺𝑂𝐿𝐷𝐸𝑁 𝑁𝑈𝑀𝐵𝐸𝑅

√𝛷 𝑇

√𝛷

(1) Unified Form of 3 Platonic Solids, Icosahedron, Octahedron and
Tetrahedron [ Within Cube-not shown].

9. Ontology

(2) Empty Wedge Gap [ of sectional angle
- acute], relates to the
Dodecahedron [ symbolized by a Hexagonal - shape envelope].

The Generator Polyhedron is Proposed as the “other genus referred to Plato’s Epinomis 981b

(3) Generator Polyhedron, Related to the 5 Platonic Solids.

10. Conclusions

8. The Triangle Theory

The Realization of the Searched Discrete Geometries led to the
Construction of the Generator Polyhedron, which, in turn as a
Feedback, serves to demonstrate anticipated Compliances.

Theory is based on Plato’s Timaeus “Most Beautiful Triangle
[Interpreted by Panagiotis Stefanides- being similar but not the same
with the Kepler/Magirus Triangle], upon which the building blocks of
the Solids is based.
The Generator polyhedron is based on this Triangle and particularly on
the ratio 4/𝑇
4/ 𝑆𝑄𝑅𝑇 𝛷
𝜋 and on the number 4.

”
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π being a real positive root of:
𝑋^4

𝑋

4^2 ∗ 𝑋^2 – 4^4

𝜋

4/ √𝛷

4/

0
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Due to the increase in the population, development of technology, changing the consumption
behavior of people and the massive immigration both from the rural areas to cities as well as
from the other countries caused the deterioration of the environment extensively. After the
World War II, industrialization activities had been continuously performed without taking any
precaution for the protection of environment, prevention of pollution and preservation of natural
resources. While the new technologies had been developing and the economy of the countries
had been growing, all the cities have been suffering from heavy air pollution, water pollution,
climate change and mountains of waste-municipal and hazardous–and deforestation.
Experiencing the environmental disasters and the indications of the threat for the world and the
pressure of the demand of the community especially of the Generation Z, the authorities of the
countries started to look for solution for this global problem for the sustainability of the planet.
At this combat the authorities should focus not only on one issue, but on many different issues.
They have observed that almost 69-70 percent of the world population is living at the cities. It is
estimated that the world population will be almost 9.5 billion and 75 per cent of it will be living
at cities at 2050. This indicates that cities will be very crowded and both the central and the
regional authorities will combat not only with the physical environmental problems, but also with
the social-economic-adaptation problems of the immigrants. Authorities of the countries decided
to plan and apply some necessary precautions to prepare the cities to be sustainable at future.
The terminologies such as “environmentally friendly cities”, “sustainable cities” and “smart
cities” are used for these cities. The countries declared their targets for the reduction of pollution
at their cities voluntarily. Among the issues such as air quality, water quality, waste, noise, nature
and biodiversity, combat with the climate change, sustainable usage of the areas, energy
performance, green growth and environmentally friendly innovation, administration and
sustainable mobility plan, the authorities have been mostly focusing on the reduction of the
carbon emissions. Countries have been declaring their targets for the reduction of carbon
emissions for the years 2030 and 2050. The principle “cradle to grave” has been also abandoned
and replaced with the principle “from cradle to cradle”. In other words switching from “linear
economy” to “circular economy” has been emerged. As an example, the authorities of Lahti – a
city with a population of 120 000 at Finland- declared their target as 90 percent reduction of the
green gas emissions from the value of the year 1990 and will have neutral carbon at 2050. They
are targeting to realize the “zero waste” by the application of circular economy and apply the
sustainable transportation by encouraging people to walk, to ride bicycles, to ski and use public
transportation, etc. The targets of Lahti are 10 years ahead of the target of Finland and 25 years
ahead of EU. Lahti was crowned with the “Europe Green Capital Award”. At the final manuscript
criteria and features for the renovation of the cities, plans to be made for the construction of
sustainable cities and the commitments made by the eco-friendly cities of the world such as
Amsterdam, San Francisco, Reykjavik, Cape Town will be presented in detail.
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Major factors contributing to collapse of building structures under lateral and gravity loads will
be presented. While the ductility and redundancy are critical for the transfer and redistribution
of loads after the failure of a member, one of the main reasons for the collapse of buildings is
insufficient design and detailing of columns. Shear failure and gravity load collapse of concrete
columns with poor seismic details will be discussed. Experimental evidence from laboratory tests
of columns and examples from the field will be shown to demonstrate the importance of
reinforcement detailing in earthquake resistant design. Ten existing buildings were tested by
physically removing the first story columns or load bearing walls. Results from these field
experiments will be presented. A quick overview will be provided for a current research project
involving removal of columns from a reinforced concrete parking structure while its response
was being monitored during the redistribution of loads from the removed column to the
neighboring members in the structure.
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Our oceans are polluted with a wide variety of marine debris composed from plastics, metals,
rubber, paper, textiles, derelict fishing gear, vessels and others items. The National Oceanic and
Atmospheric Administration (NOAA) and the United Nations Environment Program (UNEP)
defined marine debris (MD) as any persistent synthetic or processed solid objects of various
natures manufactured and used for the benefit of humanity, and that is directly or indirectly,
intentionally or unintentionally abandoned or discarded into the marine and coastal
environment (either by rivers, sewage, storm water, winds, natural disasters), or accidentally lost
during some maritime activities as consequence of many factors such the vandalism and the bad
weather. Marine debris is a threat to our environment, marine life, the economy, and potentially
human safety and health. In this presentation, we will provide an overview of marine debris
pollution issue. We will focus on the Moroccan seafloor marine debris, its spatial distribution,
areas of hot spot and the impact on marine life.
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The fast-growing civilization is contingent on the development of infrastructure. The population
growth and economical competition induced many nations to run this development in fast-track
that caused depletion of natural resources. This has affected our environment seriously that
resulted in ecological imbalance. Hence, alternative materials are required to utilize to replace
virgin materials. Development of appropriate technology is not the only step before
implementation the technology in reality; ensuring the sustainability of substitutive material is
the precedence step to materialize the concept. During the last three decades, Centre for
Innovative Construction Technology (CICT), University Malaya (UM) has been involved in research
and development of sustainable industrial by-products and wastes as alternative construction
materials. Two single-story houses, namely Low-Cost Model House (LCMH) and Geopolymer
Concrete House (GPCH) have been built using environmentally friendly materials within the
university campus. UM is the first university in Malaysia to build a cement-free house on its
campus. Locally available industrial by-products and waste materials, namely fly ash, ground
granulated blast furnace slag, palm oil fuel ash, palm oil clinker powder, manufactured sand, steel
slag aggregate, etc., have been used in the development and construction of these houses. Apart
from the materials, environmentally friendly methods of construction were also adopted. The
system of construction and the application of sustainable building materials used in the LCMH &
GPCH along with its advantages in terms of environmental, economic and the social aspects would
pave way for further meaningful application by the construction industry.

Low-Cost Model
Geopolymer Concrete House
Two model houses constructed using sustainable materials in University of Malaya, Kuala
Lumpur, Malaysia as a showcase for public and construction companies.
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This research reviews the development and application of time domain and frequency domain
transformations in the field of structural identification and particularly in the structural health
monitoring (SHM) practices in the last half century. The challenges in conventional
transformations and future trends are discussed in the light of the development of TimeFrequency domain techniques for the SHM of civil engineering structures. Fourier Transform,
short time Fourier transform, Laplace transform, Wavelet transforms, and Hilbert transforms are
exemplified as some currently used transformations in data mining studies in engineering
practice. This presentation also reviews the basic principles of the transformation methods,
which open new spectral view in understanding and feature extraction methodologies. The SHM
operation covers the operational evaluation during monitoring the structure, data acquisition,
fusion, cleansing, feature extraction, and decomposition. Time-Frequency approaches show that
structural parameters are changing as observed from field measurements, values of the
parameters are varying through the time recorded on real structures under constructed
conditions with natural environment. Using Time-Frequency analysis techniques, system
identification on a real structure may give the possibility to trace the signals to identify the
structural damage and progressive deterioration including the detection of damage source and
partially collapse mechanism. If instrumentation is dense enough, in local scale, in case of over
member capacity exceedance, it may become possible that the priory condition before the crack
or flaw initiation is detected at the available earliest stage. Based on the author's experience in
the field, examples of results obtained from studies conducted over the years will be presented in
this study.

1.

Introduction

In building codes, performance-based design of a new structure and
assessment of the existing building that are consist of nonlinear dynamic
analysis eventually demonstrate the potential of nonlinearity and
nonstationary characteristics in structural responses [1]. Furthermore,
with new energy dissipation technologies and strategies, instead of
strengthening whole members to resist deformations under earthquake
loads, designing structure with the replaceable fuse elements like special
devices or weaken beams needs nonlinear dynamic analysis too. So, the
suggested damage control approach can dissipate propagating
earthquake energy by yielding beams or failing devices and reduces the
stress on the more crucial structural members like columns and shear
walls. Structures with dampers or base isolation systems designed to
reduce the incoming input motion at the base level or minimizes the
member forces and deformations in the structure that can be counted as
innovative systems should be analyzed with nonlinear dynamic analysis
[1]. Or recently emerging developments like architectural aseismic
building design to keep the nonstructural members functioning after an
earthquake. Failure of non-structural components (i.e., falling panels,
windows, collapse of the ceiling as interior damage or falling curtain walls
or panels as exterior damage). Collapse potential of such components of
the ordinary buildings or industrial structures can be identified after
performing a series of nonlinear dynamic analysis. For this purpose,
dynamic inelastic response history analysis is essential to determine
member forces and deformations. Nonlinear dynamic analysis is one of

the accurate estimation methods for evaluating the response of
structures when subjected to earthquake. Nonlinear simulations that are
closer to the real behavior include nonlinear analysis based on
incremental plastic theory for different global performance levels of a
structure. In real dynamic behavior, structure redistributes the forces due
to yielding members. This force redistribution progressively effects the
stress state and introduce nonstationary characteristic. Furthermore, in
the case where nonlinear analysis is performed in the time domain, the
dynamic behavior should be defined through relevant literature and
specifications with proven theoretical and experimental validations [1].
On the other hand, selection of the methodology in conventional
approaches limits the engineers to linear elastic based approaches.
Further studies required for better understanding damage and ductile
performance show the necessity of the time-frequency analysis. Damage
susceptibility or performance estimates of structures that were obtained
by applying the time-frequency techniques to nondestructive test data or
virtual simulations based on numerical modelling were verified later by
the earthquake damage survey [2]. Deformation based design and
assessment as proposed by the new generation building codes is an
important step in structural analysis. Traditional building codes use
simplified linear or empiric expressions proposed based on observations
that aim to estimate some limit values for design parameters and let the
structure to be in safe side. This epistemic uncertainty can be called as
‘deterministic’. For instance, for a more refined analysis considering the
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nonlinear elastic behavior of structural system, the second order effects
in nominal ductility level is not mandatory up to code proposed critical
limit. Building codes overlook the deformation geometry under design
earthquake spectra, which is estimated to include random nature of
ground motions. In a simple scenario for a safe service life, modelling an
engineering structure is controlled by an estimated return period and
spectral amplitudes in case of frequency domain approaches or a set of
intensive earthquake data in case of nonlinear time history analysis. In
the service life of the structure, structure may produce varying responses
to such randomly changing natural forces. This study particularly
suggests that the results inferred separately from time domain and
frequency domain may be visualized together in the frequency-time plane
to better understand the structural condition and its response
characteristics. One of several objectives of this paper is to establish or
initiate a risk consistent structural analysis in time-frequency domain.
The future revisions of aseismic design and condition assessment can
recommend the time frequency domain analysis for a consistent design
to account the chaotic natural forces and resultant structural responses.
Regarding widely used algorithms, structural identification and as well as
damage identification methods can be roughly classified into categorized
index methods, calibration-based model updating methods, and vibration
signal-based methods [3, 4, 5]. Each identification method requires modal
properties of the structural system. With the developing observation
technologies, signal-based identification studies and damage assessment
methods give comprehensive global information from in-situ
measurements. The experimental studies can also be extended to modal
identification studies including model verification and, if necessary,
numerical model calibrations with respect to the findings inferred from
in-situ measurements. Of course, under linear elastic conditions, modal
properties in cases of theoretical free vibration and operational vibrations
are certainly estimated from recorded vibration data using conventional
Fourier transforms (FT) [2, 5].
FT decomposes a signal by a linear combination of projections onto an
infinite length and transforms energy content in terms of harmonics (i.e.,
sinus as y axis projection and cosines as x axis projection in complex
plane). However, it is unable to capture local features. Due to random
nature of the ground motion, perfect harmony between the application
norms of the FT and characteristics of the natural events is not seen in
most cases. There are a few inherent characteristics of FT that might
affect the accuracy of system identification and damage detection. Firstly,
due to performing average over the time, the FT smooths the amplitude
and assigns the single average amplitude at each frequency, while same
frequency signals may be observed with different amplitudes at different
instants of time in the record. Recorded data inherently holding the
information about the structural behavior might be lost or deteriorated
during this severe averaging process. Misinterpretation of such results
due to weaken signal statistics might be another risk at the stage of
structural evaluation. Such lost may affect the outcomes of the further
analyses and may remarkably mislead the decision for the condition
assessment. Verifiable such facts show that FT is not able to present the
time dependency information of the signals because there is no time
memory [2, 5]. Essentially when the inverse Fourier Transform is
performed, same frequency signal with different amplitudes cannot be
replaced back to their time stations in the original record, because there
will be only one average amplitude with single frequency. Second, damage
is a local phenomenon which tends to be detected in higher frequencies
as studied by Beyen, K. [2, 5]. These higher frequencies that are closely
spaced are poorly excited by low data in the noise band. FT is not sensitive
to small changes in time series. For instance, a small frequency change in
Fourier transform will result in changes in the time data. However small
amplitude change like spike in the time series will not change the
amplitudes in Fourier amplitude spectrum due to averaging. All these
factors introduce some difficulties. Therefore, damage identification
methods based on FT may not be suitable. To challenge such problems,
two approaches among several in recent years have received increasing
attention; they are the wavelet transform and empirical mode
decomposition with Hilbert transform. In several studies, their superior
performances were comparatively discussed for frequency content
change over time due to nonstationary data characteristic [2]. To localize
frequency content in time, a time-frequency map for nonstationary data
was developed. Wavelets can change locally in both frequency and time
domain, and the memory of time location provides great difference and
produces numerous advantages in identification studies. Another
difference is that wavelet with suitable mother function offers a
comprehensive form to approximate the target function, but Fourier
transform cannot. To overcome such shortcomings, signal-based
transformations were improved and applied in literature [2, 7, 8]. They are,
chronologically, Short Time Fourier transform (STFT), Laplace transform

(LT), Wavelet transform (WT), Hilbert transform (HT) and Hilbert Huang
Transform (HHT) among several to be mentioned and will be discussed in
this study. Some of them were improved by the time like STFT and HHT
[2]. The last one was developed by Huang et al. [9] and has been preferred
as comprehensive application in the SHM in the last two decades. Huang
et al. [2, 9, 10] firstly proposed a new algorithm named empirical mode
decomposition (EMD) for analyzing nonlinear and nonstationary data. The
most pioneering idea is the introduction of adaptive EMD method, which
produces finite number of intrinsic mode functions (IMF) based on local
averages from maxima and minima through the time axis. With such
IMFs, Hilbert transform satisfy the theoretically working conditions and
admit well-behaved HT. Since then, the method was mentioned HilbertHuang Transform (HHT) and has been adopted in many engineering
disciplines to give new insights into the nonstationary and nonlinear
physical phenomena [2, 5, 9, 10]. Application of HHT to SHM was firstly
investigated by Vincent et al. [11] and then Yang et al. [12] used HHT to
carry out the system identification and damage detection. HHT based
approaches in the structural health monitoring (SHM) has attracted more
attention and a great number of studies can be found in the literature for
the aspects of theory and field tests. Nevertheless, there are still many
difficulties and challenges concerning the HHT based identification in
civil engineering practices. This presentation reviews the developments
in identification methods in the recent decades and applicability of the
traditional and new techniques in the field of SHM. Real examples are
selected to show the strengths and weaknesses of the methods. In-situ
measurements recorded on concrete-reinforcement bending moment
shear frame tower from 20th Century and stone masonry built historical
structure from 15th Century are studied to demonstrate the sensitivity
level of the structural identification and damage detection. Finally, the
challenges and future trends in different techniques for structural health
monitoring are shortly discussed.
2.

Signal processing for damage detection

Damage may be caused from many reasons like any deviation in the
geometric or material properties of a structure. These deviations may
have an adverse effect on current or future performance of the structure.
These deviations may develop due to a variety of reasons such as; (i)
degradation of material properties, like cracking, corrosion, fatigue and
plasticity; (ii) fabrication errors like cracks, voids, flaws and spots; (iii)
loosening structural connections like bolts and broken welds; (iv)
construction errors like improper assembly or misfits [13]. Therefore, (v)
change in geometric properties or loss of structural strength or capacity
exceedance due to operational factors [3]. Depending on the level of
intensity and cause of the damage, damage pattern may vary due to
operational and environmental factors. Damage usually starts at the
material level and extents from microscopic scale to the global scale at
anywhere from minor to severe in the structure, and may accumulate
incrementally over long time period such as fatigue or corrosion and
eventually progressive degradation causes failure if the damage remains
undetected. In order to detect damage at an early stage, suitable damage
identification methods should be selected. Most of the damage
identification methods use signals as input-output couples that may be
recorded synchronically during natural events such as earthquake, wind
or blast pressure as input data and resultant acceleration, displacement
or strains as output responses. Signals, which may be stationary or nonstationary, affect the selection of the processing technique in
identification analysis. Stationary signals do not change their
characteristics with the time, while nonstationary signals change their
characteristics (i.e., for instance, mean values taken for short time
windows through the record length, if show stable mean, signal is
accepted to be stationary, otherwise signal is considered nonstationary).
Signals whose frequency content do not change in time are called
stationary signals. In other words, the frequency content of stationary
signals does not change in time. In this case, one does not need to know
at what times frequency components exist, since all frequency
components exist at all times.
3.

Conventional signal processing

It is an observable fact that the dynamic systems do not produce
responses in a linear way. Structural system instantly modifies the input
excitation propagating through the structure from base and the structure
synchronously modifies its responses. Therefore, nonlinear behavior is a
usual situation rather than the linear behavior, and the adaptive
structural responses produced by the instantaneously changing input
forces introduce the non-stationary feature into the records. Since the
design parameters of the structure and local environmental conditions
may change by the time, such dynamic systems cannot be identified
appropriately. Consequently, using in-situ measurement data, simple
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linear representative systems like lumped mass model are adopted for
simulations. In linear time domain simulation studies, single-input
single-output (SISO) model, multi-input, multi-output (MIMO) models and
single input multi-output (SIMO) mathematical (i.e., parametric) models
have been used in many system identification studies. Using parametric
models, transfer functions estimated based on field measurements may
also predict the structural behavior of the SISO, MIMO or others for the
test building. Transfer function in this case can be efficient and powerful
estimation tool to understand better the performance of the structural
system. This parametric identification is suitable only for linear and
stationary dynamics [2, 4, 5, 7, 8]. In case of nonlinearity and
nonstationary dynamic, Time Frequency (T-F) algorithms can be
preferred. Based on in-situ measurements, estimated Frequency Response
Function (FRF) can also be used for feature extraction of a structure and
for damage detection as well [8]. Within the time domain methods, among
several techniques, Eigen system Realization Algorithm (ERA) techniques
can be mentioned as one of the most widely used approaches. ERA with
Observer Kalman Identification method (OKID/ERA) [2, 7, 8, 14, 15] based
on the concepts of the control theory is a more general approach for
handling the effect of noise and numerical errors in advanced modal
parameter identification techniques [16].
4.

Spectral method in damage ıdentification

In general, ambient vibration data that is recorded on the structure hold
low amplitude structural vibration signal and large amplitude wide-band
noise. Therefore, in case of damage identification, Fourier based spectral
methods are usually not suitable if filtering processing is not applied
precisely for signal to noise ratio low measurements. Using test data, time
domain system identification technique or equivalently frequency
response of the structure may provide valuable insight and represent well
enough underlying dynamics of the structure if sampling and recording
time are suitable [17].

FRF (H(w)) describes the relationship as the Fourier amplitude ratio
between FT of the output response of a structure (Y(t)) and FT of the
excitation force (F(t)) at the free field, as seen in Eq (1a). Applying FT to the
cross (RFY) and auto (RFF and RYY) correlations, spectral density functions
(SFY, SFF, SYY) can also be used in order to minimize the effects of noise on
the output, as seen in Eq(1b) defined as H1(w), and another alternative
noise minimization if performed to the input data as seen in Eq(1c) defined
as H2(w); all may be defined as followings [5, 8].
𝐻 𝑤

(1a)

𝐻 𝑤

(1b)

𝐻 𝑤

(1c)

5.

Time domain (OKID/ERA) method

OKID/ERA algorithm based on state-space model, coded in Matlab [2, 5, 14,
15, 16] is composed of the following three major computational steps: (1)
The observer Markov parameters are calculated with OKID. (2) From the
observer Markov parameters, OKID, this time, retrieves the system
Markov parameters. (3) ERA is utilized with the system Markov
parameters to realize the discrete time state-space (SS) system matrices,
A, B, C and D. Markov parameters forming the basis for identifying
mathematical models are the unit sample response or pulse response
histories of the system. In the classical approach, Markov parameters
might be extracted from inverse Fourier Transform (IFT) of the frequency
response function (FRF), which is defined as the ratio of the Fourier
Transforms (FT) of the measured output and input data. Due to aliasing
and numerical ill-conditioned problems, calculating accurate Markov
parameters in this way is impractical. FT algorithm requiring
appropriately long-time histories has another disadvantage in
calculations. In contrast to the classical technique, OKID finds the Markov
parameters more quickly and accurately than FFT-IFFT. Moreover, since
OKID has an asymptotically stable observer, influence of the noise and
other problems appearing in the estimation of the system Markov
parameters from direct input-output data are bypassed. Further details of
the theory with derivations are described in Juang.’ [2, 5, 14, 15, 16].
6.

Time-frequency analysis

T-F decomposition shortly maps a one-dimensional signal into a twodimensional signal and describes how the spectral content (i.e., frequency
and phase) changes with the time. If FT is considered as the first in the
chronological order in transformation calculations; As the first
shortcoming, the Fourier transform can only be applied to time series with
stationary and linear properties. However, as discussed earlier, due to
earthquake or wind, structural responses recorded on civil infrastructure
are mostly nonstationary. The second inadequacy of the Fourier analysis
is that it cannot give the time dependent frequency and phase changes.
In fact, operational quantities are very important in structural health
evaluations in time-frequency domain. The third inadequacy is that the
Fourier transform is not applicable to response records of a structure
because the structure may continuously receive instant member capacity
exceedances or member failures during the earthquake. Fourier
transforms (FT) and invers Fourier transform (IFT) can be expressed
respectively, as
𝐹 𝑤

𝑓 𝑡 𝑒

𝑑𝑡

𝑓 𝑡

𝐹 𝑤 𝑒

𝑑𝑤

(2)

where is the angular frequency and F( ) is essentially complex. As seen
from Eq. (2), FT decomposes the signal down to the sinusoids that
theoretically extend from minus to plus infinity unlike the real-world
physics’ condition. In contrast to infinitely oscillating sub-harmonics of
the FT, frequency of an irregular and almost non-symmetrical wavelet
varies over the length of the waveform and it is better at describing nonstationary problems. A wavelet has an amplitude that starts out at zero,
increases and then decreases back to zero within a certain time span. By
stretching (dilating) and shifting (translating) the waveforms, wavelets
that come in various shapes and sizes are used to detect the hidden event
and approximate its frequency and location in time. A specific mother
wavelet shape that may match or correlate the time series unusually well
when the mother wavelet is stretched and shifted. Even if a wavelet is
transformed from time domain into frequency domain, still the relative
phase relations of different contributing frequencies determine the
position in time.

6.1. Short time frequency transforms
Focusing on the localization in time and frequency is at least not the only
property that is characteristic about the wavelet transform. Much earlier,
short-time Fourier transform (STFT) that is also localized in time and
frequency is introduced to overcome the limitations of the FT by Gabor
[10, 17] and using Gaussian (normal distribution function) window g(t), it
provides information about where in time a certain frequency occurs,
since it is essentially collection of the FTs applied consecutively onto the
windowed (i.e., small) portions of the signal. The signal in the sliding small
time window is assumed approximately stationary. Using the inner
product notation, the STFT can be expressed as
𝑆𝑇𝐹𝑇 𝜏, 𝑓

𝑥 𝑡 𝑔 𝑡

𝑑𝑡

𝜏 𝑒

(3)

STFT employs a sliding window function g(t) centered at time
of the
window. FT is performed on the signal x(t) within the window. Through
such consecutive operations, FT of the entire signal decomposes into a
two-dimensional T-F representation. Recorded field data is generally not
known a priori, selection of a suitable window size for effective signal
decomposition or for processing nonstationary events in the STFT is
difficult.
6.2. Wavelet transforms
In contrast to the STFT where the sliding time window size is fixed and is
not suitable for nonstationary data, the wavelet transform enables
flexible window sizes in analyzing different frequency components within
a signal. By comparing the level of similarities between the signal and a
set of patterns obtained from dilating and contracting the original period
(i.e., scaling represented by s) and translating along the time axis (i.e.,
shifting, ) of a base wavelet 𝜓 𝑡 , T-F characteristic may be mapped
remarkably. Using inner product, the wavelet transforms (WT) of a signal
x(t) can be expressed as;
𝑤𝑡 𝑠, 𝜏

√

𝑥 𝑡 𝜓∗

𝑑𝑡

(4)

where the scaling parameter, s greater than zero, which determines the
time and frequency resolutions of the scaled base wavelet 𝜓〈 𝑡 𝜏 ⁄𝑠〉.
The specific values of s are inversely proportional to the frequency. The
symbol 𝜓 ∗ ∙ denotes the complex conjugate. WT can extract the inherent
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components within time series over its entire spectrum, by using small
scales (corresponding to higher frequencies) and large scales
(corresponding to lower frequencies) for decomposing frequencies. The
scaling factor controls the amplitude of the wavelet function, and the time
shift controls the location of the wavelet function on the time scale. As the
scaling factor changes, the effective width of the wavelet function will
change. Unlike Fourier transforms, wavelet transforms can meet the
requirements of the problems observed in monitoring studies. For
example, the wavelet transforms produce rich time resolutions,
depending on the frequency components [9, 10]. Advantageous of the
wavelet transforms may be summarized as followings: (i) Mathematically
well developed and ready to apply to great number of problems, (ii) inverse
transforms exist, (iii) both continuous and discrete forms exist, (iv)
practically, transformation does not have any limit for frequency and
time resolutions, (v) they are applicable to nonstationary data and
nonlinear engineering problems, (vi) contrast to FT that can give only
mathematical result, Wavelet transforms have direct applications in
structural damage detection such as identification by the wavelet
spectrum, as well as singular signal detection, WT can also be used as the
noise filter, frequency-band analysis and so on. Numerical results
performed for a minor localized damage can induce notable changes in
the wavelet coefficients of the structural data. Recent wavelet-based
approach is studied by the author to identify the global anomaly and to
locate the damage in civil engineering structures, on the basis of the
acceleration responses [2, 5]. Using available different conventional and
new identification techniques, for both the undamaged and damaged
reinforced concrete frame structure. The features of the structure and
identification sensitivity are studied. Regardless of the excitation
mechanism, identification process is entirely based on the measured
responses. In order to increase the accuracy in damage localization in
complex structures, well instrumented SHM network is necessary.
6.3. Hilbert–huang transform

𝑑𝑢

(5)

Huang uses self-adaptive empirical mode decomposition (EMD) to
decompose a signal into some number of intrinsic mode functions (IMF)
based on the technique as he proposed. Then HT is applied to the IMF to
obtain instantaneous frequency and phase information. Since the signal
is decomposed in the time domain within the original length of the realworld signal having nonzero mean and nonstationary characteristics.
Separated interferences (IMF) with zero mean can be associated with a
physical meaning. Furthermore, these IMFs can also provide the modal
data (i.e., modal frequencies, damping ratios and mode shapes). Story
stiffness can be obtained if instrumentation layout is set up the whole
floors. Story damage can then be detected by comparing the stiffness
values of identical floors. HHT offers many advantages over the other
techniques, such as (i) applicable to nonstationary signals and nonlinear
problems, (ii) producing more physically meaningful results than those
offered by other transforms, and (iii) suitable to produce adequate
frequency and time resolution to engineering problems within the time
and frequency ranges of interest. (iv) Although the wavelet transforms are
applicable to nonstationary signals and nonlinear systems. Results
offered by the wavelet can only give indication of damage as side effects,
therefore, the wavelet transforms are not adaptive. Beside all the
advantages of the wavelet transforms, HHT has the property of additivity.
That additivity can produce more physically meaningful results and
provides characteristic frequency and time resolution for the structure.
Steps are summarized below, and details may be found in Huang et al. [9].
The EMD was designed based on the assumption that the data set consists
of simple different intrinsic mode functions (IMF) of oscillations with
harmonic or nonsinusoidal coexisting characteristics derived recursively
from the data. First mean m1 is calculated and subtracted from the whole
data, X and difference h1 called IMF candidate as a first component since
it satisfies all the conditions of an IMF as detailed in Huang et al. [9].
ℎ 𝑡

𝑋 𝑡

𝑚 𝑡

(6)

However remaining data h1(t) that is treated as the recent data and
previous process, called the sifting, is repeated;
ℎ

𝑡

ℎ 𝑡

𝑚

𝑡

ℎ

𝑡

ℎ

(7)

𝑡

𝑚

𝑡 →𝑐 𝑡

ℎ

8

𝑡

Then the recent ℎ 𝑡 is nominated as the first IMF component c1, which
contains highest frequency content of the signal X(t). c1 is removed from
the data X(t) to obtain the residue r1, which contains lower frequency
components. The r1 is treated as the new data and subjected to the same
sifting process. This procedure is repeated to obtain all the subsequent ri
functions;
𝑟 𝑡

𝑋 𝑡

𝑐 𝑡 →𝑟 𝑡

𝑟

𝑡

𝑐 𝑡 , 𝑖

2,3,4, … … , 𝑛

9

After completing the decomposition process, the original signal can be
collected by summing n IMF components (i.e., 𝑐 𝑡 , including the final
residue 𝑟 𝑡 .
∑

𝑋 𝑡

𝑐 𝑡

𝑟 𝑡

10

In HSA, signal ci(t) and its HT, H[ci(t)] can be combined to form the
analytical signal Zi(t) in a complex structure,
𝑍 𝑡

𝑐 𝑡

𝑗𝐻 𝑐 𝑡

𝑎 𝑡 𝑒

11

where P denotes the Cauchy principle value. With this newly defined
analytical signal, time-dependent a(t) and phase 𝜃 𝑡 become observable
over the time and the instantaneous frequency can be defined from 1st
derivation of 𝜃 𝑡 with respect to the time as,
𝑎 𝑡

The Hilbert–Huang transform (HHT) that is an empirical approach solves
the nonstationary data, based on the Hilbert transform, has become very
popular method in signal processing [9]. The Hilbert transform is defined,
for an arbitrary time signal x(t) with the Cauchy principal value P, as
𝐻𝑐 𝑡

In this case, m11 becomes mean of the upper and lower envelopes of h1.
Consequently, other rounds of sifting process are carried out k times until
the residue becomes constant (monotonic) or represents an ignorable
trend (baseline passing from zero at most two times).

𝑐

𝜃 𝑡

𝑡

𝐻𝑐 𝑡

(12a)

𝑎𝑟𝑐𝑡𝑎𝑛

(12b)

𝑤 𝑡

(12c)

Applying the HT to the n IMF components of X(t) but excluding nonzero
pass residue rn, X(t) can be written in terms of amplitude and
instantaneous frequency corresponding to each component i as functions
of time.
ℜ∑

𝑋 𝑡

𝑎 𝑡 𝑒

(13)

Eq. (14) differs from the time-independent amplitude and phase in the FT.
It improves the flexibility of the expansion and tracks the nonstationary
characteristic. The T-F distribution of the amplitude called as the Hilbert
spectrum H(w,t) defined as
∑

𝐻 𝑤, 𝑡

∑

𝐻 𝑤, 𝑡

𝑎 𝑡

(14)

Where 𝐻 𝑤, 𝑡 stands for ith component of the total Hilbert spectrum H.
The square of H also gives the energy distribution (i.e., energy density).
Another very important definition is the marginal spectrum h(w) provides
a measure of total amplitude contribution from each frequency, in which
T denotes the time length of the signal.
ℎ 𝑤
7.

∑

ℎ 𝑤

∑

𝑎 𝑡 𝑑𝑡

(15)

Real case studies in structural analysis

Real examples are selected to show the strengths and weaknesses of the
conventional and new methods. In-situ measurements recorded on
concrete-reinforcement bending moment shear frame tower from 20th
Century and stone masonry built historical structure from 15th Century
are studied to demonstrate the sensitivity level of the structural
identification and damage detection.
7.1. Structural identification and damage detection in historical
masonry structure
For ambient vibration measurements, 8 seismometers for two horizontal
degrees of freedoms on the structural observation points and another one
at the entrance of the structure were instrumented. For microtremor data,
1 seismometer as a free field measurement at the ground was set for two
horizontal degrees of freedoms as drawn in Figure 1. Locations of the
sensors on the structure are key points believed to reflect the structural
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modal characteristics. The sensors, equipment and the data acquisition
system can be found in reference [5]. The duration of the test
measurement was 5 minutes. After structural measurements were
completed, calibration test was also performed at the basement for whole
equipment and sensors. Control test data were utilized for testing
linearity and distortion in recordings based on high-resolution
calibration procedure such as wavelet analysis. Finally, band pass

filtering was decided between frequencies of 0.1 Hz and 50 Hz (as the
Nyquist frequency) to eliminate the effects of white noise, hardware
problems and effects of the different cable lengths. Base-line correction
(linear and nonlinear if necessary) and resampling for eliminating high
frequency spikes in the record were also performed when they were
needed.

Figure 1. Seismometer locations from SE towards NW [2, 5].

Figure 2. Velocity time histories for the structural observation points for SE-NW direction [5].
As a typical example, ambient velocity time histories of the structural
points are plotted for SW-NE direction, as shown in Figure 2. Corrected
data were Fourier transformed and smoothing was performed by SGolay
filter with window length of 5 samples and polynomial degree of 2 for
noise reduction without loss of high frequency content, which might hold
structural information. Figure 3 shows the filtered Fourier amplitude

spectra of the velocity time histories for the eight structural points.
Denoising procedure based on Wavelet Decomposition was applied to
ambient measurement data set. Details about the implementation and
results that can be found in reference [5] manifest the data quality with
reasonably high signal to noise rati

Figure 3. Spectral Displacements smoothed by Sgolay filter for SE-NW direction.
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Transfer functions for SW-NE direction between the structural sensor
points and the reference base have been calculated as plotted in Figure 4.
Except the stations O1 and O3 that display significant shifts from 2.5Hz.
to low frequency 1.8Hz., the spectral peaks at the cornice-level stations at
the four springing points of the main arches and those at the crowns of
the main arches at the dome-base occur almost at the same frequencies
reflecting global response. For SE-NW direction, spectral peaks are
observed at ~2.5, 3.5, 4.3, and 5.3 Hz. in Figure 4, it is obvious that station

O3 with superior amplitudes and station O1 with relatively large
amplitudes behave differently in both low and high frequency regions
when compared within the group of other similar observation points for
major directions. Stations O3 and O1 that envelope the others in the all
frequency range have two sharp peaks with superior amplitude values at
around 24Hz and 38Hz, respectively in high frequency region as seen in
Figure 4.

Figure 4. Spectral transfer functions (H(w)) for SE-NW direction between structural responses and base input motion.
In experimental modal identification, Single-Input Single-Output (SISO)
transfer function and Multiple-Input Multiple-Output (MIMO) transfer
function models and Observer/Kalman Filter Identification method with
Eigen System Realization (OKID-ERA) technique [14, 15] were adopted,
respectively in Figure 5 and 6. At the first modal frequency, four stations
located at the crowns of the main arches have identical response except

station 3 with less peak frequency and magnitude, as seen in Figure 6.
Mode shapes of the structure have also been estimated by using the MIMO
parametric model, which is equivalent to the MDOF system. Mode shapes
are plotted in Figure 7 for the first five modes for both directions. Modal
characteristics of the first five modes for each direction is also
summarized in Table 2.

Figure 5. SISO transfer functions of the ARX structural models selected from many
candidates based on the estimation performance for SW-NE direction [5].
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Figure 6. All transfer functions of the observation points for one data set for SW-NE direction estimated from the analysis of the MDOF system

Figure 7. Exaggerated first five-mode shapes of the structure for both directions, namely SE-NW in left two columns and SWNE in right two columns. Blue solid lines are for bare frame and black lines for modal deformations.

PACE 2021- Ataturk University, Engineering Faculty, Department of Civil Engineering, Erzurum, 25030, TURKEY 20-23 June 2021

43

Beyen
Table 2 Descriptions for first five modes in SE-NW and SW-NE directions
Modes

SE-NW Direction

SW-NE Direction

1st mode

Translation at the cornice level Breathing
outwards at the base level of the dome @ 2.42
Hz

Total lateral vibration @ 2.31 Hz

2nd mode

Breathing inwards at the cornice level,
swaying laterally at the level of the dome base
@ 3.29 Hz

Breathing outwards @ 3.20 Hz

3rd mode

Squeezing vibration @ 3.52 Hz

Squeezing vibrations @ 3.38 Hz

4th mode

Breathing outwards @ 4.41 Hz

Total lateral vibration @ 4.04 Hz

5th mode

Antisymmetrically squeezing vibration @ 4.59
Hz

Breathing out at the cornice level, very small
swaying laterally at the level of the dome base @
4.47 Hz

Structural damages do not allow the structure to behave in a monotonic
fashion and the measured data in either way yield similar results but
different values of frequency shifts. Evidence of weak nonlinearity
(residual deformation) observed by visual inspection is softly correlated
by the results of the conventional techniques such as spectral and
parametric analyses of both SISO and MIMO models. As alternative, STFT
was computed by applying FT to a windowed segment of the data. STFT
provides time-localized changes in frequency with limited precision and
somehow reduces the nonstationarity but the window size influences the
temporal and frequency resolution of the analysis. From STFT spectra in
Figure 7, nonstationary characteristic can be observed on all observation
points. However, at stations O1 and O3, two sharp spikes at 24Hz and 38Hz
are developed exceptionally and they almost keep the linearity
throughout the record length. Key block failure at O3 and partial damage
at O1 may cause high frequency peaks indicating local damages. Due to
poor redundancy as observed feature of the historical masonry structures,
damage may destabilize the adjacent members in the SE- NW direction.

This is seen globally on some neighbor members such as at O2 and O7
strongly and at O6 slightly.
T-F spectra are estimated using wavelet theory for each direction. Several
wavelet families are tested to extract the recognizable features for
damage detection. Among many, bump wavelet base that is the most
successful at identifying the damage is decided for this study. It is seen
that local jump in the wavelet coefficients point out the location of the
damage. Cross-examination of the T-F spectra among the stations can
reveal localized similarities otherwise local increases in the absolute
value of the wavelet coefficients may show nonstationary power in T-F
plane. When the region has become full of high wavelet coefficients,
nonlinear behavior experienced due to the interferences of the broken
sides at the damage point and interactions between the adjacent
components. Crown station O3 in Figure 8 shows linearity throughout the
recording with complete high power at around 24Hz in broadband
characteristic. Severe damage at O3 causes such linearity and loosens the
bonds between the stones around the key block.

Figure 7 STFT of the records at the eight observation stations for SE-NW direction.
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Figure 8 Continuous Wavelet Time-Frequency spectra of the structural observation points of the structure estimated for SE-NW component.
Other stations that generate almost similar energy distributions in T-F
domain exhibit nonlinearity-nonstationarity and this tendency increases
as the time and frequency progress. Transverse cracks and openings
developed around the key block form the hinge mechanism disrupting
monolithic behavior and responding individually at its local frequency of
24Hz. Another crown station O1 also shows close non-monolithic behavior
at the local frequency of 38Hz. Other structural members but especially
neighbor stations of this low redundant system display nonstationarynonlinear behavior under the effect of the accumulated damages.
Especially neighbor stations O6 and O7 located at the springing points of
the arch (O3) are strongly affected. Many types of signals in practice may
be non-sparse in the Fourier-based analysis became detectable in T-F
domain as seen in Figure 8.

For the Hilbert Huang analysis, EMD technique is applied and leads to
physically meaningful decompositions. As we shall see from Figure 9,
EMD can extract valuable characteristics of the vibrations with just a few
IMF components. IMF with higher frequency content could be identified
as being generated by a local instability. After plastic hinge is developed
that reduces the level of redundancy and weakens the structural rigidity.
As a result, flexibility of the structural system will be increased in a revers
manner and this shifts the vibration frequency to lower level. As seen in
Figure 9, IMFs start with the highest vibrations and slow down to the
small frequency oscillations. Vibrations were developed around the
average dominant frequency starting from 38Hz, down to 24Hz, 19Hz,
12Hz, 4Hz, 2.5Hz, 1.5Hz and 1Hz for the first 8 IMFs respectively. Instant
T-F spectra of the HHTs for the entire ambient vibrations recorded at the
8 stations are plotted with the peak points in Figure 10. As distinguished
from

Figure 9. IMFs of the O3 responses for SE-NW component based on EMD.

Figure 10, some frequencies are never reached in some IMFs. Therefore, zero contribution to the system dynamics from some frequencies can be
noticeable.
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Figure 10. HS peak points of all the IMFs decomposed from 8 stations for SE-NW component. Top four for arch stations (O1, O2, O3, O4), lower four for
column stations (O5, O6, O7, O8).

Figure 11 Damage around station 1 (left) damage around station 2 (right) [18, 19].
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Figure 12. Damage around station 4 (left), failure cracks on the side dome at station 4 (right) [18, 19].
Fatih Mosque that received damages on several parts by the 17 August
1999 Kocaeli earthquake was repaired widely between 2007 and 2012 [18,
19]. Resultant tension cracks show typical local openings in the window
border can be seen respectively in Figures 11 through 14 [18, 19]. In
addition to this deterioration, out of plane arch deformations will further
degrade the strength capacity. Such strength reductions in the arch

system and at the base of the central dome cause distributed deformations
and damage. After removing the lead cover, tension cracks in the main
dome was observed and large deformations on windows under the main
dome base can be also distinguished from the photographs given in the
last figures.

Figure 13. Cracks on corner dome at station 5 (left) damage on top of the pillar around the station 6 (right) [18, 19].
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Figure 14. Dome damage at the corner around station 7 (left) serious damage at station 8 (right) [18, 19].

7.2. Structural identification study on a reinforced concrete highrise building
In earthquake-prone areas, many tall buildings designed and built
according to old building codes can potentially be under earthquake risk.
In the literature, the number of studies on the response of tall buildings
to large far and near field earthquakes has significantly increased. In
recent years, particularly the number of near-field earthquake records
was too limited to study the building's responses. There was a lack of
knowledge about the tall building behavior during the earthquakes. With
the 1995 Kobe earthquake, the 17 August 1999 7.4 Mw Kocaeli earthquake,
the 12 November 1999 7.2 Mw Düzce and 1999 Taiwan Chi chi
earthquakes, the near-field earthquake archive have enriched. With the
new tall building regulations, structural health monitoring provides new
data sets. With new collections, tall building responses to near- and farfield earthquakes is attracting great interest and such monitoring
appeared as a new area to be studied. In this study, the response of the
structure to near and far-field earthquakes, winds and blast forces was
investigated in order to understand the characteristics of the structure.
The building to be examined was built for residential purposes, and it is
instrumented at the three-level as the drawings shows instrumented
stories in Figure 15. The events considered as input forces are given in
Table 1. In addition to the storm-induced structural acceleration response
records, as seen in Table 1, regional earthquakes that occurred in recent
years and subway construction explosion recordings were used to
understand the structural behavior in this study. Storm-induced building

vibrations with a speed of 100Km/h (28m/sec) in acceleration, velocity and
displacement forms for the EW direction recorded on floor-34, floor-17
and basement are plotted in figure 16. and a typical near-field earthquake
record of acceleration, velocity and displacement time histories are given
in Figure 17.
In the signal analysis, the noise that does not contribute to the
understanding of the general structural behavior was low pass filtered
from the raw data at 0.05Hz and high pass filtered at the Nyquist
frequency of 50 Hz., and structure identification was performed. As seen
in Figure 18, Fourier transform based Transfer functions are calculated
and smoothed by Hanning window for different inputs for the NS
direction using the building input output pairs. 0.25 Hz, broad band
frequency of 0.8 Hz-1.2 Hz, 2.5 Hz., and 4 Hz., are peak frequencies. In
Figure 19, Transfer functions are calculated and smoothed by Kaiser
window this time for different inputs for the EW direction. Peak
frequencies are seen at 0.25 Hz., 0.8 Hz., and 1.5 Hz. In Figure 20, TFs based
on the extra input (feedback) automatic regression (ARX) parametric
model are estimated for the (near field earthq.) ML 5.0 Karadeniz
earthquake response records, and for the (far field earthq.) ML 5.9 Romania
earthquake response records. Far and near field response data yield same
peak frequencies 0.25 Hz and 0.9 Hz in the EW direction. and about 0.42
Hz and 1.6 Hz. in the NS direction.

Figure 15. General view of the high-rise building and the positions of the 3-component accelerometers at the basement, 17th and 34th Floors along the
height of the building and their locations in the normal floor plan.

Table1. Dynamic Forces (events) considered in this study
Date

Time

Time

Latitude

Longitude

Depth

Size

Distance

Location
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No
1
2
3
4
5
6
7
8
9
10
11
12

(yyyyaagg)
20130730
20131124
20131127
20140130
20140205
201441122
20150117
20150119
20150122
20150123
20150201
20150202

(Local)
08:33:08
22:49:37
06:13:37
04:54:33
03:56:43
21:14:15
02:42:34
13:10:43
18:47:04
12:19:42
12:46:31
06:41:03

(İnternational)
05:33:08
19:47:39
04:13:37
02:54:33
01:56:43
19:14:15
00:42:34
11:10:43
16:47:04
10:19:42
10:46:31
04:41:04

(degree)
40.3037
40.7843
40.851
40.6733
41.3768
45.742
39.8848
40.8648
40.6233
40.0647
40.7125
40.3412

(degree)
25.7830
31.876
27.9198
29.2688
28.622
27.2147
30.3955
27.6787
29.1082
28.587
27.4973
26.0567

(km)
9.8
8.0
9.6
8.5
16
27.9
5.5
16
12.3
5.0
6.0
13.4

(ML)
5.3
4.8
4.7
3.1
3.8
5.6
4.3
3.0
2.5
4.5
3.5
4.1

(km)
287
240
96.6
49.89
46.0
526.0
175.0
40.3
51.0
119.0
135.0
364.0

Kaleköy-Gökçeada
Ulu Mosque (Bolu)
Marmara Spans (Tekirdağ)
Yalova
Karaburun-Arnavutköy
Romania
Karaçoban Pınarı Eskişehir
Marmara Sea
Çınarcık (Yalova)
Uğurlupınar (Bursa)
Güzelköy-Tekirdağ
Soros Bay ( Ege Sea)

Figure 16. Acceleration responses of the tower to storm in EW direction

Figure 17. EW component acceleration, velocity and displacement time histories of the 2016-10-15 5.0 ML Karadeniz earthquake recorded on floors 34,
17 and basement

Figure 18. TF for NS component of the different ınput responses at floor 34 Figure 19. TF for EW component of the different ınput responses at floor
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Figure 20. ARX parametric model transfer functions for EW and NS directions of near field 5.0 ML Karadeniz (left) and far field 5.9 ML Romania
earthquakes (right) responses of the 34th floor.
In State-Space (SS) domain, using OKID-ERA for the NS response
component of the ML 5.9 20161228 Romania earthquake, TF is calculated
and plotted in Figure 21. Detectable peak frequencies are 0.25 Hz., 0.42 Hz.,
0.61 Hz., 1 Hz. 1.6 Hz. and 3.1 Hz., respectively. But peak frequency of 3 Hz
cannot be reached from explosion data. It is seen clearly that the global

peak responses are obtained very closely from different input sources. In
the EW direction, the natural dominant frequencies of the structure are
0.25Hz, 0.9Hz; It can be said that the global response peaks are observed
at 0.4Hz, 1.4Hz and about 3Hz in the NS direction.

Figure 21 OKID-ERA results for 5.9 ML Romania earthquake (left) and for explosion response (right)
In addition, wavelet analyzes were carried out using the appropriate
mother wavelet family after performing some tests to select the best one
among the several candidates. Resultant wavelet spectrum is plotted in
Figure 22 for the EW responses of the near and far field data recorded at
the top story of the tower. Data set are the collection of near field 5.0 ML
Karadeniz earthquake and far field 5.9 ML Romania earthquake. As
observed, global response frequency of the tower is not changing and
produces its peak at the frequency of 0.42 Hz. Another important
information that can be gained from these wavelet spectra is the time
location of the fundamental peak. It shows that the far field data should
be recorded much longer than the near field earthquakes. Dominant peak
is seen at about 145 second in the near field data and at 260 second in the
far field data. Another wavelet analysis performed for the explosion
caused responses during subway tunnel construction and it is plotted in
Figure 23. Wavelet spectrum of the explosion response shows that the

initial response of the explosion in NS direction starts approximately at 4
second within the frequency band of 0.43 Hz-0.75 Hz. After structural
response initiated, wave fronts with low energy propagates in a P wave
propagation form through the structure up to the tip of the tower with a
central frequency of 0.42 Hz. This P wave form propagation is observed as
tension-compression wave fronts in the 34th floor response history
through the record length of 180 seconds. In the EW direction, top floor of
the tower receives oscillations at the central frequency of 0.22 Hz. and 0.4
Hz. within the form of shear wave, which is perpendicular to longitudinal
propagations observed in NS direction. Figure 24 is the results of the
Hilbert-Huang Transform (HHT) of the 3.8 ML magnitude Karaburun
Arnavutköy İstanbul earthquake. It is understood that the frequency
variations of the tower show the linear stationary characteristic
throughout the record length for far and near field earthquakes, blast and
storm induced vibration responses.

Figure 22. Wavelet spectra of the EW structural responses recorded at the 34th floor for near field 5.0 ML Karadeniz earthquake (top) and far field 5.9
ML Romania earthquake (bottom).
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Figure 23. Continuous wavelet transformation spectra of the 34th floor EW response to subway explosion (Beşiktaş) (top) and NS (bottom)

Figure 24. HHT spectra of the near field earthquake response during the 3.8 ML Arnavutköy earthquake recorded at the 34th story, for NS direction
(left) and EW direction (right)
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8. Conclusions
This paper as a state of the art and practice in the damage detection
presents a brief review of different damage identification and system
identification methods and their applications to the civil engineering
structure. Applying spectral and parametric methods, results show
that modal features can be extracted thoroughly, but damage detection
is not explicitly performed. Analyses were extended to T-F
decomposition in order (1) to describe how the spectral content of the
signal changes with time; (2) to verify the effectiveness of the T-F
analysis in damage identification in case of ambient vibration
recordings and (3) to discuss comparably well sides and significant
doubts on the suitability of the techniques in damage identification
studies. STFT, WT and HHT utilized as different vehicles were
discussed to reexamine superior performance of the suitable one with
some advantageous. Finally, useful quantitative information that was
extracted from WT and HHT has achieved very close results about the
damage and time varying spectral characteristics. On the other hand,
since structural damages do not allow the structure to behave in a
monotonic fashion, results of the different analysis methods in either
way yield similar results but ignorable small differences in frequency
content. For light redundant structures, there is a need to develop
automatic signal/image processing to identify anomaly through image
processing, machine vision, and pattern recognition. Ambient
measurement data has enough sensitivity for advanced damage
identification and adequately captures nonlinear nonstationary
characteristics.
In another application, the structural health monitoring network
installed on a high-rise building summarizes the estimation of the
building characteristics with different methods by using the response
of the building to the input forces of different sources in the building
identification studies. It is seen that all these natural forces are not
alternative to each other. As observed in the nature, the frequency
contents, which may change from low to high and may be reach or
poor, complete the structural information to be extracted for better
understanding the dynamic properties of the engineering structure. In
addition, tracking of the results obtained from the building health
monitoring network constitutes an important archive for the detection
of anomalies. Time Frequency analysis may affect and improve the
building codes for a risk consistent structural design. The future
revisions of aseismic design and condition assessment methodologies
will use the time-frequency domain analysis to better understand the
chaotic natural forces and their responses. Time-Frequency analysis
that promises new horizons will affect and improve the current
procedures, check points and limits to artificially generate the seismic
ground motions or evaluate the recorded strong ground motions for
the time domain analysis.
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This presentation is the result of the work of a team and not of one person (For reasons of space,
I will not name all the researchers who contributed). It relates to "coupled transfers in concrete".
Two indicators of durability are stued. In the first part, we present works dealing with the
permeability of concrete. This parameter is used to characterize the ability of porous media to
carry gases or water, it is of great importance for predicting the durability and waterproofing of
concrete structures. We will study the influence of mechanical and thermal loading on the
evolution of this indicator both for low mechanical damage rates and high damage rates (location
and opening of cracks). In the second part, it is the coefficient of chloride diffusion or migration
under an electric field that is discussed. This indicator makes it possible to control the
penetration of aggressive agents into concrete, and in particular that of chlorides. The chloride
are partly responsible for the corrosion of the reinforcements and therefore for the durability of
these structures. Also in this part, we study the influence of mechanical damage and
temperature on this coefficient. All the result are presented and discussed.
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After each major earthquake, the seismic source and ground motion models will be modified and
there are always discussions on the reliability of the seismic hazard zoning maps and a
comparison between the recorded and previously assessed ground motions. This draws attention
to the importance of input dataset and the level of knowledge of the seismic source parameters in
the potential seismic regions (geometry and mechanical of faults, return periods, etc.) The South
Asia region is exposed to high seismic activities and are greatly influenced by the continental
convergence and active crustal shortening between the African, Arabian, and the Indian plates to
the NE (Northeast) and northward with respect to the Eurasian plate. According to the regional
tectonic regime of the Iranian plateau, the focal mechanism solutions of most earthquakes are
compressional, strike-slip, or a combination of these two mechanisms Central Turkey (Anatolia)
moves in a coherent fashion with internal deformation <2 mm/yr. The motion of Anatolia is
bounded on the north by the right-lateral North Anatolian fault and on the southeast by the leftlateral East Anatolian fault. Relative to Eurasia, the southwestern Aegean-Peloponnesus moves
toward the SSW (South-southwest). The similar measurements in the Iranian continent and
northern Oman indicate that most of the shortening is accommodated by the Makran subduction
zone and less by Kopek-Dag. The Central Iranian Block moves consistently with internal
deformation smaller than 2 mm/yr. In the western part of Iran, distributed deformation occurs
among several fold and thrust belts. The maximum velocity (38 mm/yr.) in the northern Ganges
plains approximates the rate of convergence between the Indian and Eurasian plates. All these
GPS analysis indicate high rates of deformation in the West Asian region and the Iranian Plateau,
so that the region is exposed to all-round pressures caused by the collision of lateral tectonic
plates. Therefore, the geodetic, seismic and tectonic studies in the region confirm the existence of
a complex active tectonic framework with high deformation rates, a part of which expressed in
terms of earthquakes. This region experiences different earthquake magnitudes each year, some
of them may reach Mw8 (e.g. 27 November 1945Mw8.1 Makran earthquake). Many destructive
earthquakes with magnitude 7.0 have occurred during the last century such as the 1909 Silakhor,
Boroujerd (Mw.7.3), 1930 Salmas (Mw.7.1), 1962 Bou'in-Zahra (Mw.7.1), 1968 Dasht-e-Bayaz (Mw.7.4),
1978 Tabas (Mw.7.4), 1990 Manjil (Mw.7.4), 1997 Ghaen (Mw.7.3), 2003 Bam (Mw.6.6), 2013 Savaran
(Mw.7.8) in Iran; 1939 Erzincan (Mw.7.8), 1970 Gediz (Mw.7.2), 1976 Çaldiran–Muradiye (Mw.7.0),
1999 Izmit (Mw.7.6), 1999 Duzce (Mw.7.2), 2011 Van (Mw.7.1) earthquakes in Turkey; the Nuweiba
earthquake south of the Dead Sea fault and in the Gulf of Aquaba in Egypt; the 1935 Quetta (Mw.7.7),
1945 Balochistan (Mw.8.1), 2005 Balakot (Mw.7.6), 2011 Dalbandin (Mw.7.2) and 2013 Awaran
(Mw.7.7) earthquakes in Pakistan; and the 2002 Hindu-Kush (Mw.7.4) and 2015 Hindu-Kush
(Mw.7.5) earthquakes in Afghanistan. After earthquakes (i.e. 1990 Mw7.3 Manjil earthquake and
2003 Mw6.5 Bam earthquake) some questions were raised on the reliability of the seismic hazard
zoning maps and on the comparison between the recorded and previously assessed ground
motions. These triggered the importance of input dataset and the level of knowledge of the seismic
source parameters in the region (fault geometry and mechanics, return periods of large and
destructive earthquakes, etc.) The Iran 12 November 2017 Sarepole Zahab earthquake is triggered
by the movement of the Zagros Mountain Front Fault (MFF) in the Sarepol-e-Zahab region. The
focal mechanism solutions for this earthquake indicate a fault dipping shallowly to the eastnortheast, or on a fault dipping steeply to the southwest. The event taking as long as 30 seconds
was felt in an extended area in Iran, Mesopotamia, the Caucasus, eastern Turkey, Iraq and Syria.
Until November 17, 2017, about 345 aftershocks with magnitudes over 2.5 have been recorded by
the Iranian Seismological Center (IRSC). The maximum intensities and most of the destructions
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have been reported in the Sarepol-e-Zahab and Qasr-e Shirin cities of Kermanshah province. Until
(Nov. 17), 436 people are killed and over 7,500 injured. Most of the destructions have been reported
in the Sarepol-e Zahab and Qasr-e Shirin. We noticed that there is not enough strong-motion
metadata in most parts of the Iran-Turkey study region. Uncertainties associated with the seismic
hazard analysis and level of success of the Poissonian method in the region is also presented. The
trend of such seismic hazard studies in Iran-Turkey region have been initiated using
deterministic approaches, continued with probabilistic approaches and finally linked to the
spectral zoning maps. It should be noted that reliable seismic hazard studies depend on having a
robust earthquake catalogue, good knowledge on the tectonic framework and rate of active
deformation, and relevant attenuation model. The better input for hazard analysis results in more
reliable the parameters and the seismic hazard assessments, so that precise input data such as
comprehensive catalogues, seismicity parameters as well as characteristic of seismo tectonic
zones lead to decrease uncertainties of the analysis. There have been several efforts to prepare
uniform earthquake catalogues of the Middle East and Iran in the recent years such as a new
earthquake catalogue of the Middle East region which has been developed consisting historical,
early and modern instrumental events recorded between 1250 B.C. and 2006 (Zare et al., 2014).
The trend in hazard mapping appears to cover the intensity assessment, realistic acceleration and
the neo-deterministic approaches; the development of site specific seismic hazard analysis for the
region should be based on the detailed integrated site characteristics database.
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The cardiac valve surgery replacements take place worldwide about 300000 times a year, of
them, more than 50% involve mechanical valves. Bileaflet valves, among other mechanical
valves, having higher physiological compatibility and longer shelf life, account for about 60% of
the valve replacement surgeries, however, due to the occurrence of non-physiological blood flow
passing through the valve, the replacement should be exercised accompanying with
anticoagulant medications. Based on previous research works, due to the occurrence of
complicated and stagnant flows around the mitral valve, the hinge area in these valves could be
a place prone to blood clots and embolism. In this study, an attempt is made to improve the
performance of these valves with the help of smart materials compatible with the human body
to replace the hinges. The super elastic property of SMA smart material is used to rotate the
leaflet inside the ring. The leaflets leave the full semi-circular geometry found in conventional
bileaflet valves, and the axis of rotation of the leaflets is transferred from the center of the ring
circumventing the valve, toward the ring edges. The shape memory material replaces the hinge
material and provides the leaflet rotations, permitting the one-sided blood flow from left atrium
to left ventricle. The geometry of this proposed valve is designed as an SMA bileaflet in
SolidWorks software. The maximum hydrostatic pressure that is applied to the mitral valve from
the atrium chamber, would be a basis for designing the valve opening as much as 90 degrees. By
applying the resultant force to the pressure center of the leaflet and assuming a rigid mechanical
valve in comparison with the super elastic property of the SMA hinge, this hinge has a doubleclamped beam boundary condition, with one end clamped to the ring edge and the other end
clamped to the rigid mitral valve, providing a maximum 90-degree rotation of the mitral valve
for the blood flow from the atrium to the ventricle with minimum vortex and turbulent flow. A
finger-of-thumb estimate shows that in this range of bending axial stresses, the shape memory
hinge remains in the elastic range in terms of a material behavior, however, the assumption of
small deformation theory is violated and large rotations and large strains emerge the geometric
nonlinear behavior of the beam-type hinge. This beam is formulated and analyzed by 1D threenode finite elements based on the Lagrangian formulation of continuum mechanics, and finally,
the design of the SMA beam-type hinge is followed by parametric studies.
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The major challenge for engineers is to restore lifeline services such as the water, gas,
transportation, and electric power networks after natural or man-made events. Rapid detection
of damage caused by natural and manmade hazards enables an efficient and effective emergency
response minimizing human and property losses as well as societal disruption. Techniques that
could be used to provide early warning, damage detection and assessment of water and
wastewater systems are presented. This paper focuses on water supply networks with a
demonstration of a monitoring system consisting of a wireless network of power-efficient
sensors for a rapid identification of the extent and location of pipe damage immediately after a
disastrous event. The highlight of this paper lies in taking advantage of sharply transient change
in hydraulic parameters such as the water head due to the damage, and in verifying the
simulation result by experiments. The result suggests that a simple inverse analysis can locate
the damage in a pipe segment between two neighboring sensors among the pervasively installed
along a pipe at which the absolute values of water head are observed to be local maxima. Separate
experiment and analysis show that the sharp transient change in water head in the pipe flow
induces a correspondingly sharp change in the acceleration of pipe vibration. This fact is used
for damage identification in this study.
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Natural hazards have caused a significant number of disasters in the last decades. These events
lead to important economic impacts, deaths and irrecoverable losses. In this matter, the
earthquakes have a significant contribution, in which the collapse of existing masonry is
common. Besides the direct losses associated with the collapse and repairing/reconstruction of
buildings, there are also indirect losses, such as the irrecoverable loss of historic buildings that
represent the identity of the cities and the economic impact caused by a reduction in the tourism
sector. The evaluation of the seismic performance of historic buildings requires a specific
methodology, in which the inspection and non-destructive testing correspond to the first works
to carry out and are fundamental to guarantee a reliable assessment. In general, the inspection
aims to perform the damage and geometry survey, which can be supported by techniques and
equipment such as photogrammetry, laser scanner, drone and borescope camera. The nondestructive testing does not cause damage to the building and allows to identify: (1) no-visible
elements; (2) different types of materials and conservation status; (3) damage; (4) interventions
carried out in the past; (5)steel elements and ducts. Moreover, this type of tests allows to estimate
the material and geometric properties. Different types of non-destructive testing can be used,
such as sonic and ultrasonic tests, impact-echo test, ground penetrating radar testing and
dynamic identification tests. The numerical modelling of historic structures can be evaluated
using models based on the following main modelling strategies: (1) continuum models based on
the macro-modelling approach; (2) models based on the discrete-modelling approach; (3) models
based on rigid macroblocks; (4) models based on the structural elements. The evaluation of the
seismic performance of historic buildings can be carried out using two main types of non-linear
analysis: (1) static analysis (limit analysis, pushover analysis); (2) dynamic analysis (non-linear
dynamic analysis with time integration and application of accelerograms at the base). In general,
and for large structures such as monuments, the seismic performance is evaluated through the
limit analysis based on the kinematic theorem and the pushover analysis with continuum
models based on the macro-modelling approach (Finite Element Method - FEM). The Discrete
Element Method (DEM) is also used to evaluate the seismic performance of historic buildings,
mainly using partial models of the structure. The application of the experimental and numerical
techniques for historic buildings is presented, namely for the Monastery of São Miguel de Refojos
(Portugal), Church Ruins of the Carmo Convent (Portugal), San Sebastian Basilica (Philippines)
and Kunõ Tambo Church (Peru).
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With a coastline more than 8.300 km, the Turkey shows high seismicity rate and is under tsunami
threat originated from the Aegean Sea. Broad tsunami researches conducted along the coasts of
the country reveal 137 tsunamis during the last 3500 years. Data on sea level changes shows
remarkable tsunamis evidences in the Black Sea (Fatsa-Ordu, Amasra-Bartin), Marmara Sea
(Istanbul, Kocaeli), Aegean Sea (Ayvalik-Balıkesir, Izmir, Kusadasi-Aydin, Gulluk Bay-FethiyeMugla) and the Mediterranean (Antalya, Iskenderun-Hatay). But it can be claimed according to
the literature review that tsunamis mostly effect the Aegean coasts with 20 strong events. The
level of seismic activity and tsunami potential are influenced by the presence of pure or
dominant normal faults. The earthquakes that occurred on 15 August 0554, 27 August 1886 and
23 July 1949 have strongly felt and caused tsunami damages from North to South coasts. Izmir
has the longest coastline of the Middle Aegean region and is an earthquake-prone city by
experienced the 20 March 1389 Chios Island, 10 July 1688 Izmir Bay, 12 May 1852, 08 September
1852, 13 November 1856, 19/22 January 1866 and 03 April 1881 Chios Island earthquakes. The 12
June 2017 (Mw=6.2) Mytilene Island-Karaburun (Izmir) and 21 July 2017 (Mw=6.5) Kos IslandBodrum (Mugla) earthquakes were recent events in the region that has caused damage and loss
of life. In addition, tourism mobility in the region due to human behavior has been seriously
affected and significant economic losses have been reported. A strong normal-faulting
earthquake has occurred between Samos Island and Izmir city on 30 October 2020 resulting in
117 casualties (two of them are caused by the tsunami in Turkey and Greece). This event has
generated a tsunami that hit the Sigacik Bay of Izmir city. The first field survey was performed
in the frame of a TUBITAK project between 30 August and 10 September 2020 starting from
Ayvalik-Balikesir (in Northern) to Kusadasi-Aydin (in Southern) coastlines, and recorded the
morphology of coast structures before the tsunami. Understanding the regional effects of this
tsunami will definitely help in developing necessary tools for tsunami risk reduction in the
project area. Hence, the second field study was initiated on 31 October 2021 (just after the
tsunami). Detailed measurements and investigations were conducted in more than 120 points at
different locations along 110-km coasts extending from Alacati-Cesme to Gumuldur-Menderes
of Izmir city. The largest tsunami runup height among the surveyed locations was measured as
3.8 m in Akarca. Another tsunami height of 2.3 m was measured at Kaleici area in Sigacik district
where the most substantial tsunami damage was observed. Investigations have also reported
gradual decrease in the impact towards Gumuldur regions in further southeast.
Acknowledgements: This study is supported by TUBITAK (Project Nr. 119Y419). Ahmet Cevdet
Yalciner, Gozde Guney Dogan, Ergin Ulutas and many other people have provided enormous
contribution and huge supports in improving this study.
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The latest advancements in water research plays an essential and vital role for the amelioration
of the mankind. The demand for water was inexorably rising for industrial manufacturing,
urban development, agriculture, oil and gas processing, domestic purpose and for
environmental water requirements. This will continue to increase and will represent the crucial
challenges in future in the field of water research. The Ecosystems depend on the quality and
availability of water to survive. The paucity of adequate clean water to encounter the human
drinking water and sanitation needs is in fact an obstruction for economic development, and
for nurturing the clean and sound ecosystems. Due to rapid growth of population, the fresh
water availability becomes a difficult task for healthy lives and clean environment. The
progress and execution of water treatment technologies was majorly induced by invention of
latest rarer pollutants, dissemination of current water quality standards and cost aspects. The
intention and objective of writing this paper is on current trends in water research particularly
on treatment processes and its significance in terms of quality and quantity. It contains various
treatment techniques such as ultra filtration, ultraviolet irradiation, distillation, ion exchange,
reverse osmosis, desalination, and low-cost water treatment methods, environmental friendly
and sustainable treatment technologies and its environmental impact to resolve several water
problems.

PACE 2021- Ataturk University, Engineering Faculty, Department of Civil Engineering, Erzurum, 25030, TURKEY 20-23 June 2021

60

Keynote

20-23 June 2021

Role of Industrial By-Products in The Development of
Sustainable Construction
Rafat Sıddıque
Professor, Thapar Institute of Engineering & Technology (Deemed University), Patiala (Punjab), INDIA
Corresponding Author E-mail: rsiddique@thapar.edu
Corresponding Author ORCID: 0000-0003-0128-6306

Keywords

Abstract

Waste Materials,
Hazardous Effects,
Recycling,
Coal Bottom Ash,
Sustainable Concrete.

Generation of industrial by-products and waste materials has increased exponentially, and
managing them has become a very challenging task. There are several types of by-products and
waste materials, and their generation is in millions of tons each year. With increased
environmental awareness concerning potential hazardous effects, the recycling or utilization of
industrial waste by-products have become an attractive alternative to disposal and can be
beneficial in two ways; preserving the natural resources, and maintaining ecological balance.
This paper is about the utilization of industrial by-products such as coal bottom ash (CBA) and
waste foundry sand (WFS) as fine aggregates replacement in the development of Sustainable
Concrete. This paper presents an overview of the work published on physical, chemical, and
mineralogical composition, and properties of concrete.
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Cement production, a carbon-intensive process, alone contributes to approximately 5% of global
CO2 emissions. Production of Portland cement at an unprecedented level, 4 billion tons/annum,
with an annual growth of 4%, not only stresses raw material reserves, but also imposes huge
energy consumption demand and, above all, emits substantial greenhouse gasses/ dust
particulates. Switching to geopolymer-based composites, a carbon-neutral alternative, besides
providing a technological advantage in terms of mechanical, durability, and thermo-acoustic
properties helps in reducing carbon footprints, depletion of virgin materials, and stocking of byproduct wastes. The polymerization of precursors, with an alkaline solution, forms molecular
chains /networks which further hardens into solid mass at a very low heat of hydration. The CA-S-H matrix chains in geopolymer composite being longer than C-S-H chains, present in OPC
concrete, resulting in the denser microstructure. Fine-tuning of crucial parameters like
liquid/solid ratio, SiO2/Al2O3 ratio, Na2O/Al2O3 ratio, water content, curing regime, and alkaline
solution molarity aid in meeting the design objective. Recent years have witnessed considerable
technological innovation in the development of geosynthetics and geopolymeric applications.
New properties, procedures, and transforming ideas, with regards to geopolymerization, are
providing diversified options in material engineering. Relatively better resistance towards the
fire, with chloride permeability standing of 'low' to' very low', improved acid resistance, lesser
corrosion susceptibility, lower bleeding, higher early-age strength, faster-curing speed confers
notable versatility in geopolymers for usage in different construction domains. The geopolymer
composite has been used for the construction of buildings, pavements, retaining walls, water
storage tanks, marine members. Resistance towards chloride and sulfate salts makes it an ideal
material for marine or coastal applications bridge beams, pavements, and building structures.
Due to relatively lesser drying shrinkage, it is effectively used in thick and bulkier restrained
structural concrete members. Remedification of toxic waste contaminated sites by
encapsulation of hazardous/ toxic materials in structures like barriers, cappings, blocks, etc. The
immobilization matrix of geopolymer concrete ensures safe chemical encapsulation of the
contaminants as well as structural stability concerning adverse environmental conditions high
temperature and humidity, microbial and chemical aggression, and mechanical stress. The
possibility of using local wastes presents a strong economic advantage. The recent geopolymer
based projects that have found their mention in the literature include, the University of
Queensland’s Global Change Institute (GCI), which is the world's first geopolymer structural
building, Yarra river Melbourne road footpath, precast work at Salmon Street bridge, Melbourne,
pavement work at Ceres environment park in Brunswick Australia, etc. The Brisbane West
Wellcamp Airport, with geopolymeric concrete (E-Crete) utility of 40,000 m3, is the world’s
largest geopolymer concrete project and is estimated to have saved 6,600 tonnes of carbon
emissions, as the greenhouse gas emission during the life cycle of E-Crete is estimated to reduce
by approximately 62 to 66% than reference normal concrete. The geopolymeric precast
products like the fire-resistant panels, temperature burning bricks, high-performance concrete,
and 3D-printable mortars products, aerating agents to obtain blocks, panels, and tiles
manufactured by companies like Renca (Moscow, Russia), Agma (Italy) Geopolymer Solutions
(Conroe, TX, USA), etc., have reported considerable demand, viability as well as acceptance. Due
to rapid hardening and high early strength, large-scale precast geopolymer blocks and pavers
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can be produced at a higher pace and with minimal breakage. Refractory items, fire-resistant
materials, thermal shock refractories, thermal insulators, low energy ceramic tiles, decorative
stone artifacts, low-tech building materials, bio-technologies (materials for medicinal
applications), foundry industry, geopolymer based mixes for 3D Printing fabrication
technologies, composites for infrastructures repair, and strengthening, high-tech composites
for aircraft interior and automobile, high-tech resin systems are some of the wide variety of
prospective applications of geopolymer composites. The possibility of modification in
geopolymer mixes with a new design approach and optimization provides an exciting
opportunity for sustainable growth in a building–architectural fields. Future works must be
done for the advancement of different material properties by way of incorporating fibers, micro,
and nano-fillers and understand the possibility of using 3D Printing Fabrication Technologies
to develop functional geopolymer-based applications.
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Education and practice of planning, design, and construction disciplines and/or professions,
similar to the landscape architecture, have been required to adapt to multiple outside forces to
remain both relevant and timely. Each era’s related “contemporary” issues inevitably led to
necessary pedagogical and practice-related adjustments, ultimately changing the field, either
positively or negatively. The recent focus on such diverse topics as spatial design allocation,
teaching adjustments related to COVID-19, climate change and urgency for sustainability, and
changing circumstances surrounding diversity, equity, and inclusion have resulted in both
critical discourses and debates on past approaches to these (and similar) issues, as well as
differing views on what the “new normal” for all disciplines and professionals should become. If
we cannot predict the outcome of a certain action, but the possibility remains that it may have
potentially disastrous side effects, we should refrain from that action, or, at the very least,
experiment on a scale and with the appropriate measures of protection that would keep negative
effects to an absolute minimum. It is time to drop old habits of indiscriminate and worldwide
application of what is technically possible and economically marketable (Daniel Wahl, 2005). The
main task in this century will be to apply our ecological knowledge and systemic thinking to the
fundamental redesign of our technologies and social institutions, so as to bridge the gap between
human design and the ecologically sustainable systems of nature. Natural, ecological, and
salutogenic design tries to learn from nature how to integrate more effectively into nature’s
natural process (Fritjof Capra, 2001). Extremely complex and comprehensive (wicked) challenges
posed by the climate change and more than ever urgent need to achieve global sustainability,
requires breaking academic and professional silos. This presentation will propose that
integration of diverse data could only be achieved in closely allied teams working in
collaboration in interdisciplinary and transdisciplinary formats.
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Rapid developments in monitoring hardware and communication technologies in recent years
have accelerated the installation of Structural Health Monitoring (SHM) systems in structures.
The main reasons we monitor structures include the following: determine in-situ dynamic
characteristics, check the design and analysis methods used, improve structural design codes,
develop new retrofit and strengthening techniques, predict behavior for future extreme loads,
detect and locate damage after an extreme event, and develop instantaneous damage
distribution and loss maps. Consequently, a large number of structures are now being
instrumented, and data sets from instrumented structures, particularly from multi-story
buildings, are now available for researchers. Analyses of SHM data are providing more insight
into the dynamic behavior of structures, as well as showing the need for new monitoring
hardware and analysis tools. On ground motion, analyses of monitoring data have shown the
importance of surface waves for long-period structures, and the effects of rotational component
of ground accelerations in tall buildings. Related to structural response, the data have shown the
contributions of floor rotations to story forces and inter-story drifts, the effect of building weight
on horizontal forces and displacements, particularly in tall buildings and buildings with soft first
stories, the common presence of bi-axial coupled modes, and low and non-proportional damping
in high-rise buildings. Related to hardware, the monitoring has revealed the need for rotational
sensors, especially in upper floors of tall buildings, and the advantages of using laser-based
displacement sensors and GPS sensors. In terms of data analysis, it is found that the classical
spectral analysis tools may not be sufficient to extract frequencies in noisy ambient vibration
records, and more advanced tools are needed based on simple statistical techniques. Several
examples are presented to support above statement by using real data from instrumented
structures.
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The most common method, “the traditional formwork system”, used for construction has many
disadvantages and restrictions. To overcome the disadvantages of the traditional construction
method and ensure true construction sustainability, the development of new-generation
sustainable construction methods is essential. In this regard, 3-dimensional (3D) AM, defined as
the layer-by-layer deposition approach, has been attracting considerable interest as a new
generation sustainable construction method in the construction industry because of its
significant advantages over traditional techniques including high geometrical design flexibility,
cost-efficiency, fast construction speed, low labor requirement and low labor-related mistakes,
formwork-freedom construction process and lower potential to generate waste during
manufacturing etc. The materials used for 3D-AM should possess some specific fresh and
hardened features for successful printing without blockage of the system or instability of the
printed elements. The materials’ mixtures must be extrudable to be able to be
transferred/evacuated through the transmission system. The mixtures should also be buildable
to be able to withstand the pressure from its own and consecutive upper layers without losing
its extruded shape. The mixtures must also have adequate open-time to be able to be printed
through a certain/adequate period. There should be also sufficient interface adhesion (bond
strength) between the printed layers to ensure high quality final product. Therefore, the material
development suitable for 3D-AM requires a multi-faceted approaches and methodologies
designed to meet material-related requirements. In addition to the material-related
requirements that should be met to ensure successful 3D-AM process, the 3D-AM equipment
should be developed considering the rheological, chemical, physical and mechanical properties
of the materials as well as the fresh and hardened properties to ensure compatibility between
materials and equipment. In this presentation, the main emphasis is positioned on the 3D-AM
as a sustainable construction method. It is believed that this kind of advanced construction
methods will contribute significantly to reduce the economic and environmental burden of the
building industry and to ensure sustainability in construction.
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The concept of biophilia is defined as the innate emotional intimacy that one feels towards nature
and living things in nature. This hypothesis claims that people are instinctively connected to all
other life systems. In the field of architecture, it is expressed as a design that enables the
continuation of human-nature interaction and beneficial effects of nature (relaxing, healing,
performance enhancing, etc.) in built environments. Researchers working in this field are united
in the fact that architectural decisions are the biggest responsibility in supporting the connection
of man with nature and they have defined a number of biophilic design elements that can be
applied in buildings to construct nature-related “healing spaces”. Although these biophilic design
parameters are considered for modern buildings, it is known that there are applications made
with similar concerns in historical buildings. The content of the study to be presented in this
context is to trace the healing features of architecture in historical buildings and to question the
existence of biophilic elements revealed by the modern world. For this purpose, one of the most
important values of Turkish architectural heritage, “darüşşifas” will be focused. Three of the
surviving Anatolian Seljuk Darüşşifas (Kayseri Gevher Nesibe Darüşşifa, Sivas I. İzzeddin
Keykavus Darüşşifa were selected for the field study and were evaluated according to the
biophilic parameters.

1.

Introduction

Since the last century the negativities observed in human health and
quality of life have led scientists to the root of this problem. As a result
of the researches, the instinctive link between man and nature was
discovered, and the concept of biophilia, which means the love for life
and all vital processes [1,2,3]started to be discussed.
Biophilia is based on the link between man and other living things.
Being aware of the innate connection with nature, human beings have
built their living spaces with a nature-based design approach, in an
effort to include nature in every aspect of their lives. As a result of the
researches, it has been seen that being in contact with nature has
effects that improve the quality of life such as good nutrition and
exercise.
Many researchers from different disciplines working in this field are
united in the fact that architectural decisions are the biggest
responsibility in supporting the connection of man with nature, and
they have identified a number of biophilic design elements that can
be applied in buildings to build healing spaces connected to nature.
Biophilic elements used in working environments, living spaces and
public spaces have recently become one of the current topics of
architecture, with the idea that they will increase human efficiency
and provide mental concentration.
Although it has been known that nature is indispensable for human
existence and well-being since ancient times, experimental and
theoretical studies on the human-nature relationship, which

intensified in the 20th century, showed that contact with nature
promotes psychological and physiological health, reduces daily life
stress, and improves human physique has proven [4]. Wilson (1993),
one of the pioneers of the concept of biophilia, states that contact with
nature is a basic need for human health, productivity and well-being,
rather than an emotional preference [5]. Contact with nature supports
individuals' access to physical and spiritual maturity and cognitive
productivity. The minimum level of contact with nature, especially in
childhood, causes limitation of emotional, cognitive and physiological
abilities, and decreases productivity and efficiency [6]. Since the times
of urbanization, shelters were built with guidance of nature, and in all
societies, applications such as gardens, courtyards, atriums and inner
gardens were made and contact with nature was achieved.
Humanbeing, whose relationship with nature is based on his/her
existence, has attributed holiness to these gardens with the
development of mythological and religious events in connection with
nature. About 2000 years ago, Chinese Taoists noticed the positive
effects of gardens and greenhouses on human spirituality and placed
their temples in areas intertwined with nature [7]. The Ancient
Egyptian gardens near the Nile River valley and the walled gardens of
the Persian civilization in Mesopotamia, the Hanging Gardens of
Babylon, and Cennet'ül Arif gardens in the Alhambra Palace, where
water plays with various plants and trees are masterfully constructed.
These are important examples that prove that great efforts are made
to benefit from the healing, purifying and spiritualizing effects of
nature in communities. In Islamic civilization, courtyard design,
which provides the connection with nature as well as privacy in civil
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and public buildings, has been the most important element
determining the development of Islamic architecture and cities.
In this context, the aim of this study is to trace the healing features
of architecture in historical buildings. For this purpose, the existing
classifications developed on biophilic design approaches and biophilic
design studies prepared by researchers from different disciplines
were examined, and in this way, the combined models, processes and
features of biophilic design, which were the evaluation criteria of the
study, were determined.
Afterwards, the focus was on “darüşşifas”, one of the most important
values of the Turkish architectural heritage, built with the
understanding of “healing space” using the healing elements of
nature. Three of the surviving Anatolian Seljuk Hospitals (Kayseri
Gevher Nesibe Hospital, Sivas I. İzzeddin Keykavus Hospital, Divriği
Turan Melek Hospital) were selected as the case study of paper and
these buildings were examined and evaluated through the
determined biophilic parameters. As a result of the examinations, it
was seen that many biophilic design elements including direct and
indirect use of nature were applied in these buildings and these
applications played an important role in the "healing space" feature
of the hospitals. It is clear that innovative perspectives on existing
biophilic design approaches/classifications can be developed
interdisciplinary and extended researches in the future.
2.

Conceptual Framework and Background

The word biophilia, which is a combination of the words “bio” meaning
life and “philia” meaning sincere love, means the instinctive liking of
all people for life and things related to life [1]. Animal figures carved
on stones in Göbeklitepe, the first known settlement of humanity,
columns inspired by palm and lotus trees in Egyptian gardens, and
plant and animal decorations of Greek temples can be shown as the
oldest examples [8, 9,10,11]. The continuity of nature-inspired themes
in architecture, from historical buildings to modern ones, is an
indication that biophilia is not a new perspective, even if it is a new
concept.



Contact with nature is directly related to cognitive functions in
tasks that require attention and memory.
Healthy childhood and development are associated with contact
with natural environments.
The human brain functionally responds to sensory stimuli
emanating from the natural environment.
Communities with higher quality environments produce a more
positive assessment of nature, superior quality of life, greater
neighborhood and a stronger sense of place than communities
with lower environmental quality, regardless of income level.





The first experimental study examining the impact of contact with
nature on human health was conducted in 1984 by Roger Ulrich on
two groups of patients undergoing the same type of surgery in a
hospital. While one of the windows in the patient rooms opened to the
wooded area shown in Figure 1, the windows of the other group
opened to the brick wall shown. In the groups whose age, gender and
general health status matched on average, as seen in Table 1, the
group that was in visual contact with nature after surgery needed less
painkillers and the recovery period was shorter than the other group.
In their next experiment, Ulrich et al. exposed stressed subjects to
natural scenes and urban scenes devoid of nature. As a result, it was
concluded that the subjects watching natural scenes reduced
physiological stress and quickly improved their mood. Ulrich proved
the healing effects of nature on people with these experiments [14, 15,
16, 17, 4,18] Later, other researchers proved the positive effects of
biophilia on humans, whose number and quality of these experiments
were increased, by scientific studies.

Wilson defined the concept of biophilia as an innate tendency to focus
on life and vital processes and emphasized it as a biological need
expression that includes the desire to connect with life [5].
He argued that this need for nature is necessary for physical and
mental growth in the developmental process. Further, Wilson argues
that the biophilia hypothesis reveals human dependence on nature,
whose ties extend far beyond simple matters of material and physical
lateness, as well as the craving for aesthetic, intellectual, cognitive,
and even spiritual meaning and fulfillment [3,5,6,12,]
Judith Heerwagen, who calls biophilia a basic human need rather
than a psycho-cultural choice, and whose research focuses on the
relationship between the built environment and human psychology,
says that biophilia has evolved as an adaptive mechanism to protect
people from danger and help them access basic life resources such as
food, water and shelter [13].






In addition to indirect contact with symbolic depictions with
nature, it is seen that direct contact accelerates and contributes
to healing.
Regardless of rural and urban residence, education and income
level, individuals living close to natural environments report
less health and social problems. Even individuals living near
open spaces and in contact with open spaces limited to grass and
a few trees experience fewer health and social problems.
Office environments with natural lighting, natural ventilation
and other environmental features provide performance
enhancing, lower stress environment and more motivation.

Figure 1. In Ulrich's experiment (a) The nature view seen by the first
group window, (b) The brick wall seen by the second group window
[18]
Table 1. As a result of Ulrich's experiment, the pain medication doses
used by two groups of patients during the recovery period [18]

Analgesic power
Strong
Mild
Ligth

Number of painkiller doses (2-5 days
after surgery)
First group
Second group
0.96
2.48
1.74
3.65
5.39
2.57

As can been seen from the table, biophilic properties of the space have
directly affected the healing process of the patients.
3.

Method

Although there are no records other than the written documents of
some of the hospitals built during the Anatolian Seljuk period, there
are hospitals that have survived in their entirety and only some parts
of the building. In the study, 3 buildings, most of which are still
standing, were discussed. The biophilic elements of the hospitals were
searched through archive scans and on-site visits, and the
classification of Kellert and Calabrese [19] was used as a checklist.
(Table 2)

Table 2. Combined models, processes and features of biophilic design presented by Kellert and Calabrese [19]
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4.

Findings And Evaluations

The Gevher Nesibe Darüşşifa, Kayseri built in 1206, consists of two
sections, the hospital section (Şifaiyye) where patients are treated and
the madrasah (Gıyasiyye) where medical education is given. Gevher
Nesibe Hospital, which was built according to the double madrasah
plan scheme, has a single storey, 4 iwans (eyvan) on the north-south
and east-west axis and was built in the plan type with an open
courtyard surrounded by porticoes (revak).
Environmental factors such as fresh air and daylight, which affect the
quality of life of the users, were transmitted directly from the
courtyard of the Gevher Nesibe Hospital, the oldest surviving
Anatolian hospital, to all spaces. It shows that the pool in the courtyard
of the hospital and the madrasa, and the bath in the Bimarhane, were
used in addition to the sound and appearance of water, with its
purifying, cleansing and relieving effects of physical illnesses. It is
known that plants are used as medicine in the hospital, but the
landscaping that will allow the use of plants in the hospital has not
seen today. Due to its functional necessity, a view from nature is
offered in the open courtyard, which has no windows on its facades,
except for a few spaces.
The part where geometric ornaments and natural associations are
used intensively in the building, which was designed with a simple
façade understanding, is the crown gate. Geometric motifs, which are
indispensable elements of Seljuk architecture, have added an inviting
appearance to the exterior of the building by increasing the wealth of
information. Snake figures and lion reliefs, which are the symbols of
medical science, on the door of the hospital added a sense of protection
and security. The natural appearance of the hospital, which is entirely
made of local stone, is supported by building elements consisting of
natural shapes and forms. The patinas formed over time, such as color
change and wear on the stones of the building, create the perception of
living space.
The darüşşifa was designed according to the geography and climate in
which it was built and placed according to physical environmental. The
tomb, which is thought to belong to the builder of the building, Gevher
Nesibe, the building epitaph and the lion relief on the hospital gate
reflect the historical and cultural context of the building. The spaces of
different functions and sizes in the darüşşifa are brought together in a
balanced and orderly manner. The transitions in open, semi-open and
closed spaces and spaces of different sizes arouse a sense of curiosity
towards the building and increase its attractiveness. The hospital,
which gives the feeling of a safe shelter isolated from external dangers,
supports the instinct of shelter with the view of nature in the open
courtyard. The spaces lined up around the courtyard are designed in
accordance with the symmetrical and central focal point of nature, and
the instinct of shelter is encouraged.

Figure 2. Kayseri Gevher Nesibe Darüşşifa [20]
The Izzettin Keykavus Darüşşifa,Sivas which is one of the oldest ones
of Anatolia, was built entirely of cut stone and dominated by a crown
gate that exceeds the façade wall by 1/3. The crown door is surrounded
by a profiled stone border in three directions. There are interlocking
medallions and geometric star motifs on the crown door surface, which
is surrounded by a wide stone border from the outside. The second row
of pointed arch-shaped borders has a muqarnas cascade. There are
relief figures of leopards on the right and left of the pointed arch.
Fresh air and daylight, which are basic needs for human health and
well-being, are provided by the windows in the courtyards and spaces
in the center. The large-sized pool in the middle of the courtyard draws
attention to the importance of water in the hospital. In the hospital
where plants are used as medicine in treatments, plants are not used
as a landscape element. The wide open courtyard of the hospital,
located in a densely populated area, provides users with safe natural
views and gives information about the current ecosystem and climate.
The geometric ornaments on the crown gate of the building, which was
built in the traditional Seljuk style, and the leopard figures on the right
and left of the muqarnas, give a feeling of curiosity and trust towards
the building with the presentation of wealth of information at the
entrance of the hospital. In the hospital, which was generally built of
white stone, the tomb was emphasized by using blend bricks at the
entrance of the tomb, which is thought to belong to Izzettin Keykavus
and his family, and on the dome drum.
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Table 3. Unified models, processes and features of biophilic design

Although functionality is dominant in the shaping of the Darüşşifa
spaces, the composition of these spaces and the transition spaces are
organized in a functional way. The integration of many parts into the
whole and the opening of closed spaces to central open spaces, which
is a natural attitude, created a safe shelter model that supports the
shelter instinct. The fact that it was built on the area known as
madrasah street because of the historical madrasahs around it showed
that the environmental context of the hospital was well constructed
and its cultural context. The tomb and inscription belonging to Izzettin
Keykavus I, one of the great rulers of the Anatolian Seljuk State,
reflects the historical context by giving information about the history
of the building. In addition, the traditional human and leopard figures
used in the building also refer to local beliefs.
The Divriği Turan Melek Darüşşifa, Sivas, which is considered one of
the most iconic structures of Anatolian Turkish architecture, is located
in the medrese complex consisting of a rectangular structure, mosque,
hospital and tomb, located on the north-south axis of a sloping land.
Although it was built according to the closed courtyard typology, the
light emanating from the bright lantern and windows in the courtyard
cover created a spacious environment and added attraction to the
building with light plays such as diffused light and shading. Numerous
windows and lighting lanterns on the upper cover allow daylight and
fresh air circulation inside the building, creating a healthy space. A
mystical atmosphere has been created by increasing the effect of the
water in the space by the pool hitting the luminous lantern in the
middle of the courtyard, the visual and auditory water plays created by
the garbage stone and gargoyle-like stones around it, and the lights
reflected on the water from the luminous lantern.

Figure 4. The Divriği Grand Mosque and Darüşşifa [22]

Indirect experience of nature

The male and female figures used as moon and sun symbols in Turkish
architecture on the right and left of the main iwan pointed arch in the
courtyard increased the information richness of the building and gave
the building a sense of sheltered space. Some of the portico vaults are
built of brick and geometric shapes are used in the vault core. Thus, on
the one hand, functional differences were emphasized, on the other
hand, a sense of curiosity was gained by creating diversity. Building
elements and combinations shaped with inspiration from natural
models, together with ornamental elements consisting of natural
images, encourage the instinct of shelter in the hospital. In addition,
the patinas formed in natural materials over time support the natural
appearance of the building.
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Figure 3. Double Minaret Madrasa and Izzeddin Keykavus Darüşşifa
[21]

Direct experience of nature

Biophilic Design
Parameters

and

The door covers and courtyard columns of the building, which is
known as the structure with the highest plastic value among Anatolian
darüşşifas, are decorated with compositions consisting of geometric
and plant motifs. The door frame adorned with palmettes and leaf
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friezes, the star-embossed pediment, and the male and female figure
capitals symbolizing the moon and the sun, added iconographic value
to the hospital door by representing the healing power, might, health
and power of nature to the patients. A peaceful and safe space was
emphasized at the entrance to the building with the star motifs in the
door arch and the sky analogy. After the iconographic crown gate, the
most ornate parts of the building are the interior covers. The infinity
spiral in the pool was also used in the center of the vault covers,
different geometric motifs were embroidered around the spirals, and
the dome transitions were adorned with palm trees. The columns in
the courtyard of the hospital are another element that increases the
variety of decoration of the building. The dimensions and surfaces of
the columns carrying the mezzanine and the decorations on their
capitals differ from other columns.
In the complex, which was built with the understanding of functional
space, the spaces open to the porticoes surrounding the common
courtyard. The space setup of the darüşşifa, which was designed with
a simple understanding, was made in a way that facilitates navigation
and enables mobility. The peaceful atmosphere of the darüşşifa
courtyard, together with the spatial setup, arouses curiosity and
supports the instinct of shelter. Located at a point that dominates the
settlement where it is located, the windows opening to the outside
environment offer a view to its users and enable users to connect with
the natural environment. The tomb, inscription, mystical and natural
analogues, where the tombs of the builder and his family are located,
reflect the historical and religious context of the building.
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The earthquake forecasting/prediction is a very difficult scientific and socio-economic problem,
and it is examined from the decision theoretical standpoint. However, the earthquake
precursors/indicators have been preferred to make an estimation of the future events on a
statistical base. Extensive researches have failed to find reliable precursors although there are
some occurrences such as foreshock, aftershock, swarms, seismic quiescence, seismic
activation, etc. Studies on earthquake precursors have been performed for over 150 years and
many parameters such as radon concentration, electric and electromagnetic signals, spatiotemporal analysis of earthquake distributions, stress variations, precursory seismic rate
changes, ionospheric total electron content variations have been used to make successful
earthquake estimations. However, the successful estimations of the next events depend on the
location-time-magnitude knowledge. Thus, the principle problem in forecasting/prediction
studies is whether the precursors can be used to forecast/predict the future earthquake.
Although there have been many approaches for the estimation of earthquakes, these
applications can be divided into two parts: the first class is based on the empirical observations
of precursory ground motions, whereas the second one is based on the statistical models of
seismicity. Although these models have several advantages or disadvantages compared to each
other, the best approach does not exist. In the light of studies from past to present, earthquake
forecasting/prediction should be accessible, well documented and should specify: (i) time
window, (ii) spatial window, (iii) magnitude window, (iv) author’s confidence level in the
prediction and (v) chances of the earthquake’s happening anyway, as a random event. Thus,
earthquake precursors should be well documented and should specify region-time-magnitude
window as well as the evaluating and monitoring of the well-known geophysical and other
precursors. However, some questions will live with us for a long time: (i) why is earthquake
prediction research not progressing faster? (ii) what comes next in the dynamics of lithosphere
and earthquake prediction? (iii) do the precursors exist? (iv) finally, is prediction possible?

1.Introduction
Earthquakes generally occur without any warning and therefore they
are the most feared natural hazards. The Earth’s crust has a complex
structure and earthquakes are accepted as chaotic phenomenon.
Therefore, the seismic precursors (indicators) can be used to predict the
future earthquakes on a statistical basis [1]. Basic types of statistical
earthquake precursors consist of many occurrences such as foreshock,
aftershock, swarms, seismic quiescence, seismic activation, etc. Also,
many parameters such as dilatancy (an increase in volume) of rock,
the radon concentration, groundwater level and temperature, changes
in the animal behaviors, electric and electromagnetic signals,
precursory fault slip, chemical emission, temporal variation of seismic
wave velocities, spatio-temporal distribution of earthquakes,
precursory seismicity rate changes, stress distribution, ionospheric
total
electron content variations can be monitored as
precursory changes in order to make successful earthquake prediction
[2]. In addition, many well-accepted seismological, geodetic and other
geophysical precursors such as geomagnetic, geo-electric, geodetic and

gravity precursors, ground fluid or hydro-seismology can be evaluated
and monitored for a reliable earthquake prediction. However, the
success of these forecasting/prediction studies depends on the
knowledge of location-time-magnitude of the next earthquake [3].
Hence, the main problem in the earthquake forecasting/prediction
studies is whether or not the statistical properties of earthquake
occurrences can be used to forecast/predict the next earthquake.
Earthquake prediction can be made in three scientific hypotheses: (i)
the phrase of “short term prediction” states the alarms from days to
months, (ii) “intermediate term prediction” from a few months to
several years, and (iii) “long term prediction” to from a few years to
several decades. It is clear that examples of forecasting/predictions
include the intermediate or long terms evaluations of the future
earthquakes. However, examples of successful short-term predictions
for the next earthquakes have been uncommon. However, in the
terminology, earthquake forecast and prediction are classified into
long-term (decades), medium (intermediate)-term (years), short-term
(months to weeks) and imminent (weeks to days, even hours) ones, and
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the phrase ‘forecast and prediction’ is used in the sense that ‘forecast’
is expressed in probability, or the increase of probability of
earthquakes, whereas ‘prediction’ is in most cases by alarms [4]. In this
sense, the understanding of the concept regarding to ‘forecast’ and
‘prediction’ has no significant difference from the international
seismological community.
3.

Observations and Monitoring the Potential Earthquake
Precursors/Indicators

Earthquake prediction researches have been conducted for over 150
years with no obvious successes. Many researchers aimed at the
prediction of imminent future earthquakes. But, extensive searches
have failed to find reliable precursors. Because, theoretical works
suggest that faulting is non-linear process which is highly sensitive to
unmeasurably fine details of the state of the Earth in a large volume,
not just in the immediate vicinity of the hypocenter [3].
Forecast/prediction, especially since 1950s, has been one of the main
issues in the earthquake science in many parts of the World. Hence,
large scale of field investigation of earthquake science was achieved,
especial in the USA and China.
Monitoring of potential earthquake precursors can be achieved
through different disciplines: seismological, geodetic, geo-electric and
geomagnetic, and ground fluid or earthquake hydrology/hydroseismology. These observation networks are both for scientific
purposes and for the monitoring of potential anomalies. Thus,
infrastructures for seismological, geodetic, and the other geophysical
observation and monitoring have been developed and modernized
considerably by a series of national regional projects. In the light of all
notes given in the literature, earthquake prediction should be
accessible, well documented and should specify: (i) time window, (ii)
spatial window, (iii) magnitude window, (iv) author’s confidence level
in the prediction and (v) chances of the earthquake’s happening
anyway, as a random event [5].
4.

Results and Discussions

According to the literature studies including laboratory experiments
and real observations, the direct attribute to earthquake prediction is
the precursors. Researchers focused on the searching precursors from
seismic sequences and geodetic observation data, and explored the
relationship between the earthquake occurrence and anomalies in
observation data of gravity, geomagnetism, geo-electricity,
groundwater, as well as some other parameters as briefly discussed
below.
3.1. Seismic Precursors
The well accepted seismic precursors are increased moment release
and seismic quiescence before earthquake occurrences. There are
many precursors related to the precursory seismic patterns commonly
used in the earthquake prediction practice. They can be classed as
increased moment release (more small earthquakes than usual),
seismic quiescence (fewer small earthquakes than usual, a significant
decrease of the main seismicity rate as compared to background rate)
in intermediate-term to short-term of next earthquake epicentral area,
foreshocks, aftershocks, earthquake migration (related to geodynamic
condition and tectonic settings in a specific time window/range),
seismic gap, seismic stripe (defined as the small to moderate
earthquakes clustered in linear pattern) within specific tectonic area
in short term [3].
3.2. Seismicity Parameters
The relation between earthquake parameters and the changes of
seismicity parameters as well as structure parameters and ‘target’
earthquakes, that is, region-time-magnitude of the ‘target’ earthquakes
based on the seismicity parameters can be basically obtained from
empirical studies of previous earthquake cases. In addition, pattern
recognition, data mining and other modern computational tools can be
used [6]. Also, analysis of seismicity parameters such as b-value of the
Gutenberg-Richter
magnitude-frequency
relationship,
focal
mechanism parameters, stress state parameters, Vp/Vs ratio, Qc of the
coda wave can play the key roles in the routine works of earthquake
forecast and prediction.

3.3. Geomagnetic and Geo-Electric Precursors
Ground–based electro-magnetic observation related to earthquakes
may be developed. This type of evaluation can be divided into
geomagnetic and geo-electric field observations and electromagnetic
perturbation observation. It is stated that this type of observation can
be include in apparent resistivity observation beneath the earth [2].
The electric field strength is the only parameter used as the precursor
related to forthcoming earthquake activities in the surrounding
region. These studies show that electromagnetic signals are distributed
heterogeneously in space-time. In spatial distribution, the abnormal
signals before the earthquake were recorded in some stations [7].
3.4.

Electromagnetic Emission Precursors

A number of recent studies provides examples from several parts of
the World by which relations between possible electromagnetic
precursors and earthquakes become more and more plausible although
electromagnetic information is not recorded before each earthquake. It
is stated that DC-ULF (direct current-ultra low frequency)
electromagnetic signals show a precursory time from few days to
several weeks. This method also became more popular after the
occurrence of Tangshan, China, earthquake. Also, some obvious
electromagnetic abnormity is recorded at three stations before May 12,
2008 Venchuan (Ms=8.0) earthquake. On May 9th, 3 days before main
shock, the amplitude of high frequency information increased sharply
at the same time in two components at Gaobeidian station [8].
3.5.

Seismic Electric Signals

Selectivity is one of the most important properties of seismic electric
signals (SES) which are related to earthquakes. Molchanovet al. (1998)
[10] analyzed the precursory effects in the subionospheric VLF (very
low frequency) signals for the Kobe earthquake. They discovered a
statistically significant change of terminator time characteristics,
which began a few days before the main shock and probably continued
a few weeks after it as a transient oscillation with period about 10 days.
Thus, it is suggested that subionospheric VLF propagation can be
considered as a rather promising candidate for a short-term
earthquake precursor.
3.6.

Apparent Resistivity Precursors

An effective parameter in seismic activity changes is given the
conductivity of the media below the earth and it shows the apparent
resistivity in daily use [2]. A study by Zhang et al. (2009) [10] indicates
some possible apparent resistivity abnormity related with the
Wenhchuan (Ms8.0) earthquake. Their results show that before the
Wenhchuan earthquake, apparent resistivity amplitude at one
observing direction decreased about 7.2% at Pixian station, 30 km away
from the earthquake epicenter with duration time more than 2 years,
and turned to rise 5 months before mainshock.
3.7.

Geodetic and Gravity Precursors

Monitoring the ground deformation for the earthquake prediction by
using geodetic and gravity observation began in 1960 and after 1966
Xingtai strong earthquake, this type of observation stations gradually
expanded to all mainland [2]. Geodetic precursors come from the
observation methods of tilt by horizontal water pipe tilt meter or
vertical pendulum tilt meter at stable stations, short/long leveling and
base line of stable and/or portable stations, bore hole volumetric strain
and/or directional component strain, stable/portable GNSS, and field
observation cross active faults or portable networks. The most
commonly used gravity precursors is gravity field. The anomalous
increasing-decreasing conjunction areas of relative gravity changes
indicate the future potential areas of earthquake. Thus, relative gravity
changes are related to crustal mass movement and the landform.
3.8.

Ground Fluid or Hydro-seismology and/or Earthquake
Hydrology

Earthquake indicators from ground fluid are generally two types:
physical precursors and chemical precursors [2]. Physical precursors
are water level, temperature and conductivity. Chemical precursors
are chemical components and gases of groundwater and soil of fault
zone, which is provided to play a significant role in short term
earthquake prediction. Statistical studies show that the lasting time
and spatial distribution range of these indicators are contributed to the
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magnitude and location of future event, which means time has clues
for next earthquake magnitude assessment and region indicator. An
example of precursory anomalies of ground fluids were observed as
associated with the recent Ludian Ms=6.5 earthquake on August 3rd,
2014.
3.9.

Groundwater Level, Temperature and Geochemistry

In ground fluid monitoring network, well water level measurement is
the most common approach to observe physical anomalies [2]. In the
early time of earthquake prediction after 1966 Xingtai earthquake, the
water level change was measured by workers with ruler or analog
technique and recorded in hand-made figures, or continuous analog
machine recordings, the data sampling frequency was once per hour
(highest), or once a day (generally) at 8:00 am each day. Thus, sharply
changes in water level (increasing or decreasing) is considered as short
term indicator of earthquake occurrence. Regarding to the water
temperature of wells with confined aquifer system, in some cases, the
changes from temperature keep pace with water level, and some cases
do not [2]. Geochemistry precursor generally comes from content
measurement of chemical components of groundwater, i.e., ion, trace
elements, gas and/or radioactive gases, etc. The measured value of
mentioned items higher or lower than two times of mean value is
considered as anomaly. After testing a few stations, some ion and gas
contents was measured in several active tectonic regions and proved
to be effective in short to imminent term before recent occurred Ludian
Ms=6.5 earthquake [2].
3.10. Other Precursors (in testing or in debate)
Apart from the precursors mentioned above, some predictions testable
or in debate can be given.
A brief review of possible seismic precursors suggests that tilt,
hygroreception (humidity), electric, and magnetic sensory systems in
animals could be linked into a seismic escape behavioral system.
Several testable predictions of these analyses have been discussed, and
it is recommended that additional magnetic, electrical, tilt, and hygrosensors be incorporated into dense monitoring networks in seismically
active regions [11].
Recently, a relationship between ionospheric TEC (total electron
content) anomalies and different earthquake magnitude groups before
the main shocks was investigated by Ulukavak et al., (2020) [12]. These
analyses clearly show that the day-to-day changes in TEC anomalies
may supply significant precursors prior to the global earthquakes (M≥6)
in the short-term earthquake prediction for main shocks. However, the
efficiency of data analysis of ionosperic TEC analysis to the short term
earthquake prediction is still in test.
Recent years have seen an ever increasing interest in studying the
usefulness of radon measurements in earth sciences. Hence, the
abnormal radon exhalation from the interior of earth, as a precursory
phenomenon related to earthquakes and as an indicator of underlying
geological faults, is an important field of investigation. Riggo and
Santulin (2015) [13] suggested in their study that the results seem to
indicate that the radon is a good indicator of crustal activity such as
earthquakes, but there are still many tests to be done to achieve a
deterministic forecast. Nevertheless, the prediction of catastrophic
earthquake is a scientific objective. Thus, radon studies regarding
earthquake prediction in soil gas have been made many parts of the
World.
Kirschvink (2000) [11] stated that at least four possible candidates for
animal sensitivity can be gleaned: (1) ground tilting, (2) humidity
changes, (3) electrical currents, and (4) magnetic field variations.
Apparent tilt precursors prior to strong earthquakes have been
reported in Japan and China. However, the magnitude of these
precursors appear to be in the range of a few micro-radians, acting over
several hours before the earthquake. The process of humidity reception
in animals is known as hygroreception. The recognition that changes
in groundwater level might sometimes provide clues to an impending
earthquake suggests that associated changes in local humidity might
be detected by animals. The presence of electrical and optical
precursors prior to earthquakes is an area of intense research.
Although successful predictions have been made in different parts of
the world, the seismic community is understandably skeptical [11].

Ultra-low frequency (ULF) magnetic field variations are perhaps the
least understood class of possible earthquake precursors. Most of these
studies arose from luck—magnetic observatories just happened to be
recording some features of the geomagnetic field for other reasons
when the earthquake occurred, and as such they often experienced
power failures and data gaps as a result. General consideration in these
studies is that meaningful data can only be obtained when recording
instruments with adequate sensitivity and bandwidth just happen to
be present very close to the epicentral area [14-15].
In summary, earthquake prediction studies have been conducted for
over 150 years without clear successes. However, extensive researches
have failed to observe reliable precursors. Although some researchers
assert that ‘earthquakes cannot be predicted’, history of some authors
is rife with fits of optimism and disappointment. It is well known that
earthquakes do not occur randomly in space and time. Thus, many
researchers have made many studies on earthquake prediction by
developing different approaches and discussed possible precursors
mentioned above.
5.

Conclusions

This paper makes summarizes the earthquake forecasting/prediction
studies in the literature. Although there are many claims of ‘successful
predictions’ and a few correct predictions have been made, a large
number of studies have failed to find systematic and reliable
indicators. Also, seismology is such a young science that the cause off
earthquakes was discovered in the 1950s only. In this context, the
systems for earthquake prediction must include systematic
monitoring activities, the quality control system and consultation
system for the assessment of time-dependent seismic hazard or
earthquake prediction. The approaches must combine different
observations and detailed analyses for time-depended seismic hazard
at different spatio-temporal scales have characteristic properties
which are a combination of statistical, empirical and physical
considerations.
Thus, it seems that many questions will continue to be discussed for a
long time: (i) Why is earthquake prediction research not progressing
faster? (ii) What comes next in the dynamics of lithosphere and
earthquake prediction? (iii) Do the precursors exist really? (iv) Do we
have strategies for the precursor evaluation? (v) What needs to be done
to get earthquake prediction research into a productive mode? (vi) Do
we have suitable/correct algorithms for the next generation of
earthquake prediction? (vii) Finally, is prediction possible?
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Chaos theory is a multi-disciplinary branch of computational sciences dealing with nonlinear
dynamical systems undergoing chaotic behavior. Chaotic dynamical systems are highly sensitive
to changes in their initial states. In this talk, I shall review some classical chaotic systems like
Lorenz system, Chen system, etc. I shall also highlight some of the recent chaotic systems I have
discovered. Then I shall highlight the applications of chaos theory in various branches of
computational sciences such as encryption, secure communication, circuit design, FPGA, etc.
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This talk reports findings of an experimental study conducted on replaceable links for steel
eccentrically braced frames (EBFs). The study was supported by the Scientific and Technological
Research Council of Turkey and consisted of two phases. Replaceable link details which are based
on splicing the braces and the beam outside the link are proposed. These details eliminate the
need to use hydraulic jacks and flame cutting operations for replacement purposes. Performance
of these proposed replaceable links was studied by conducting 17 nearly full scale EBF tests under
quasi-static cyclic loading. Phase 1 concentrated on directly attached brace configuration
whereas Phase 2 concentrated on braces attached by making use of gusset plates. The link length
ratio, stiffening of the link, loading protocol, connection type, bolt pretension, gap size of splice
connections, and demand-to-capacity ratios of members were considered as the prime variables.
The specimens primarily showed two types of failure modes: link web fracture and fracture of the
flange at the link-to-brace connection. No failures were observed at the splice connections
indicating that the proposed replaceable link details provide an excellent response. The inelastic
rotation capacity provided by the replaceable links satisfied the requirements of the AISC Seismic
Provisions for Structural Steel Buildings (AISC341). The overstrength factor of the links exceeded
2.0 which is larger than the value considered for EBF links by design provisions. The high level
of overstrength resulted in brace buckling in two of the specimens demonstrating the importance
of overstrength factor used for EBF links.
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Seismic hazard analysis is an important step in seismic risk calculations to reduce future
hazards in earthquake prone areas. Monte-Carlo based hazard assessment methods offer more
practical and powerful alternatives to the widely used direct integration based seismic hazard
assessment methods due to efficient handling of uncertainties. In this work, a probabilistic
seismic hazard tool based on Monte-Carlo approach is developed to predict hazard at macro
level. In addition to the Poisson model, a time dependent renewal model is also integrated into
the seismic hazard tool to take into account temporal dependencies between seismic events. In
hazard calculations, near field directivity effects are also accounted for. To verify the accuracy
of the developed tool, one of the highly seismic regions of the world, Marmara region in Turkey,
is selected as a case study area to perform seismic hazard analysis. The hazard analysis results
obtained from the developed tool show strong correlation with the hazard maps developed in
SHARE project and the latest Turkish Earthquake Design code. This demonstrates that the
developed PSHA tool can be used by engineers, practitioners and decision makers to develop
risk mitigation strategies prior to potential future earthquakes.
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Accurate areal rainfall stems not only from atmospheric boundary conditions, but also from the
quality and availability of soil, topography, and vegetation data. As a result, rainfall model errors
are exacerbated by uncertainties in both atmospheric and land surface conditions. Hybrid
technique combining dynamical and statistical downscaling is investigated in this research. The
proposed downscaling method incorporates information from three global reanalysis data sets:
ERA-Interim, ERA20C, and CFSR. The Weather Research and Forecasting (WRF) model is used to
hybrid downscale this reanalysis of atmospheric data, which is then followed by the use of an
artificial neural network (ANN) model to further downscale the WRF performance to a finer
resolution over the studied area. The findings of this study indicate that the proposed method,
which combines model simulations with observations over the modeled area, will improve the
accuracy of simulated data. Another advantage of this method is the low cost of computation, both
in terms of computation time, and performance storage.

Weather Research and Forecasting
(WRF),
ERA-Interim,
ERA20C,
CFSR.

1. Introduction
Rainfall is the product of complex interactions between climate
variables, and land surface, land cover conditions. As a result, rainfall
model errors are influenced by both atmospheric and land surface
uncertainties.
Attempts to model rainfall events using global atmospheric models
(GCMs) have recently been made (Krishnamurti et al. 1997; Compo et
al. 2006; Lledó et al. 2013; Fuka et al. 2014) [1-4]. However, resolution
of GCMs are too coarse for studying water supplies at the watershed
scale. Then downscaling technologies are used to refine coarse grid
resolution data. Statistical or stochastic downscaling (SD) and
dynamical downscaling (DD) are the two most popular approaches.
A hybrid technique incorporating dynamical and statistical
downscaling has been studied to address the limitations of both DD
and SD approaches (Liu and Fan, 2014; Tran and Taniguchi, 2018;
Walton et al., 2015) [5-7]. This new technique, known as hybrid
downscaling (HD), downscales RCM outputs to a finer spatial
resolution by first using large-scale atmospheric conditions
calculated by a GCM for its lateral boundary conditions before being
downscaled by an RCM model. The HD also focuses on the effects of
terrain influences and the physical relations between the atmosphere
and the land surface. Despite retaining a short simulation period, data
resolution is increased. Another advantage of this technology is that
it enhances simulated data accuracy by combining model simulations
with observations over the modeled area.

This research used the WRF model in conjunction with a machine
learning algorithm to simulate and recreate rainfall data. Three global
reanalysis datasets are considered in the proposed downscaling
technique; ECMWF - Atmospheric Reanalysis coarse climate data of
the 20th century (ERA-20C) (Poli et al. 2013, 2016), ECMWF - Reanalysis
Interim (ERA-Interim) (Berrisford et al., 2009; Dee et al., 2011), and
Climate Forecast System Reanalysis (CFSR) (Saha et al., 2010; Wang et
al., 2011) [8-13]. The WRF is used to hybrid downscale these coarse
scale atmospheric data, which is then accompanied by an artificial
neural network (ANN) model to further downscale the WRF output to
a finer resolution over the studied watershed. After calibrating and
validating the WRF and ANN models using existing ground
observation data, the hybrid approach is analyzed using time series
and spatial analyses.
The Sai Gon – Dong Nai Rivers Basin has been determined in this
experiment for the hybrid technique's implementation. Because of its
strategic position and the complex physical processes that cause
intense rainfall in this area, advanced technologies must be used to
investigate severe rainfall processes, and model realistic historical
rainfall events.
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Trinh et al.
2. Methodology
2.1. Implementation of computational atmospheric model based
on physical principle.
With inputs from the three reanalysis datasets, the WRF model was
used for dynamical downscaling. With several physics options for
moisture dynamics, microphysics processes, cumulus cloud
parameterizations, planetary boundary layer (PBL) schemes, radiation
schemes, and surface schemes, the WRF model can simulate vertical
and horizontal air motions. A sequence of three nested domains for
WRF simulations are implemented in this report. The largest domain
(D1) has a spatial resolution of 81 km (21 x 18 horizontal grid points)
and covers the southern half of Vietnam as well as parts of Thailand,
Laos, Cambodia, and Malaysia. D2 is the second domain with a
resolution of 27 km (27 × 24 horizontal grid points), and D3 is the
smallest domain with spatial resolution of 9 km (48 × 33 horizontal
grid points). It is noted that WRF is based on all 3 domains only for
ERA20C data, while the ERA-Interim and CFSR were used only on D2
and D3.
2.3. Implementation of ANN architecture with back-propagation
algorithm
For downscaling precipitation simulated by the WRF model, one of the
most common and simplest artificial neural network (ANN)
architectures is considered in this research. In statistical
downscaling, the ANN model is widely used.
The desired ANN architecture consists of three layers (input layer,
hidden layer, and output layer) linked by synapse weights. The hidden
layer's nodes were chosen from a range of (2n+1) to (2n0.5+m), where
n is the number of input nodes and m is the number of output nodes
(Fletcher and Goss, 1993) [14].
Approximation used for the weight change is given in Eq. (1) by the
delta rule.

𝑤

𝑤

𝜂

(1)

Figure 2. Time series of ANN validations using CFSR at D2 and VNGP
for 1-, 3-, 5-, and 7-day basin-average precipitation during 1996–
2010 over the DN-SG.
In general, the simulation results and observations responded well
after calibration and validation. Statistical parameters that support
the simulation results' alignment with VnGP data. The simulation
output for daily precipitation is in the acceptable range, according to
statistical parameters such as the correlation and Nash Sutcliffe
efficiency coefficients (0.7 ≤ 𝑅2 ≤ 0.9 and 0.5 ≤ 𝑁𝑆𝐸 ≤ 0.78).
3. Results and Discussion
The ERA-Interim dataset reported the best calibration and validation
results out of the three reanalysis datasets. During the validation
phase with the ERA-Interim dataset, the HD technique produced quite
effective correlation coefficients from 0.89 to 0.90, and NSE from
0.76-0.78. The HD technique simulations using ERA-20C also obtained
good validation results, with correlation coefficients ranging from
0.65-0.86. The ERA-Interim and ERA-20C datasets provided model
calibration and validation results that were closer to the VnGP dataset
than the CFSR dataset.

Where  is the learning rate parameter, w is the weights, and E2 is the
squared error (Brierley, 1998) [15].

2.4. Training and validation of ANN model over the target
watershed for the three different reanalysis datasets
The ANN model is trained and validated using a gridded of 0.10 daily
precipitation dataset (VnGP) in this analysis. It is better to split the
entire data duration into preparation, validation, and testing
components. Two-thirds of the data period is used for preparation,
and the remaining time is used for calibration in most statistical
downscaling exercises.

Figure 3. Spatial maps of the largest 7-day precipitation by means of
simulation (WRF) and observation (VnGP) data during 1980-2010, top
(ERA-Interim and VnGP; ERA-20C and VnGP), bottom (CFSR and
VnGP).

Figure 1. Time series of ANN calibrations using CFSR at D2 and VNGP
for 1-, 3-, 5-, and 7-day basin-average precipitation during 1981–
1995 over the DN-SG.
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Figure 4. Spatial maps of the largest 7-day precipitation by means of
ANN simulation and observation (VnGP) data during 1980-2010, top
(ERA-Interim and VnGP; ERA-20C and VnGP), bottom (CFSR and
VnGP).
Figure 3 presents the spatial distribution map of the largest difference
in 7-day precipitation between the WRF model results and the VnGP
dataset during the period from 1980-2010. Figure 4 presents the
spatial distribution map of the largest 7-day precipitation between the
HD model and VnGP dataset during the period from 1980-2010. When
compared to the WRF data, the HD technique significantly improved
the precipitation spatial distribution. The forecast precipitation is
more relevant to the observation values after applying the ANN
simulations as shown in Figure 4.
It is possible to simulate precipitation data in both time series and
spatial map over the selected watershed using a combination of
dynamical and statistical downscaling. Not only can this technique be
used to predict precipitation, but it can also be used to measure other
significant atmospheric variables including temperature, wind speed,
humidity, pressure, and radiation.

Figure 5. A comparison between the numbers of day having rainfall
larger than 99% quartile in a year.

simulations. First, under the three selected global gridded datasets,
precipitation data were dynamically downscaled by a regional climate
model, WRF, by three domains (D1, D2, D3 for ERA-Interim and ERA20C; D2, D3 for CFSR) with an inner domain (D3) of 9 km resolution
(ERA-Interim, ERA-20C, and CFSR). The downscaled precipitation data
were combined with the local observation data using the ANN model
with back-propagation algorithm after the WRF model was
successfully implemented and validated. The ANN uses VnGP data for
model training and calibration from 1986 to 1992, and model
validation from 1993 to 1995. Among the three selected reanalysis
datasets, the best calibration and validation results were obtained
from the ERA-Interim dataset. Under the ERA-Interim dataset, the HD
technique performance correlation coefficient (ranging from 0.890.90) and the NSE (0.76-0.78) are quite satisfactory in the validation
period. These findings are more robust than those obtained with the
CFSR dataset. However, the spatial difference of precipitation
estimates using the CFSR dataset is lower than those under ECMWF Atmospheric Reanalysis data (ERA-Interim and ERA-20C). One reason
is that the grid resolution of CFSR (0.50), is finer than that of ERAInterim (0.750) and ERA-20C (1.250).
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Since aggregates constitute a major part of the volume and mass of an asphalt mixture, they
obviously have considerable effect on its performance. In fact, nominal maximum aggregate
size (NMAS) and consequently the air-void content of an asphalt mixture play a very
important role in its performance, particularly in terms of indirect tensile strength and
modulus of elasticity. Three materials with 9.5, 12.5 and 19 mm NMAS were used in this
research. Specimens were prepared by Marshall asphalt mix design method with 4, 7 and
10% air-void content, and indirect tensile strength and ultrasonic tests were performed on
them. Based on the results of indirect tensile strength test, parameters including yield
horizontal strain, total fracture energy, fracture energy to failure, horizontal tensile stress,
and vertical compressive stress, and of ultrasonic test, parameters including acoustic wave
velocity and modulus of elasticity were investigated. The results of indirect tensile strength
test show that the asphalt mixture with 4% air-void content outperforms other specimens.
Moreover, increasing the air-void content reduces the values of all parameters of indirect
tensile strength and ultrasonic tests. Increasing the NMAS diameter increases the acoustic
wave velocity and modulus of elasticity.

1.Introduction
Hot mix asphalt is currently one of the most important parts of the
flexible pavement system. Since hot mix asphalt is a viscoelastic
material, temperature change during summer and winter creates
cracks in asphalt pavement, leading to its failure[1]. Given that an
asphalt mixture, NMAS is one of the most important parts of an
asphalt mixture, which has an essential impact on volumetric
properties (air-void content) and mechanical performance of asphalt
mixture. Selecting aggregates suitable for designing, fabricating, and
maintaining road pavements is indispensable. The aggregates used in
asphalt are granular multidimensional materials in which the effects
of grain contact, including friction, overlap, and displacement, affect
the asphalt mixture integrity, and finally its mechanical properties
and durability. In fact, the effects of grain contact have direct impact
on asphalt pavement density and its strength against tensions
exerted by traffic loads [2-4]. It can be concluded that there is a
relationship between mechanical response of an asphalt mixture and
contact of coarse grains[5, 6]. Therefore, aggregates used in asphalt
mixture significantly affect mechanical properties such as tensile
strength. Given that the asphalt mixture contains aggregate, bitumen
and air voids, another effective factor is air-void content. Jiange Li et
al. surveyed the properties of grain contact on features of asphalt
mixture density and concluded that by increasing aggregate diameter
in the mixture, grain friction and aggregate interlock are increased.
Bitumen also acts as an effective plasticizer in the contact of
aggregates at high temperatures[7]. PeiLong Li et al. investigated the
properties of aggregate grain displacement while being densified and
concluded that coarse-grained aggregates tend to move downwards
at the top and middle of the pavement layer during densification,

while aggregates at middle and bottom of the layer tend to move
horizontally. Temperature, of course, significantly affects these
interactions[8].Gonzalo et al. studied the effect of aggregates’
mechanical properties on grain contact of bitumen and concluded
that geometric properties of aggregates, particularly at low
temperatures, significantly affect the adhesion of aggregates to
bitumen[9]. Asphalt concrete is used as a mixture that is a spread
complex system. The micro-structure of the asphalt concrete,
specially its air-void content, plays an important role in pavement
performance improvement[10]. Jiaolong et al. surveyed the effect of
air-void content on asphalt concrete failure at low temperatures
using discrete element method and concluded that air-void content
has a significant effect on asphalt failure and crack
development[10].One of the simplest, yet widely-applied tests used to
study the tensile strength properties of asphalt concrete is indirect
tensile strength test. It is in fact an alternative to direct tensile
strength test for specimens with brittle failures[11, 12].
Rifiqule et al. investigated the effect of densification trend on the
structure of air-void content of asphalt concrete and concluded that
indirect tensile strength of real specimens (field) is always less than
that of specimens densified by gyratory and more than those
densified by linear kneading method[13]. Kok et al. indicated that for
an asphalt mixture with the same air-void content, specimens
densified in laboratory always outperform those densified at
site[14].In a separate study, Kekana and Cross et al. similarly
concluded that air-void content has great impact on tensile strength
of specimens densified in laboratory, while tensile strength of
specimens core-drilled at site is not much dependent on air-void
content[15, 16]. In this study, the effect of air-void content and NMAS
on properties and parameters of indirect tensile strength and
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ultrasonic test, such as horizontal tensile stress, yield horizontal
strain, total fracture energy, fracture energy to failure, vertical
compressive stress along the specimen’s diameter, acoustic wave
velocity and modulus of elastisity are investigated.
2.

Materials

Lime aggregates are used in this study, and the results of tests
conducted to reveal physical and mechanical properties of materials
are presented in Table1. Grain distribution in the top layer,
determined by ASTM D3515 Standard[17], is shown in material
gradation curve in Fig.1. Pure AC 85/100 bitumen is used in this study,
and the physical properties of this bitumen are presented in Table2.
Table 1. Specific gravities of aggregate
Nominal
maximum
aggregate size

19mm

12.5mm

9.5mm

Size fraction

Apparent
specific
gravity
(gr/cm3)

Bulk specific
gravity
(gr/cm3)

2.711

2.694

2.666

2.571

2.723

2.572

2.691

2.458

2.713

2.669

2.639

2.569

2.738

2.738

Coarse
aggregate
Fine
aggregate
Coarse
aggregate
Fine
aggregate
Coarse
aggregate
Fine
aggregate

Filler(<0.075mm)

19 mm

12.5 mm

9.5 mm

optimum bitumen content for each NMAS of 9.5, 12.5 and 19 mm was
obtained as 6.4, 6.02, and 5.8% respectively, with 75 Marshall hammer
hits to both sides of the specimens and an air-void content of 4%.
Before fabricating the specimens, graded aggregates were placed in
drying oven at 160-170 oC for 24 hours to be dried. The bitumen
needed to prepare the specimens was heated in the drying oven at 145
oC before being mixed. Since specimens were to be built with different
air-void contents (4, 7 and 10%), the number of density hits was
determined through trial and error, such that specimens with 4% airvoid content were densified with 75 hits to both sides of the
specimens, and for other ones, given the NMAS and air-void contents
of 4, 7 and 10%, they were densified through hits obtained by trial and
error. the reason for using air-void content higher than the standard
rage is 3-5%,investigation the effect of air void content on the indirect
tensile strength properties of hot-mix asphalt. Three samples were
made for each asphalt mixture containing different percentages of
air-void and NMAS. In the first step, ultrasonic tests and the second
stage, indirect tensile tests were performed on the specimens. The
results are particularly presented in Table 3.
Ultrasonic test (acoustic wave velocity determination test) is used to
evaluate the quality of asphalt mixture. In this experiment, acoustic
wave enters the specimen from one side by a probe and is received
from the other side (Fig.4). Therefore, wave pass duration is read on
the device. Knowing the specimen thickness and wave pass duration,
wave velocity (in m/s) can be calculated by dividing specimen
thickness by wave pass duration. According to the following equation,
wave velocity has direct relation with asphalt modulus of
elasticity[19]
V=L/t

(1)

V=√(E/ *(1-µ)/((1+µ)(1-2µ)))

(2)

V(m/s): acoustic wave velocity, E(N/m2): modulus of elastisity,
(N/m3): density, µ: Poisson,s ratio , L(m): sample length , t(s): wave
pass duration

100

If the value of Poisson's ratio is 0.35, we have;

90

Passing rate(%)

80

E=0.623 V2
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20
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0
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0.1

1

10

100

Sieve Size (mm)

Figure 1. Gradation curve
Table 2. Results of tests performed on asphalt cement (AC 85/100)
Test name

Average
values

Standard

Penetration, 25 °C, 100 g, 5 s
(1/10mm)

91

ASTM D5

Softening point (°C)

48

ASTM D36

Specific gravity (25 °C, kN/m3)

1028

ASTM D70

Flash point (°C)

235

ASTM D92

Ductility, 25 °C, 5 cm/min

+100

ASTM D113

Loss on heating(wt)%

0.5 max

ASTM D6

3. Experimental process
Marshall specimen were utilized to perform the tests. First, in order to
specify the optimum bitumen content for each aggregate, Marshall
test was conducted according to ASTM D1559 Standard[18]. The

(3)

Depending on the quality of the asphalt specimen, part of the energy
is lost when passing through a specimen, and the remaining energy
is taken by the receiving probe. Demirbuğa and Toupchi conducted
the experiment on concrete and classified its quality based on wave
velocity. If wave velocity is more than 4500 m/s, concrete quality is
very perfect, 3600-4000 m/s is perfect, 3000-3600 m/s is good, 20003000 m/s is average, and less than 2000 m/s is poor[20]. The
experiment was done according to ASTM C597 Standard[21].
Indirect tensile strength test is originally a diametric test in which
cylindrical specimens are put under the compressive forces exerted
on their lateral surface. Such loading causes tensile stress along the
loaded diameter. As a result, the specimen fractures along the loaded
diameter.
According to ASTM and ISRM Standards, experimented specimens
with diameter D and thickness H should have a ratio of D to H as 0.5.
The purpose of this research is to consider the properties of indirect
tension of asphalt mixtures, including yield horizontal strain, total
fracture energy, fracture energy to failure, horizontal tensile stress,
and vertical compressive stress along the cross-sectional diameter of
the specimen. The experiment is performed at 25 oC in UTM device
with 5mm/min loading rate. Since the change in specimen diameter
is aligned with horizon, strain at any moment and consequently the
horizontal strain at failure moment can be calculated according to the
strain equation
= L/L. The total fracture energy to failure is
obtained by knowing vertical displacement of forces (the area under
the force curve – vertical displacement) (Fig.5). Moreover, the
following equations yield the horizontal tensile stress, vertical
compressive stress, and fracture energy[19, 22].

σx = 2P/πtd

(4)

σy= 6P/πtd

(5)

Gf= Area/t.d

(6)
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x(Pa): horizontal tensile stress, P(N): applied load, t(m):m the
thickness of the test specimen, d(m): diameter of the specimen, y(Pa):
vertical compressive stress, Area: area under the load –displacement
curve, Gf (J/m2): fracture energy

4. Results and discussions
As can be seen in Fig.2, the highest horizontal tensile stress is
obtained for 4% air-void content in an asphalt mixture with 12.5 mm
NMAS. The less the air-void content is, the higher the horizontal
tensile stress should the specimens tolerate. For 4% air-void content,
by increasing NMAS, horizontal tensile stress is first increased and
then decreased. The same is true for 7 and 10% air-void contents.
Furthermore, in each asphalt mix design with fixed NMAS, increasing
air-void content decreases horizontal tensile stress. Fig.3 shows that
the highest vertical compressive stress is obtained as 2.47 MPa for
specimens with 12.5 mm NMAS and 4% air-void content. For
specimens with the same air-void content, by increasing NMAS from
9.5 to 12.5 mm, compressive stress is increased, and from 12.5 to 19
mm, it is decreased. For specimens with the same NMAS, increasing
air-void content decreases vertical compressive stress.

H.T.S(MPa)

a/c:4%

a/c: 7%

Figure 4. Schematic illustration of the ultrasonic test setup

a/c: 10%

1
0.8
0.6
0.4
0.2
0
9.5

12.5

19

NMAS(mm)

Figure 2. Changes in horizontal tensile stress in air -void and NMAS

V.C.S(MPa)

a/c:4%

a/c: 7%

a/c: 10%

2.5
2
1.5
1
0.5
0
9.5

12.5

19

NMAS(mm)

Figure 5. Schematic of IDT test and Definition of fracture energy

Figure 3. Changes in vertical compressive stress in air -void and
NMAS

a/c:4%

Horizontal strain at
failure(10^-4)

According to Fig.6, the highest horizontal strain is obtained at fracture
moment in an asphalt mix design with 19 mm NMAS and 10% air-void
content. This is due to the presence of many pores in the asphalt
mixture in which more displacement occurs because of loading. In
specimens with 4% air-void content, increasing NMAS of the asphalt
mixture decreases horizontal strain at failure moment. It completely
differs from 7% air-void content, in which increasing NMAS increases
horizontal strain. For specimens with 10% air-void content, by
increasing the NMAS diameter from 9.5 to 12.5 mm, horizontal strain
is reduced, and from 12.5 to 19 mm, it is increased. In NMAS diameter
of 9.5 mm, increasing the air-void content first decreases horizontal
strain, then increases it. In 12.5 mm NMAS diameter, increasing the
air-void content decreases horizontal strain. However, in 19 mm
NMAS diameter, increasing air-void content increases horizontal
strain.

a/c: 7%

a/c: 10%

25
20
15
10
5
0
9.5

12.5

19

NMAS(mm)

Figure 6. Changes in horizontal strain in air -void and NMAS
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Table 3. Indirect Tensile strength and Ultrasonic Test Results
Air
content
(%)

S1

4

S2

7

S3

10

S4

4

S5

7

S6

10

S7

4

S8

7

S9

10

NMAS
(mm)

H.T.S
(MPa)
0.761

19

0.714
0.547
0.825

12.5

0.771
0.623
0.802

9.5

0.763
0.353

H.T.S: Horizontal tensile stress,

 fr

 fr

 fa

(J/m2)

(J/m2)

365.73

1362.03

322.62

1285.81

198.03

707.61

326.95

1556.68

322.42

1410.67

227.84

989.77

362.82

1668.35952

238.81

1147.76

87.00

V.C.S
(MPa)
2.282
2.141
1.641
2.475
2.313
1.868
2.407
2.290

399.53

1.058

(10-4)

V
(m/s)

E
(GPa)

7.63

3803.65

20.55

8.63

3759.02

19.78

9.63

3455.37

16.34

10.63

3611.10

18.33

11.63

3425.91

16.14

12.63

3409.75

15.64

13.63

3476.47

17.02

14.63

3248.87

14.35

15.63

2261.44

6.78

ff

 fa

: Fracture energy to failure,
: Total fracture energy, ff: Horizontal strain at failure, V: Velocity, V.C.S:
Vertical compressive stress at center of specimen,
E: Modulus of elasticity, NMAS: Nominal maximum aggregate size

Graphs 7 and 8 indicate that the highest fracture energy is obtained
in specimens with 9.5 mm NMAS and 4% air-void content. For
specimens with 4% air-void content, fracture energy to failure
decreases by increasing the asphalt mixture NMAS from 9.5 to 12.5
mm, and increases by increasing NMAS from 12.5 to 19 mm. In
contrast, the total fracture energy reduces by increasing the asphalt
mixture NMAS for specimens with 4% air-void content. For specimens
with 7 and 10% air-void content, both total fracture energy and
fracture energy to failure are first increased and then decreased when
increasing NMAS from 9.5 to 12.5 mm. For specimens with the same
asphalt mixture NMAS, both total fracture energy and fracture energy
to failure are decreased by increasing the air-void content, except for
specimens with 12.5 mm NMAS, in which by increasing the air-void
content, fracture energy to failure remains almost fixed.
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Figure 8. Changes in fracture energy to failure in air -void and
NMAS
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Figure. 9 and 10 show that by increasing NMAS, wave velocity is
increased, and since wave velocity has direct relation with modulus
of elasticity, the later also increases. By increasing the asphalt
mixture’s air-void content, wave velocity is decreased, hence modulus
of elasticity decreases. Wave pass velocity in asphalt concrete
specimens depends on specimen’s length and porosity. The denser the
specimen and the less the porosity and air-void content are, the
quicker the wave passes through the specimen; wave velocity is
actually increased, and vice versa. The highest wave velocity and
modulus of elasticity are obtained in specimens with 19 mm NMAS
and 4% air-void content. By increasing the air-void content to
increase porosity of the specimens with the same NMAS, wave
velocity and consequently the modulus of elasticity are decreased.
Fig.11 shows the relation between modulus of elasticity and wave
velocity, and in all three materials, there is a very good relation
between the two parameters and R2=1.

Figure 7. Changes in total fracture energy in air -void and NMAS
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Velocity(m/s)

4000
3000

By increasing NMAS, acoustic wave velocity and modulus of elastisity
are increased, such that the highest acoustic wave velocity and
modulus of elastisity are obtained in specimens with 19 mm NMAS.

2000
1000
0
9.5

12.5

19

Declaration of Conflict of Interests

NMAS(mm)

The authors declare that there is no conflict of interest. They have no
known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

Figure 9. Changes in velocity in air -void and NMAS
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In 2011 a siren alarm system was installed in communities in the city of Rio de Janeiro,
aiming to reduce or even prevent the loss of human life resulting from landslides caused by
heavy and/or prolonged rains. The recurrent deaths caused by rainfall throughout the
municipal history, because of geographical characteristics and mainly of inadequate soil use,
justified a more incisive action aiming at alerting the residents of communities located in
the hills about the risks. In this regard, it should be noted that the siren alarm system has
its focus on people. This work aims to report the Rio de Janeiro Municipal Civil Defense
experience in the installation and operation of this system, focusing that the siren alarm
system represent an initiative of great relevance and success, not only because of the alarm
system itself, but also because it has boosted a series of other actions of risk perception and
resident’s mobilization, especially through the performance of several evacuation
simulation practices. Therefore, as it was an innovative project and stimulated the
installation of this type of system in several other locations, it can be considered a milestone
in the actions of disaster risk education in Brazil and in other countries.

1.Introduction
The city of Rio de Janeiro (CRJ), with about 6.7 million inhabitants [1],
is a large economic and tourist center of Brazil. The region of CRJ
presents high spatial and temporal variability of meteorological
elements. Forest masses influence the regional behavior of the
temperature, winds, evaporation, and cloudiness, but mainly
precipitation.
The topography of the CRJ is outlined by three mountain ranges:
Gericinó-Mendanha hills in the north, Tijuca hills in the east and
Pedra Branca hills in the west. The other areas of the city are plain,
with an average altitude of 20 m above sea level. To the south is the
city bathed by the Atlantic Ocean, to the east to Guanabara Bay and to
the west to Sepetiba Bay [2].
The uncontrolled growth of the city and constructions in risk areas,
such as hills and slopes, contribute to landslides that often contribute
to death and injury. Climate change has also increased the frequency
and intensity of heavy and/or prolonged rainfall in the city [3][4].
The CRJ has a history of recurring natural disasters that are result of
the expansion of the urban network, which favored the high
concentration of people and buildings between hills and the sea,
lagoons, and bays, often in areas at risk of flooding and slipping. It is
not rare event occurrences that have caused material and economic
damage on a large scale and which thus predisposed the population
to disease outbreaks and, in extreme cases, victimized people [5].

Since the 60s of the last century, there have been several reports of
disasters related to intense rainfall, as the event on January 11, 1966
or, more recently, as the event on April 04, 2010 [6]. In April 2010
disaster event, in which the CRJ was hit by an intense and severe
rainfall over several hours, the result was one of the greatest tragedies
in the history of the city, certainly the largest of its kind in several
decades. There were 67 deaths, all caused by landslides slopes in poor
communities [7].
Due to this episode, and several others with lesser extent over several
years, in the first half of 2011 a Siren Alarm System (SAS) was installed
in 102 communities of the CRJ. The goal was clear and
straightforward: reduce or even prevent loss human lives resulting
from landslides caused by heavy and/or prolonged rainfall.
This project was conceived by the general coordinator of the Rio de
Janeiro Municipal Civil Defense (SUBPDEC) and his team in the second
half of 2010. These professionals made it clear that the organization
was not complied with the recurring situation in which people living
in hills losing their lives slopes because of the rains.
SUBPDEC recognizes that Disaster Risk Reduction (DRR) in a broader
context involves series of other actions and projects, structural or
structuring, with greater or lesser complexity, some involving several
institutions, others practically exclusive competence of SUBPDEC. The
hills of the city should not have been irregularly occupied, because
these buildings are result of illegal occupation at risk area and/or
environmental protection area. However, it is a reality of hundreds of
thousands of residents, the result of a social and housing deficit that
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has been occurring for many decades and various regions of the city,
and that unfortunately occurs in many cities of Brazil [8].
Therefore, an eventual resettlement of some families in higher-risk
areas (with due care not to cause another social problem) and mainly
to hinder the increased occupation of these areas, are fundamental
actions that should always be performed regardless of the installation
of a SAS. In any case, a Civil Defense organization cannot stop acting
to save lives. Therefore, the SAS was designed to warn residents of
high geological risk of slope slipping in periods of heavy and/or
prolonged rain.
The Paris Agreement [9] emphasizes the need to increase adaptive
capacity to adverse impacts of climate change and foster climate
resilience. Based on it, this work aims to report the experience of
SUBPDEC in the installation and operation of a SAS on the hills of the
CRJ, describing some challenges and the complexity of the whole
process. It also seeks to emphasize the great success of this initiative,
which was unprecedented in Brazil as an alarm for this type of
disaster and was a milestone for the DRR actions in the municipality.
The feasibility of the system installation was facilitated and enhanced
by several other issues, but two of which can be considered
fundamental:
- Geological-geotechnical risk mapping to understand where the risk
was greatest and where SAS installation would be required; and
- Monitoring of rainfall to measure the amount of rain to possible to
enable SAS drive decision making.
The conduction of a detailed geological-geotechnical risk mapping by
the Geotechnical Foundation of the City of Rio de Janeiro (Geo-Rio) in
the second half of 2010 was a great propeller and stimulator for
strengthening the idea of SAS. A study carried out in about 200
communities located in the Tijuca hills and their surroundings
identified 117 communities with some residences located in areas of
high geological risk. The estimate was about of 18000 households in
these areas [9].
Figure 1 shows a map of a part of the CRJ and it is possible to verify
the large number of covered communities, as well as identify high,
medium, and low risk areas (red high-risk areas, yellow medium-risk
and green low-risk areas).
Figure 1: Areas with geological risks in the central part of CRJ,
including Tijuca hills [10]

hours a day on seven days of the week, gained a significant boost in
2010 by acquiring its own weather radar, previously unheard of for a
Brazilian city. Rainfall and weather forecast information is available
to the population on an open site and in a free smartphone app.
From the mapping of high geological risk areas and the management
of information provided by the Geo-Rio and the RAS, with timely
rainfall data, widely shared with the population and municipal
managers, the installation of sirens gains viability, which guarantees
its operation by the authorities of CRJ.
2. Experiment results
2.1 Installation of sirens
The installation of the sirens was performed by a contractor, with
knowledge of systems of this type (even under similar conditions and
objectives). Installation contracts for sirens and rain gauges under the
responsibility of the Geo-Rio (for technical and financial reasons) and
was divided in two phases. The first phase included 67 communities
and 117 sound supplies, 58 of them with rain gauge. The second phase
included 35 communities and 54 sound supplies, 25 of them with rain
gauge. Some communities had only one siren, but several of them
needed two or more sound supplies. The installation cost was around
US$ 4.9 million (US$ exchange on March 31, 2011).
In 2012, as determined by the Public Prosecution Service, another
community was also contemplated. Therefore, there were 103
communities with installed SAS. The primary site selection criteria
was technical, as the focus of the message was on the high risk
(identified by mapping). Ideally, each of the residences should have its
own sound system, to ensure that the message would arrive, even
with the natural sounds of a storm. However, for technical and
financial reasons, it was necessary to install the sirens at points of the
communities that would reach many households. Therefore, the
geographic position of the sirens needed to be based on sound range
for households located in high geological hazard areas.
There was considerable complexity throughout the installation
process for several reasons. The presence of community leaders and
Community Health Agents (CHA) in this process was crucial, not just
for the relevant importance of involving them in the whole process,
but to guide us to the best places for installation equipment (at the top
of a house/church/school or even on a street lamppost or residents
association). There were many other aspects to be considered, since
103 communities were involved and Rocinha, a community with a
population of 100000 inhabitants for example, with its nine sound
stations and over 1500 households in high-risk areas, it was just one
of these communities.
Concomitantly with the installation, which obviously already required
employees of SUBPDEC and/or Geo-Rio to accompany contractor
professionals and community leaders on field visits, at least three
other main actions needed to be done by the public workers in
conjunction with community leadership:
-

The Rio Alert System (RAS) has a large network of automatic rain
gauges that send every 15 minutes updated information about how
much it is raining in each of the places where this equipment is
installed. The RAS, which already had a team of meteorologists 24

Equipment test;
Clarification to residents (with training in a second moment);
Identification of Support Points (SP), which are locations near (but
outside) the high-risk area, to provide temporary shelter during
the alarm.

Thus, shortly after installation, SUBPDEC employees visited various
locations in the high-risk area (even within some households, with
permission and presence of residents) to hear the alarm. With this, the
necessary and possible adjustments were made, and the procedure of
verification was repeated. In parallel to this sound test, leaflets and
explanatory posters were distributed directly to the residents (in their
own homes and/or on community roads), as well as placed at
concentration points of people in the community, as commercial
establishments, and churches.
In the numerous visits to the communities, SUBPDEC agents used to
try to identify points that needed to have a minimum of structure

PACE 2021- Ataturk University, Engineering Faculty, Department of Civil Engineering, Erzurum, 25030, TURKEY 20-23 June 2021

92

Abelheira et all.
(trim coverage and bathroom) to house people temporarily, during the
process of preventive eviction of residences (people living in
residences located in high-risk areas).
This process was also quite complicated and exhausting for many
reasons (inadequate locations in size and/or structural conditions,
people who did not want to give up their houses, fear of SP become
definitive shelter, among other reasons). Even so, about 200 locations
were defined as SP and each community had at least one of these
locations. They were identified with standardized SUBPDEC signs.
SUBPDEC employees defined the procedures to be adopted in the
process of leaving the houses and disseminated, through a simple,
clear and direct message, what should be done by the residents of the
hazardous areas after siren sound. The message is:

the great April disaster), was the training of CHA to act, directly or
indirectly, as SUBPDEC collaborators, either before prevention, during
(in the dissemination of the alert received via SMS) and later
(collaborating in the response) issues related to heavy and/or
prolonged rainfall (and also occurrences of other types, as landslides
and fires).

Therefore, the CHA were also key players in the SAS. Between 2010
and 2013, around 8000 agents were trained and identified with a
specific vest. Conclusion course events were carried out with
certificate delivery.

- Keep calm;
- Get the family together, get your necessary documents and
medicine. Turn off the main light switch and close the gas plug;
- Go in an orderly manner to the defined SP;
- Wait for guidance to return to your home.

An A2C2 System Evacuation Plan (A2C2 SEP) was prepared, covering
several issues, including the conduction of trainings, more
specifically the Simulated Evacuation Exercises (SEE). It was
necessary a broad promotion, both directly in the community, via
media and partners, as well as the mobilization of several actors was
fundamental, aiming to stimulate and motivate the participation of
the residents in these trainings.

In parallel to the field installation, technical experts from the SAS
developed a Sound Alarm System Triggering Protocol (SASTP), which
besides defining the procedures to be performed, also defining the
driving criteria and conditions as a function of critical rainfall
indices. The triggering criteria in the original protocol consisted of
one of the following rainfall volumes:

On July 3, 2011 (Sunday) the first SEE was held. At 10:00 am (GMT 03:00) concomitantly in 20 communities, sirens sounded in a planned
way and more than 5000 residents participated. Aiming to stimulate
the participation of residents and disseminate SAS after training
session, participation shirts were given with the inscription: “Alert
and Alarm System - I participate”.

- More than 40mm/h;
- More than 125mm/24h, and 6mm/h or 10mm/2h;
- More than 200mm/96h and 40mm/24h, and 10mm/h or 16mm/2h or
18mm/3h or 20mm/4h.

Even before the SEE, a theoretical simulation was carried out by the
Rio Emergency Operations Centre (COR) at the crisis room, where
mobilization, communication, and activation, as well as, as an
important result, the participation and involvement of several
organizations and partners that would be present in the SEE.

These criteria have undergone improvements and/or adjustments
over time. Depending on the experience of several sirens sounded
without any indication of landslides, a situation that could generate
system discredit, adjustments were carried out in the drive protocol.
Such inconvenience cannot be disregarded, and even risk of
accidents, associated with displacement of residents from their homes
to the SP during the rain.
In any case, regardless of the technical criteria defined by SASTP, it
should be emphasized that several other factors may or may not cause
sliding slopes. Soil type, cohesion particle size, type of construction,
vegetation cover and especially soil saturation (which is variable of
each region), are heterogeneous characteristics in the different hills
of the city.

The SEE is also a great training opportunity for remote drive
operators, as it requires not only technical knowledge but also
tranquillity and emotional control, especially in a crisis. During 2011
and 2012 seven major events were held to cover all communities with
installed SAS, with more than 13500 participants. The
accomplishment of these trainings it also required a lot of planning,
involvement, and commitment from every member of the SUBPDEC.
In figure 2 as an example, the planning of the II SEE (carried out on
July 31, 2011) in twelve communities. The organization chart followed
the model ICS (Incident Command System).

In addition, it is necessary to remember that the constructions on the
hills are irregular and technically inadequate. Therefore, even with
small volumes of rain, occasional landslides (from retaining walls
and/or houses) can occur and even cause domino effect in
downstream constructions.
The audible alarm is a warning that underscores the significant
increase in the probability of landslide occurrences. However, cannot
be the sole parameter of residents (who that need to have an increase
of individual and localized risk perception), as well as does not mean
that there will be a landslide, whenever the siren is activated.
3. Resident training and system operation
Since its introduction, the SAS has been part of a larger system, the
Community Alarm and Alarm System (called A2C2 System), because it
involved besides siren, an alert via SMS [11]-12].
It is worth mentioning that the SMS alert, currently available
throughout Brazil by determination of the Federal Government, had
been used since in precursor form by the SUBPDEC, in a partnership
with mobile operators.
As already mentioned, DRR involves several other actions and
projects, and one of the main actions in this sense, which was already
being held since the beginning of 2010 by the SUBPDEC (even before

Table 2. The planning of the II SEE
On August 18, 2012, already in the II SEE, after all communities have
already been contemplated simulated, an evaluation and satisfaction
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survey was conducted during the training in one of the communities
(Rio das Pedras). A simple and straightforward questionnaire was
designed to understand how residents were evaluating the SAS and
the training. Four questions were asked, and objective answer options
were presented (Table 1).
Table 1: Questionnaire about SAS
QUESTIONS
1

What do you think about SAS?
( ) fair
( ) good
( ) bad

( ) very good

2

What do you think about performed simulated exercises?
( ) fair
( ) good
( ) very good
( ) bad

3

If the siren is triggered in a real emergency, will you leave the
house?
( ) yes
( ) no

4

Do you think residents also play a role in reducing
community risk?
( ) no
( ) I don`t know.
( ) yes, a
( ) yes, a lot.
little.

The result of this survey was very positive. Among 104 residents who
answered it, over 90% answered “good” or “very good” for both the
first and second questions. In the third question, only three people
answered no. In the fourth question, 74 residents evaluated that the
residents have “yes, a lot” a role in reducing community risks. This
survey was informal, conducted by the SUBPDEC employees with the
residents who participated in the training. It had no scientific
methodology, but it served as parameter of the feeling and perception
of the residents.
The systematic day-to-day operation of the SAS involves several
questions:
- Integration with COR;
- System coordination (data and information manage-ment);
- Preventive and corrective maintenance of the system;
- Remote trigger logistics (site specific);
- Actual siren trigger events;
- Community mobilization, operational testing, and system
dissemination; and
- Integration with schools (simulations in schools and Civil Défense
Project in Schools – CDPS).
Integration with the COR is critical to SAS operation. The coordinator
of SUBPDEC at COR is responsible for managing the SUBPDEC team
present at COR. The team controls the entire drive procedure, as well
as interacting with COR coordinator and representatives of the other
institutions.
System coordination involves managing data and information from
the 103 communities with installed sirens. Activation and
Mobilization Plans (AMP) as well as Contingency Plans (CP), are of
relevant importance in this regard.
The preventive and corrective maintenance of the system is
performed by a contracted company, according to a public bidding
process, who is responsible for keeping the system operating 24/7
(twenty-four hour, seven days per week). Teams staff and
representative in the COR control room are part of the maintenance
team.
The remote drive logistic is based on the use of a specific website, via
login and password, for the drive of each sound station or several
sound stations at the same time. It is essential that operators are
trained and aware of the process, which in real situations involves
psychological stress. If this drive does not work for any problem, there

is the possibility of manual siren, with specific key (trained residents
may be required to do this).
Actual drives are the effective use of the SAS to fulfil the objective of
“warn residents of high geological risk areas of the risk of landslides
in periods of heavy and/or prolonged rain”. Therefore, it is important
to keep, registered and updated, the registration of events where the
evacuation ring was activated in a heavy and/or prolonged rain.
Community mobilization, operational testing and dissemination of
SAS consist of the following activities: (i) visit communities; (ii) talk to
community leaders and residents about the system; (iii) run tests; (iv)
check nameplates; (v) visit SP, and (vi) continue planning and
performing SEE.
Integration with schools is a way of making young people aware of the
existence and importance of SAS. It can be highlighted the need for
several other activities of DRR [13]. The CDPS, carried out by several
years and involving thousands of students, had immeasurable
results, making these future citizens more prepared and resilient [14].
4. Results and considerations
Before evaluating the achieved results through SAS, it should be
mentioned that the siren is a symbol for stimulating risk perception
and behavioural change (self-protection) of the population residing in
the areas where this equipment is installed. The implementation of
sirens made possible and/or strengthened other DRR projects of
SUBPDEC in the CRJ. Training and involvement of CHA, as well as the
CDSP, are only two examples of actions were enhanced by sirens.
In the municipal management, the sirens stimulated and provided a
broad discussion on DRR in several departments. Actions such as
slope containment works, reforestation, resettlement of high-risk
area residents, among others, were actions developed posteriorly the
2010 disaster, together or after the installation of the sirens.
In strategic planning, the implementation of the Rio Resilient office,
which mobilized organizations and generated two high-level
publications, which addressed sirens and other DRR actions.
SAS also stimulated greater discussion in society about the DRR.
Media coverage, direct or indirect participation of experts,
researchers, academics, involvement of partners, volunteers, and
employees of other government agencies in siren-related actions are
examples of a greater engagement of society in this theme. There were
presentations and lectures at various technical and scientific events,
nationally and internationally, mentioning SAS, as well as several
scientific articles by SUBPDEC employees or third parties.
The system was mentioned in joining the “Building Resilient Cities”
campaign of the United Nations Office for Disaster Risk Reduction
(UNISDR), a United Nation component organization related to DRR.
Alarm sirens respond to the Hyogo Framework for Action (HFA) the
guiding document for global DRR actions at that time, which in 2015
was replaced by the Sendai's landmark for DRR. In both documents,
the implementation of Early Warning Systems (EWS) is encouraged
[14].
Regarding objective criteria, the first to be questioned is the number
of people who were saved due to the existence of sirens. This is an
unanswered question, as it is not quantifiable in prevention actions.
The issues involved are much broader and immeasurable. To mention
an example, due to increased risk perception, some residents may
have intentions and given up on deforesting and/or dig slopes or
make landfills to expand the households, and this could have
prevented landslides.
The SAS of the CRJ represented a milestone in DRR in Brazil. The
pioneering and innovative implementation of siren alarm on the hills
of the CRJ stimulated similar initiatives in other Brazilian cities.
The SUBPDEC has been carrying out a series of actions and projects
aimed at improving the SAS in several aspects. Among other
initiatives, it is worth mentioning the 3RD Project “Rio for the Disaster

PACE 2021- Ataturk University, Engineering Faculty, Department of Civil Engineering, Erzurum, 25030, TURKEY 20-23 June 2021

94

Abelheira et all.
Risk Reduction”. This project, which has the partnership of the USTDA
(United States Trade and Development Agency) and has among its
objectives the “Project for the Modernization of the Community Alert
and Alarm System for Heavy Rains”. The expansion of the scope to
areas that are currently not served by the SAS, in addition to the
inclusion of resources that will significantly increase the system's
operationality, both in monitoring and issuing alerts. Several
videoconferences were held on this topic in the year 2020 and an
internal SUBPDEC Commission was appointed to address this project.
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Building information modeling (BIM) is an emerging approach to building design,
construction, and operation through modeling technology to increase the integrity and
stability of a structure. Different features and tools used to produce, to communicate and to
analyses the building information models. The aim of this paper is to conduct an in-depth
study of the major features and BIM tools which are generally used to provide better
structural design coordination in different construction phases of building. BIM has its own
features, analysis option, design and output options, limitations and advantages. Different
BIM tools and various features of BIM software with coordination of different professions are
mentioned in this paper which are being used by Architecture, Engineering and Construction
(AEC) industry. Outcome of this paper is to discuss the features and tools of BIM with the
emphasis on applicability and their limitations to have better structure design coordination
and successful management at different phase of building construction. This study can
provide help to the construction industry that by using BIM tools and features can results in
efficient, cost-effective and sustainable building construction in present as well as near
future by using BIM tools and features.

1. Introduction
Building Information Modelling (BIM) is an approach to building
design, construction, and operation through modeling technology.
Different processes and tools used to produce, to communicate and to
analyses the building information models. BIM tools are used in early
design stages for exchanging building information and sustainable
design in construction industry. Basic models created by using
suitable BIM software and then export to BIM integrated software for
various analysis. It contains large amount of information on these
models which allows to get efficient, cost effective and feasible design
of building.
There are many features of BIM are being used in construction
industry for ensuring the sustainability construction projects.
Automated construction systems (BIM feature) are widely being used
in Architecture, Engineering and Construction (AEC) and facilities
management (FM) to get peak potential of building information model
for sustainable and efficient building design. Quantity Take-Off (QTO)
system, Green building (GB) system, Modular coordination (MC),
Computer-integrated construction (CIC) and ARSAP are modern BIM
featured products to work on project of any level complexity with
efficient, cost-effective and sustainable construction project output.
BIM can provide better structural design coordination between
various disciplines (Architecture, Structural Analysis, Energy
Efficiency, Measurements and Budget, Facilities, Planning Execution
and Coordination) and can provide advantage to the construction
industry by providing a computable BIM. It can also provide unique
collaboration between MEP and HVAC through BIM cloud feature and
enabling all project participants to extract any information required
for decision making at design phase as well as construction phase
which give efficient, effective and quick design of a building.

Building information modeling (BIM) can lead to solve various
coordination and technical issue between different disciplines and
various building construction phases. Using variety of BIM tools and
its various features to have better structure design coordination and
successful management at different phase of building construction
which can results in efficient, cost-effective and sustainable building
construction.
2. Bım tools
Building information modeling (BIM) technology has been used in the
construction industry for many years. Many programs, software,
applications and systems specifically developed to integrate BIM
technology in the building industry is an effort to facilitate data
exchange and establish an interactive information sharing platform
for different technologies (virtual construction, 3D AutoCAD, BIM
management, information systems, computer information
construction and information technology) [1]. BIM tools are used in the
early stages of designing sustainable buildings and for exchanging
information during energy simulation and daylighting analysis to
improve design efficiency and effectiveness. BIM Tools help clients to
better visualize the progress of building projects during most of the
different stages of construction BIM Tools are useful for sustainability
purposes, it is being used by various other tools in the construction
market [2]. BIM tools are useful for sustainability purposes and
categized in two types; one which creates basic models by using
suitable BIM software and other which exports the models to BIM for
analysis [3]. Many LEED (Leadership in Energy and Environment
design) credits can be obtained by appropriately using BIM-based
analysis tools. BIM requires the use of software, such as Autodesk
Revit and ARSAP for different tasks. It includes determining building
orientation, daylight and shadow analysis, site analysis, massing and
structure analysis (BIM-integrated tools). BIM based analysis tools
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that are based on BIM tools are used for sustainability and
performance analyses, for instance Integrated Environmental
Solutions [4].

way [9]. Using BIM for operational activities and various other cases
that are presenting the benefits of using BIM for diﬀerent stages of a
construction project. Building information modeling (BIM) has been
widely used in Architecture, Engineering, Construction, and facilities
management (AEC/FM) industry. Developing automated construction
systems is certainly dependent upon the advanced construction
technologies such as BIM. Autodesk Architectural Revit is considered
as the reference 3D modeling software. Automated construction
systems are dependent upon the advanced construction technologies
to get peak potential of building information modeling, BIM models
should be expanded by inserting new data and parameters into
models because of existing parameters in BIM platforms such as Revit
are designed for conventional construction practice and do not utilize
many features of automated construction. Specifically, a customized
BIM system for automated building construction could be realized by
providing new information related to various stages of construction
process to the BIM model [10]. Features of BIM software are as shown
in figure 2.

Figure 1. BIM tools.
Building Information Modelling (BIM) allows for an effective and
efficient analysis to be carried out. BIM contains a large amount of
information on the 3d models and has capability in comparison to the
information available when along traditional analysis methods.
Stability Oriented Domain Engineering and Aspect Oriented Design
are new concepts which promote to the identification, modelling,
design, and implementation of reusable-building blocks and
opportunities to apply the concepts in the Robotics domain and the
extend to approach to the architectural design phase [5]. BIM
processes are established for new buildings to maintain, refurbish or
deconstruct. BIM implementation carries high modeling effort from
captured building data into semantic BIM objects, information
updating in BIM and handling of complex data, objects and relations
in BIM but yet not used in existing buildings [6]. Autodesk
Architectural Revit and Bentley Systems which are largely used in
Architecture, Engineering and Construction (AEC) industry. AEC
industry has reached numerous technological advancements in
Building Information Modelling (BIM). Such as, generation of
construction schedules by automatic data extraction from BIM
models [7]. Different types of BIM tools can be seen in figure 1.
Table 1. Following table illustrate different BIM tools.
BIM Tools

Levels
Fundament
al level

Revit
archit
ecture

Revit
structu
re

Revit
Topo
surfac
e

Application
level

Revit
Recap
360

Navisw
orks
Animati
ons

Navis
works
Anima
tor

Advanced
level

Revit
live

3DS
Max

Stingr
ay

Navis
work
s
timel
iner

Robot
structural
professio
nal

3. Bım features
The features of BIM offer to companies with opportunity to
experiment with new tools for project life cycle and these companies
encourage the use of their products by promoting the benefits of BIM
in ensuring sustainability in construction projects [8]. Computerintegrated construction (CIC) and BIM variables for theory and
implementation improving construction effectiveness by better
utilization of construction information systems in an BIM-integrated

Figure 2. BIM features.
In construction projects, Cost estimation is very important factor for
making decision in the initial phase and the detailed design phase.
Construction phase based on QTO can function for procurement and
predicting construction costs. Construction phase based on Quantity
Take-Off (QTO) a BIM feature for procurement and predicting
construction costs. QTO system is useful for improving the reliability
of schematic estimation by decreasing risk factors and shortening
time required [11]. Measuring the feasibility of using of BIM
application to facilitate Green building index (GBI) assessment
process. Green building assessment tools can bring long-term
advantage to the owners and occupants of a building. The use of GBI
system in design process can generate major advantage that are not
possible when using standard practices. Green building assessment
feature (GBI system) in design process can generate major long-term
advantages to the owners and occupants of a building [12]. Building
Information Modelling (BIM) has potential of waste minimization for
construction phase. Use of graph-based representation, analysis, and
visualization BIM-enabled building waste analysis (BWA) can be used
for advancing the state of the art in BIM technology for construction
waste minimization [13]. Modular coordination (MC) and parametric
design both have great potentials in reducing waste at the design
stage. Large volumes of waste can be decreased through integration
of parametric design into MC. Real-life projects give rigorous insights
into the logistical challenges of implementing such workflows in
construction projects and validate these algorithms when applied in
large-scale with a wider range of design variables, covering more
parameters, and being exposed to a wider variety of design
constraints [14].
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Table 2. Features of BIM.

Table 3. Bım Multidisciplinary coordination.

BIM Features
Architectural
design

Conceptual
Design Tools

Component
library

Smart
modeling
tools

Compositions
& materials
library

Curtain walls

Parametric
Components

Custom
windows
Create rooms

Steps

Multidisciplinary coordination

3D Grid

1

proper Models placement in relation

Clash
detection

2

Selection of coordination tools

3

Proper export of models (IFC formats)

External
references

4

Combining models into one multidisciplinary
model

Point
tool

cloud

5

Specifying the scope of model checking

Building and
story
manager

6

Determining the rules for the model checking

7

Carrying out a model checking

Propagate
(copy detail)

8

Assigning the results of the check to the relevant
persons

9

Sending coordination reports

10

Results analysis

Sections
HVAC
modeling

HVAC profile
library

Tconnections

Flow
terminals

Bends
Structural
engineering
and
fabrication

Structural
toolset

Profile library

Building data

IFC
import
and export

Custom
Properties

Automatic
classification
(BIMIFY)

Model
explorer

Generate
construction
documents

Annotation
tools

Interior
elevations

Detail
sections

Schedules

Interactive
3D viewer

Automate
repetitive
tasks

Construction
Documents

Tags

Project
browser

Reflected
ceiling plans
Cloud
connection

Built in cloud
connection
BISYS 24/7
Common data
environment

Unlimited
users
and
roles

The use of BIM-integrated software in a number of disciplines
(Architecture, Structural Analysis, Energy Efficiency, Measurements
and Budget, Facilities, Planning Execution and Coordination) and the
most common file exchange format The evolution of teams in
software use throughout the different contest editions as well as the
information flow among the Architecture and the Structural Analysis
disciplines Worldwide governments are putting Building Information
Modeling (BIM) methodology as a requirement in their projects due to
effective and efficient structural design output. It also provides well
and better coordination between different disciplines in various
phases of building constructions [8]. BIM can provide advantage to the
construction industry by providing a computable BIM and enabling
all project participants to extract any information required for
decision making at design phase as well as construction phase. It can
provide unique collaboration between MEP and HVAC through BIM
cloud feature [18]. A framework based on BIM and facility
management systems (FMSs) can provide automatic scheduling of
maintenance work orders (MWOs) to enhance good decision making
in FM [19]. BIM used to extract geometry information and parametric
data of steel structures efficiently and accurately [20]. Construction
products can be pre-designed using BIM software with efficient design
output by successful coordination and better collaboration in between
various disciplines [21]. Building Information Modeling (BIM)
coordination process is shown in fig.3.

(Source : https://help.bricsys.com/hc/en_EU/articles/360007744834)
4. Bım as better structural design coordination
Successful management in the process of building design
coordination results to deliver efficient, cost-effective and quality of
projects. BIM had vital impact on design coordination, supporting the
identification of causes of coordination issues and the factors which
effect their resolution and management clashed between various
building systems [15]. Architects design building aesthetically and
structural engineers do the structural design of building. BIM can
provide these two professions to chance to combine at one BIM
platform to reduced design coordination issues and give efficient,
effective and quick design of a building [16]. BIM-integrated tool has
been incorporated into a computer model called MCMPro, which was
developed using Visual Basic for Applications (VBA) as an add-on to a
CAD model. MCMPro can incorporates BIM technology based on CAD
parametric modelling and manufacturing requirements in a 3Dmodel, in order to generate sets of shop and fabrication drawings [17].
Figure 3. BIM Coordination process.
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5. Conclusion
Building information modeling (BIM) can give better structure design
coordination and successful management by using variety of BIM
tools and its various features at different phase of building
construction which can results in efficient, cost-effective and
sustainable building construction. Following are conclusions:

Two type of BIM tools are used one which creates 3D model
by suitable BIM software and other which exports the model
to integrated BIM software.

Various BIM features are being used in construction
industry (Quantity Take-Off (QTO) system, Green building
(GB) system, Modular coordination (MC), Computerintegrated construction (CIC) and ARSAP etc.).

BIM can solve different structure design phase coordination
issues as well as provide better information exchange for
construction phase.
Different types of BIM tools and various BIM features are used to give
better structural design coordination between various disciplines and
different phases of building construction to ensure the sustainable,
efficient and effective design of a building.
Acknowledgment

[8.] P. Bellido-Montesinos, F. Lozano-Galant, F. J. Castillac and J. A.
Lozano-Galant, "Experiences learned from an international BIM
contest:software use and information workflow analysis,"
Journal of Building Engineering, vol. 21, pp. 149-157, 2019.
[9.] Y. Jung and M. Joo, "Building information modelling (BIM)
framework for practical implementation," Automation in
Construction, vol. 20, p. 126–133, 2011.
[10.] O. Davtalab, "Benefits of Real-Time Data Driven BIM for FM
Departments in Operations Control and Maintenance," Journal
of Computing in Civil Engineering , pp. 23-27, 2017.
[11.] C. Khosakitchalert, N. Yabuki and T. Fukuda, "Automated
modification of compound elements for accurate BIM-based
quantity takeoff," Automation in Construction, vol. 113, no.
103142, 2020.
[12.] M. Sollaa, L. H. Ismail, A. S. M. Shaarani and A. Milad, "Measuring
the feasibility of using of BIM application to facilitate GBI
assessment process," Journal of Building Engineering, vol. 25,
2019.

The authors would like to thank every person who helped out
thoroughly in the research work.

[13.] W. W. Lu and H. Li, "Building information modeling and
changing construction practices," Automation in Construction,
vol. 20, pp. 99-100, 2011.

Declaration of Conflict of Interests

[14.] S. Banihashemi, A. Tabadkani and M. R. Hosseini, "Integration
of parametric design into modular coordination: A construction
waste reduction workflow," Automation in Construction, vol. 88,
pp. 1-12, 2018.

The authors declare that there is no conflict of interest. They have no
known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

[15.] S. Mehrbod, S. Staub-French, N. Mahyar and M. Tory,
"Characterizing interactions with BIM tools and artifacts in
building design coordination meetings," Automation in
Construction, vol. 98, pp. 195-213, 2019.

References

[1.]

J.-B. Yang and H.-Y. Chou, "Subjective benefit evaluation model
for immature BIM-enabled stakeholders," Automation in
Construction, vol. 106, no. 102908, 2019.

[2.] F. Jalaei and A. Jrade, "Integrating building information
modeling (BIM) and LEED system at the conceptual design stage
of sustainable buildings," Sustainable Cities and Society, vol. 18,
pp. 95-107, 2015.
[3.]

B. Ilhan and H. Yaman, "Green building assessment tool (GBAT)
for integrated BIM-based," Automation in Construction, vol. 70,
p. 26–37, 2016.

[4.] A. Ghaffarianhoseini, J. Tookey, A. Ghaffarianhoseini, N.
Naismith, S. Azhar, O. Efimova and K. Raahemifar, "Building
Information Modelling (BIM) uptake: Clear benefits,
understanding its implementation, risks and challenges,"
Renewable and Sustainable Energy Reviews, vol. 75, pp. 10461053, 2017.
[5.]

A. Jrade and F. Jalaei, "Integrating building information
modelling with sustainability to design building projects at the
conceptual stage," Building Simulation, vol. 6, p. 429–444, 2013.

[6.] G. BasakOzturk, "Interoperability in building information
modeling for AECO/FM industry," Automation in Construction,
vol. 113, no. 103122, 2020.
[7.]

H.-W. Wang, J.-R. Lin and J.-P. Zhang, "Work package-based
information modeling for resource-constrained scheduling of
construction projects," Automation in Construction, vol. 109 ,
no. 102958, 2020.

[16.] Y. Hurol, "Ethical considerations for a better collaboration
between architects and structural engineers: design of
buildings with reinforced concrete frame systems in
earthquake," Science and Engineering Ethics, 2013.
[17.] A. Alwisy, M. Al-Hussein and a. S. H. Al-Jibouri, "BIM Approach
for Automated Drafting and Design for Modular Construction
Manufacturing," Journal of Computing in Civil Engineering,
2012.
[18.] L. Ding, Y. Zhou and B. Akinci, "Building Information Modeling
(BIM) application framework:The process of expanding from 3D
to computable nD," Automation in Construction, vol. 46, pp. 8293, 2014.
[19.] W. Chen, K. Chen, J. C. P. Cheng and Q. Wang, "BIM-based
framework for automatic scheduling of facility maintenance
work orders," Automation in Construction, vol. 91, pp. 15-30,
2018.
[20.] L. Yang, J. C. P. Cheng and Q. Wang, "Semi-automated
generation of parametric BIM for steel structures based on
terrestrial laser scanning data," Automation in Construction,
vol. 112, pp. 10-037, 2020.
[21.] S. An, P. Martinez, M. Al-Hussein and R. Ahmad, "BIM-based
decision support system for automated manufacturability
check of wood frame assemblies," Automation in Construction,
vol. 111, p. 103065, 2020.

PACE 2021- Ataturk University, Engineering Faculty, Department of Civil Engineering, Erzurum, 25030, TURKEY 20-23 June 2021

99

Abstract

20-23 June 2021

Carbon Monoxide Impacts and Catalytic Abatement at Ambient Conditions:
An Overview
Subhashish Dey
Environmental Engineering Department, Rajiv Gandhi Proudyogiki Vishwavidyalaya, Bhopal, India
Corresponding Author E-mail: subhasdey633@gmail.com

Keywords

Abstract

CO oxidation,
Catalyst,
Ambient conditions,
Parameters,
Applications.

Carbon Monoxide has been termed as “the unnoticed poison of the 21st century” and is often
called “the silent killer”, because it gives no clear warning to its victims. Inhaling even
relatively small amounts of CO can lead to hypoxic injury, neurological damage and even
death. It not only affects human beings but also vegetation and indirectly increases the
global warming. However, the endogenously produced CO is known to play a major role in
the cytoprotection against damage of body tissues. Thus, the oxidation of poisonous CO to
nonpoisonous CO2 at ambient conditions is crucial for life preservation in many
applications, e.g. firefighting, submarines, mining industries, space travel, smoking, as well
as protecting the vegetation and environment. Further, low temperature CO oxidation is
vital in lowest emissions during the cold start of an internal combustion engine. Preferential
oxidation of CO in H2 rich stream at low temperature is also significant for the effective
operation of fuel cells. A variety of CO oxidation catalysts are investigated in this era, but
maximum of them have problems associated with the deactivation in presence of moisture,
cost effective, lower stability and availability in the world. These accelerate the investigation
of CO oxidation over platinum group metal (PGM) free catalysts. It has been concluded that
moisture-endorsed Au based catalysts are best alternative to PGM catalysts for CO oxidation.
Although there is numerous research articles present on this topic but until now no one
review are present for this demanding issue. So, there is a space in this area, it has been
made an attempt to seal this hole by this review.
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In geotechnical engineering, the creep problem of soil under cyclic loading is often involved.
To describe the creep behavior of soil under cyclic loading, a novel creep constitutive model
based on fractional Abel model, which describe the stable and destructive creep behaviors of
soil under cyclic loading, was constructed. In this styudy, the cyclic loading was decomposed
into a average static load and a cyclic loading with a zero average stress. The creep
constitutive equation based on Abel model was given under the static load according to
rheological mechanics theory, and the dynamic constitutive equation of soil under the
decomposed loading was deduced according to viscoelastic mechanics theory. In the process,
in order to reflect the influence of soil damage and plastic deformation on energy storage and
energy consumption compliance of the ideal Abel model. The energy storage and
consumption compliance variation parameters were introduced. Finally, a new creep
constitutive equation of soil under cyclic loading could be obtained by superimposing the
constitutive equation of soil under the decomposed static load and cyclic loading. The results
showed the established creep constitutive model of soil under cyclic loading could be used to
describe various creep behaviors of soil under cyclic loading, the model curves correlated very
well with the experimental data, the obtained model parameters variation with increasing the
dynamic stress amplitude of cyclic loading presented certain regularity, but the parameters
change was discontinuous for stable creep and destructive behaviors.

1.Introduction
In geotechnical engineering, the soil is often subjected to cyclic load,
such as traffic load [1], machine vibrations [2] and the others. However,
under long-term cyclic loading, the strength of soil would decrease and
the deformation increased, thus some engineering accidents maybe be
caused. The creep behavior of soil under cyclic loading are often
encountered especially in subgrade and tunnel engineering, for
instance, the tunnel settlement of subways in Shanghai has exceeded
20 cm since its operation[3], and the subsequent settlement caused by
traffic load has reached 15cm according to the field survey of Saga
airport [3, 4]. Therefore, the creep behavior of soil under cyclic loading
are related to the safety of engineering construction.
The strength and creep properties of soils under cyclic loading are not
only related to the properties of soil, but also to the frequency, stress
amplitude and loading time of cyclic loading. When the stress upper
limit of cyclic load is higher than the critical strength of soil, the
destructive creep occurs; When the stress upper limit of cyclic load is
lower than the critical strength, the stable creep occurs; When the
stress upper limit of cyclic loading is near the critical strength, the
critical creep occurs (see Fig. 1) [5]. To predict and calculate the
permanent deformation of soils under cyclic loading, the some creep
constitutive model for soils under cyclic loading are proposed, the two
most common creep constitutive models are empirical constitutive
and component model.

Figure 1. Creep curves of soil under cyclic loading [5]
There are empirical models for predicting and calculating the
permanent deformation of soils under cyclic loads. Power model
𝜀
𝑎𝑁 [6], modified or empirical power models [7-10], such as a
𝜀 ，
proposed by Guo [11].
modified exponential model 𝜀
Aslo, there are some theory model such as anisotropic hardening
model[12,13], boundary model and the others. Additionally, Ren [14]
established a new strain accumulation model 𝜀
with the
three parameters by analogizing the Hardin-Drnevich model and
Monismith model. Jia [15] proposed a cumulative strain prediction
model for soils under high and low cyclic stress based on classical
elastic-plastic theory. Ren [16] proposed a grey cumulative plastic
deformation model NNGM (1,1) by improving the traditional grey
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model GM (1,1) to predict the permanent deformation of soil under
cyclic loading.
In terms of component models, according to the rheological theory,
many models, which can describe different creep behavior of soils, can
be established by combining elastic, viscous and plastic elements.
Huang et al. [17] established a creep constitutive model to describe the
creep behavior of soil under cyclic loading based on Kelvin model by
simplifying the random loading on the pavement as a harmonic load.
Zhang et al. [18] established a five-element viscoelastic-plastic model
to describe creep behavior of subgrade soil under traffic load, the cyclic
loading is transformed into a static stress by the principle of impulse
equivalence in the process of modeling. Chen [19] used the elastic,
viscous and plastic fatigue elements to establish a fractional-order
nishihara's fatigue model of soil under cyclic loading based on by
simplifying the cyclic loading to a static form load.
Although there are many constitutive models describing the creep
behavior of soil under cyclic loading, many of them belongs to staticform constitutive models which can not comprehensively reflect the
effect of frequency, stress amplitude of cyclic loading on creep
behavior of soil. Additionally, many constitutive models are built by
simplifying the cyclic load to a static load. In fact, the creep curve of
soil under cyclic loading is a wave curve shown in Fig.2 [3], which
makes it difficult to express the creep characteristics of soil under
cyclic loading. In view of this, the aims of this paper is to establish a
constitutive model based on the Abel model describing the creep
behavior of soil under cyclic loading to describe different creep
behavior of soil under cyclic loading.

According to previous study [5, 20], in order to study the creep behavior
of soil under cyclic loading, the cyclic loading 𝜎 𝑡 was decomposed
into a static load 𝜎 and cyclic loading 𝜎 𝑡 with an average of 0 (see
Fig.4).
𝜎

𝜎max

𝜎min /2, 𝜎 𝑡

𝜎 ampl sin𝜔𝑡 （2）

σ
(σmax+σmin)/2

t

Static load

σ（
f t）
t
Cyclic loading
Figure 4. Decomposition of cyclic loading
2.2 Creep behavior of soil under cyclic loading
The creep behavior of soil under cyclic loading can be divided into
stable, critical and destructive creep according to the curves 𝜀 𝑁
𝑁.
According to previous study [21-24], the stable creep is that in the
initial stage of loading, the creep rate of soil is faster, as the cycles
number 𝑁 increases, the strain rate does not increase any more, but
tends to a fixed value. The critical creep behavior is that the soil strain
sometimes increased and sometimes decreased with the increasing
cycles number 𝑁 , and 𝜀 𝑁
𝑁 curves presents a fluctuation state .
The destructive creep is that the strain rate increased with increasing
cycles number 𝑁 all the time. When the stress level of cyclic load is low,
the soil would undergo stable creep; When the stress amplitude of
cyclic loading is higher than the critical stress amplitude of soil, the
soil would undergo destructive creep; When the stress amplitude of
cyclic load is near the critical stress amplitude of soil, the soil would
undergo critical creep.

Figure 2. Creep curve of soil under cyclic loading [3]
2.

Creep theory of soil under cyclic loading

2.1. Cyclic loading

2.3 Strain response of soil under cyclic loading

The sinusoidal cyclic loading was taken as a research object, and it was
assumed that the soil is subjected to the cyclic loading shown in Fig.3,
the cyclic loading can be expressed as

As previous study [5, 25], the creep behavior of soil in the process of
loading and unloading can be expressed by the wave and smooth
curves shown in Fig. 5. As shown in Fig. 5, the strain 𝜀 𝑁 of soil under
cyclic loading 𝜎 𝑡 is composed of strain 𝜀 𝑁 under static load 𝜎 and
dynamic strain 𝜀 𝑁 under cyclic loading 𝜎 𝑡 with average stress of
0. Regardless of the influence of soil cracks and damage under loading
on the continuity of creep curves, it assumed that the strain of soil
under cyclic loading is a continuous function (see Eq.3) of time or
number of cycles of cyclic loading [26].

𝜎 𝑡

𝜎max

𝜎min /2

𝜎max

𝜎min /2 sin𝜔𝑡

（1）

Where 𝜎max is the upper limit of of cyclic loading, 𝜎min is the lower limit
of of cyclic loading , 𝑓 is the frequency of cyclic loading, 𝑓 1/𝑇 𝑡 is
the time of cyclic loading acting on soil, the relationship between the
number of cycles 𝑁 and time 𝑡 is 𝑡 𝑁𝑇 , 𝜔 is angle frequency,
𝜔 2𝜋𝑓. Stress amplitude 𝜎 ampl of cyclic loading is 𝜎max 𝜎min /2.

σ（t）

𝜀 𝑁

𝜀 𝑁

𝜀 𝑁

（3）

Where 𝜀 𝑁 is strain of soil under cyclic loading 𝜎 𝑡 when the cycle
number of cyclic loading is 𝑁; 𝜀 𝑁 is dynamic strain of soil under
cyclic loading 𝜎 𝑡 ; 𝜀 𝑁 is static strain of soil under static load 𝜎
when the cycles number of cyclic loading 𝜎 𝑡 was 𝑁.

σmax
σmin
t
Figure 3. Sin wave cyclic loading
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Figure 5. Creep curves of soil during loading and unloading [5]

0.00
3. Abel model under cyclic loading
Based on the rheological mechanics theory, the mechanical model of
elastic material is represented by spring, and its constitutive equation
under cyclic loading is 𝜎 𝑁
𝐸𝜀 𝑁 . The mechanical model of
viscous material is represented by the dashpot with piston, and its
econstitutive equation under cyclic loading is 𝜎 𝜂 𝑑𝜀 𝑁 /𝑑𝑁 . The
constitutive equation of elastic material can be written as
𝜎 𝐸 𝑑 𝜀 𝑁 /𝑑𝑁 the constitutive equation of viscous material can
,
be written as 𝜎 𝜂 𝑑 𝜀 𝑁 /𝑑𝑁 However, there is a model which can
.
be describe the mechanical property of viscoelastic material, it is the
fractional-order Abel model shown in Fig.6. The Abel model 27]: 𝜎 𝑡
𝜂
, which can describe the stress-strain relationship of
viscoelastic material. Therefore, the constitutive equations of soil
under cyclic loading based on Abel model (see Fig.4).
𝜎 𝑡

𝜂

（4）

Where 𝜂 is the viscoelastic coefficient of Abel model, whose physical
dimension is [stress·number n], 𝑛 is the material parameter reflecting
the creep rate of soil under load, the parameters 𝜂、𝑛 could be
determined by test.

η

n
σ(t)

(t)
σ
Figure 6. Abel model

4. Creep constitutive model of soil under cyclic loading 𝝈 𝒕

1

10
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1000
Number of cycles (times)

Figure 7. Effect of parameter 𝑛 on creep behavior
4.2 𝜺𝒅 𝑵 under cyclic loading 𝝈𝒅 𝒕
According to viscoelastic mechanics [28, 29], the creep process of soil
under cyclic loading is a constant process of energy storage and
consumption. The strain response of elastic solid material changes
with stress in the same phase. For ideal viscous material, the phase
difference between strain and stress is 𝜋/2𝜔 (𝜔 angular frequency) .
However, the rock and soil is not ideal elastic material or viscous
material, but viscoelastic-plastic material, so the soil strain under
cyclic loading and the stress it is subjected to is not in the same phase
or 𝜋/2𝜔, the strain phase lags behind the stress it is subjected to. For
viscoelastic-plastic material such as rock and soil, the phase angle 𝜙
between stress and strain is between 0 and 𝜋/2𝜔. In this article, it is
assumed that the phase difference between stress and strain of soil is
𝜙 , which is also called the phase angle or energy dissipation angle
between strain and stress it is subjected to.
Ii is assumed that at time 𝑡 , the complex form of dynamic load 𝜎 𝑡
in complex plane is
𝜎 ampl cos 𝜔𝑡
𝜎 ampl 𝑒
𝜎 𝑡
isin 𝜔𝑡
（6）
ampl
is the stress amplitude of cyclic loading, 𝑖is an imaginary
Where 𝜎
unit.
According to the theory of viscoelastic mechanics, the dynamic strain
𝜎 𝑡
𝜀 𝑡
of soil under oscillating stress
is
ampl
𝜀∗𝑒
𝜀 𝑡
𝜀
𝜙
𝜀 ampl 𝑒
cossin 𝜔𝑡
isin 𝜔𝑡 𝜙

4.1 Creep constitutive model under static load 𝝈

（7）

When 𝜎 𝑡
𝜎, according to the basic fractional calculus theory , the
creep constitutive equation Eq. (5) of Abel model shown in Fig. 6 can be
obtained from Eq. (4).

𝜀 ampl
is the amplitude of strain, which can be solved from the
Where
𝜀∗
𝜙
Eq.(8);
is the response complex strain amplitude, where is the
energy dissipation angle, which can be obtained from Eq.(9)[20].

𝜀 𝑁

（5）

The Eq.(5) is the fractional-order creep constitutive equation based on
Abel model. In order to discuss the property of Eq.(5), it is supposed
thar 𝜎 =12 Mpa, 𝜂 =4GPa▪timesn and 𝑁 ranged from 1 to 1000. When 𝑛
was taken as 0.1, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 respectively, and the
viscous coefficient 𝜂 was constant value, the influence of the the
parameter 𝑛 viriation on the creep curve 𝜀 𝑁
𝑁 could be obtained
by substituting 𝑛 into Eq. (5). Fig.7 shows that Eq.(5) could be used to
describe stable and destructive creep of soil when different parameter
𝑛 values were chosen.

𝐽
𝜀 ampl 𝜎 ampl 𝐽
𝜙 arctan 𝐽 /𝐽

（8）
（9）

Where 𝐽 is energy storage compliance of model, 𝐽 is energy
consumption compliance.
For fractional-order Abel model, under cyclic loading 𝜎 𝑡 , the creep
constitutive based Abel model could be obtained from Eq.(4) .
∗

𝜎 ampl 𝑒

（10）

From Eq.(10), we have
∗

𝐽

ampl

With 𝑖

cos 𝑛𝜋/2
∗
ampl

cos

𝑖𝐽

（11）

isin 𝑛𝜋/2 , the Eq. (11) can be written as
/

𝑖

sin

/

𝐽

𝑖𝐽

（13）

From Eq.(13), the energy storage compliance 𝐽 of Abel model is
𝑓 cos 𝑛𝜋/2 /𝜂𝜔 and the energy consumption compliance 𝐽 is
𝑓 sin 𝑛𝜋/2 /𝜂𝜔 .
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Soil is generally heterogeneous and anisotropic material containing
many voids. Under dynamic loading, the plastic deformation and
damage appeared in the soil, resulting in that energy storage
compliance and energy consumption compliance of the material are
different from the ideal model. In this paper, as Pu’s study [20,26], it is
assumed that the energy storage compliance and energy consumption
compliance caused by soil damage in the process of loading and
unloading are 𝛥𝐽 and 𝛥𝐽 , respectively. 𝛥𝐽 and 𝛥𝐽 values can be
determined by experiments, which can reflect the changes of energy
storage compliance and energy consumption compliance of soil in the
process of loading and unloading. Consequently, the energy storage
compliance and energy consumption compliance based on Abel mode
could be written as Eqs. (14) and (15) respectively.
𝐽

cos

/

𝐽

（14）

𝐽

sin

/

𝐽

（15）

𝜀 𝑡

𝜀 𝑁

𝜎 ampl 𝐽
𝜎

ampl

𝐽

𝐽 sin 𝜛

-arctan

（16）

𝐽 cos 𝜛

-arctan

（17）

The Eqs.(16) and (17) could be used to describe the strain fluctuation
range of soil under cyclic loading, and the fluctuation range is
𝜎 ampl 𝐽

𝐽 , 𝜎 ampl 𝐽

𝐽

（18）

4.3 Creep constitutive equation of soil under cyclic loading
The stable and critical creep behavior of soil are described by the
proposed model based on Abel model, and the constitutive equation
Eqs.(19) and (20) for soil under cyclic loading 𝜎 𝑡 in the form of sine
and cosine wave could be obtained by superimposing Eqs.(5), (16), and
(17).
𝑁
𝐽
𝜎 𝑁
𝐽 sin 𝜛
arctan
𝜀 𝑁
𝜎 ampl 𝐽
𝐽
𝑓
𝜂 1 𝑛
𝐽 sin 𝜔
arctan
𝑃 𝜂, 𝑛
（19）
𝜎 ampl 𝐽
𝜎 ampl 𝐽

𝜀 𝑁

𝜎 ampl

𝐽 sin 𝜔
𝐽 cos 𝜔

𝑁
𝑓

arctan
arctan

𝐽
𝐽

Kong et al. [21] to carry out cyclic tests on red mudstone soil under
sinusoidal cyclic loading with frequency 𝑓 5Hz by used the GDS
dynamic triaxial testing system. From this test, the critical dynamic
stress amplitude 𝜎dc of red-mudstone soil under 25 kPa confining
pressure was 216 kPa, and the static shear strength 𝜏 was 720 kPa. In
𝜎 ,
this test, the vibration center of axial dynamic stress is 𝜎 𝑝
and the axial deviatoric stress can be expressed as Eq.(21). In this paper,
the creep curves of red-mudstone soil under 25kPa confining were
fitted and model parameters were obtained by using Eq.(19). The
obtained parameter results are shown in Table 1 and the creep curves
of the proposed model are shown in Fig.8.

𝜎 𝑁
𝜂 1 𝑛
𝑃 𝜂, 𝑛
（20）

The Eqs.(19), (20) are centered on the non-linear function 𝑃 𝜂，𝑛 with

In this paper, based on the existing experimental data, the differential
evolution (DE) method in 1stOpt software [20] is used to calculate the

𝜎 ampl sin𝜔𝑡

（21）

It can be seen from Table 1 that the parameters of the proposed model
varied in a small range and exhibited an obvious regularity. The
viscosity coefficient 𝜂 of the proposed model decreased with
increasing dynamic stress amplitude 𝜎 of cyclic loading (see Fig. 9).
Meanwhile, the 𝛥𝐽 and 𝛥𝐽 of energy storage compliance and energy
consumption compliance were less than 0, indicating that there were
a decrease in the energy storage and energy consumption compliance
of soil under dynamic loading due to soil damage. When 𝜎dc 𝜎 , the
𝛥𝐽 evolution of energy storage compliance of soil with dynamic
stress amplitude 𝜎 is shown in Fig. 10,
and the variation 𝛥𝐽 of energy consumption compliance decreased
with increasing dynamic stress amplitude 𝜎 of cyclic loading (see
Fig.11), but the change rule of parameter 𝑛 is not obvious.
According to the model curves of red-mudstone soil and roadbed
coarse-grained soil, the creep constitutive equation established based
on Abel model could be used to describe the creep behavior of soil
under cyclic loading, including stable and destructive creep behavior.
The model curve was correlated with well creep curves from
experimental data, the correlation coefficients were all above 0.900.

5

Model curves 25kPa confining pressure
D=6.3%
D=13.2%
D=20.8%
D=31.3%
D=34.0%
D=36.1%
D=9.0%
D=3.5%

4
3
2
1

a fluctuation range of
𝜎 ampl 𝐽
𝐽 , 𝜎 ampl 𝐽
𝐽 . The Eqs.(19)
and (20) can reflect the stable and critical creep behavior of soil under
sine and cosine cyclic loading when different parameter 𝑛 values are
chosen.
5. Parameter and adaptability verification of model

2𝜎 ampl

Where 𝜎 ampl is the stress amplitude of cyclic loading.

Strain εp (%)

𝜀 𝑁

5.1 Model curves and parameters of red-mudstone soil

𝜎 𝑡

Where 𝛥𝐽A1 is the change of energy storage compliance of Abel model
caused by soil damage, its physical dimension is [stress-1], 𝛥𝐽A2 is the
variation of energy dissipation compliance of Abel model, and its
physical dimension is the same as that of 𝛥𝐽A1 .
From Eq.(7), the dynamic strain 𝜀 𝑡 of fractional-order Abel model
under cyclic loading 𝜎 𝑡 in the form of sine and cosine wave are as
follows.
𝜀 𝑡

parameters of the proposed constitutive Eq.(19) and to fit the curve to
verify the adaptability of the proposed model.

0

1

10
100
1000 10000
Number of cycles N（ pc=25KPa）

Figure 8. Model curves and experimental data of red mudstone soil
[21]

Table 1. Model parameters from red-mudstone soils under 25 kPa confining pressure [21].

n

R-square

25
45

1.180×104
6.789×103

-5.128×10-5
-1.098×10-4

-1.136×10-5
-1.875×10-5

0.139
0.126

0.9375
0.9824

65

4.818×103

-1.487×10-4

-2.558×10-5

95

𝜎 (kPa)

𝜎dc (kPa)

η (kPa·number of timesn)

𝐽A1 (kPa-1)

𝛥𝐽A2 (kPa-1)

0.119

0.9784

-5

3.528×10

-1.899×10

-3.391×10

0.113

0.958

2.360×103

-3.154×10-4

-4.427×10-5

0.091

0.958

225

1.375×103

-4.865×10-4

-8.649×10-5

0.112

0.958

245

2.205×103

-1.265×10-4

-7.204×10-5

0.330

0.999

260

1.784×103

-1.246×10-4

-7.724×10-5

0.449

0.999

150

3

216

-4
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The obtained parameters and model curves are shown in Table 2 and
Fig. 13, respectively.

14 Red mudstone soil
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Figure 9. Effect of 𝜎 on 𝜂
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Figure 12. Loading process [30]
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Figure 13. Creep curves of Abel model of subgrade coarse-grained soil
[30]
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Figure 11. Effect of 𝜎 on 𝛥𝐽

0.3

5.2 Model curve and parameters of saturated coarse-grained soil
Zhou [30] et al conducted on a series of dynamic triaxial tests on
coarse-grained soil with consolidation ratio of 1.0 under the cyclic
loading shown in Fig.12. In this test, the dynamic stress amplitude 𝜎
(i.e. 𝜎 ampl ) of the cyclic loading is 25～125kPa, and the sinusoidal cyclic
loading frequency is 1Hz. In Fig.12, the OA is the consolidation
pressure (i.e. confining pressure) and 𝜎 is the static deviatoric stress,
𝜎 is taken as 15 kPa in the test. Then the deviatoric stress acting on
the specimen is shown in Eq.(22). In this paper, the established
constitutive Eq.(19) was used to fit creep curve and obtain the model
parameters of coarse-grained soil under 15 kPa confining pressure.
Table 2. Model parameters from coarse-grained soil under 15kPa
confining pressure [30]
η
R𝜎dc
𝜎
(kPa·numb
𝐽A1
𝛥𝐽A2
n
squar
(kPa (kPa
er of
(kPa-1)
(kPa-1)
e
)
)
timesn)
0.07
25
6.731×102
1.299×1
0.904
1.426×1
0
50.0
0-3
0-4
62.5
0.33
50
4.421×102
1.378×10 5.267×10
0.995
2
-3
-4

σd (kPa)

0.4

250

n

△ JA2

(10-4MPa-1)

Figure 10. Effect of 𝜎 on 𝛥𝐽

200

Model curves

5

n=0.189*(σd-24.992)0.204

0.2

R-square = 0.955

0.1
0.0

20

40 60 80 100 120 140
σd (kPa) (pc=25kPa)
Figure 14. Effect of 𝜎 on 𝑛

62.5
75

7.705×102
7.640×102

100

5.389×102

125

3.534×102

9.224×1
0-4
4.314×1
0-4
6.433×1
0-4
8.581×10
-4

3.676×10
-4

3.718×10
-4

5.268×1
0-4
8.019×1
0-4
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It is an important method for theoretical research of intelligent compaction technology to
establish and analyze the numerical simulation model of subgrade intelligent compaction.
At present, the numerical simulation model of intelligent compaction for subgrade can not
realize the dynamic change of subgrade parameters with the process of intelligent
compaction. In order to realize the dynamic change of parameters in the process of
intelligent compaction numerical simulation of subgrade, firstly, the relationships between
the "field" - compaction degree and the internal friction Angle and cohesion of soil were
obtained through the direct shear test in the laboratory. Secondly, the finite element of
ABAQUS was redeveloped, and the dynamic change of subgrade parameters in the intelligent
compaction process was realized by writing UMAT subroutine. Furthermore, the finite
element model after redevelopment is compared with the model without redevelopment to
verify the accuracy of finite element redevelopment. Finally, through the finite element
secondary development of the numerical simulation model, a numerical simulation control
test was designed to analyze the influence of different intelligent roller parameters on the
final compaction degree. The conclusions obtained in this paper are as follows : (1) After the
secondary development of ABAQUS finite element numerical simulation software, the final
compaction degree is stable between 0.95 and 0.96, which can significantly improve the
calculation accuracy of subgrade intelligent compaction process; (2) The influence of the
input parameters of the intelligent compactor on the final compaction degree of the roadbed
is ranked as follows: roller's weight > excitation frequency > excitation force amplitude.

1.Introduction
Compaction is an important part in road construction [1-3]. Road
compaction conforming to the standards can significantly improve
the strength, stiffness and stability of the road structure, so as to
ensure the service life of road [4-6].Traditional compaction technology
and quality detection test methods for compaction quality have
effectively guaranteed the quality of road construction in a certain
period of time. However, with the rapid development of revolutionary
technology, its shortcomings are increasingly prominent [7,8]. As a
result, intelligent compaction technology emerges as the times
require. Intelligent compaction technology is a set of new compaction
technology which integrates computer technology, high precision
sensing technology and positioning technology. It can realize the
comprehensive control of the intelligent roller, and transmit the
current compaction state and feedback adjustment information to the
users.
Although intelligent compaction technology has developed rapidly in
recent years, especially in the analysis of intelligent compaction
process through finite element numerical simulation, there are still
the following problems : (1) The current research on the numerical
simulation of intelligent compaction technology does not take into
account the dynamic changes of mechanical parameters of the
compacted structural layer [9,10].For example, in the process of
intelligent compaction of subgrade, with the progress of compaction,
various mechanical indexes of subgrade soil are changing, and its

cohesion C and internal friction Angle
will increase with the
improvement of compaction quality. If it is not taken into account in
the process of numerical simulation, the results of numerical
simulation will be different from the actual situation, which will lead
to errors in the results of numerical simulation.(2) At present, there
are few studies on the influence of various factors on the final
compaction degree in the process of intelligent compaction [11,12].
This will cause the mechanism of intelligent compaction technology
to be blurred, and rely more on field test results to develop intelligent
compaction technology, which leads to weak theoretical links of
intelligent compaction.
In order to improve the accuracy of the numerical simulation of
intelligent compaction, the influence degree of different influencing
factors on the compaction quality was studied. In this paper, a
simulation model of dynamic change of compaction parameters was
established to study the influence trend and degree of different
compaction parameters on compaction degree.

3.

Research methods

Through the secondary development of the ABAQUS finite element,
the intelligent compaction numerical simulation model was
established to analyze the influence trend and degree of different
compaction parameters (rolling speed, excitation force, weight) on the
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compaction degree, and to identify the key factors affecting the final
compaction degree.
2.1. Finite element secondary development of ABAQUS[13,14]
In the process of finite element numerical simulation of subgrade
compaction, the constitutive model and parameters of subgrade is the
most basic and important part [15,16]. In this paper, the most common
Moor-Coulomb elastoplastic model is chosen as the constitutive model
in the process of subgrade compaction. In the Moor-Coulomb model,
it is expressed by the shear strength index (cohesive force C, internal
friction Angle ) of soil. The established model needs to reflect the
changes of the above-mentioned subgrade shear strength indexes.
The specific implementation steps are as follows: firstly, the "field
variable" in the numerical simulation is determined, which is the
intermediate part to realize parameter correlation. In this paper, the
compaction degree K is selected as the "field variable". Then, the
relationship between the soil shear strength index and the "field
variable", and the relationship between the soil strain and the "field
variable " were established respectively. Finally, the relationship
between soil strain and shear strength is realized by writing UMAT
subroutine. Because the strain of soil can be obtained in real time in
the finite element program, the real time variation of the shear
strength index of soil can be realized. The relationship between the
"field variable " and the subgrade strain and the relationship between
the "field variable" and the shear strength index are described in
detail in Section 2.1.1 and 2.1.2 respectively.

density of the compacted material (kg/m3); m -- mass corresponding
to density (kg); v -- volume corresponding to density (m3).
In the process of compaction, the mass m of soil is constant, the
maximum dry density max of the soil remains constant, and only
the volume v and density
change in real time. Equation (4) can be
obtained by simultaneous equations (1) (2) (3).
K

m
x y z 1  1  1   2   max

(4)

At the same time, the initial density
to (5) :

0 

0 can be calculated according

m
xyz

(5)

By combining (4) and (5), the expression of real-time compaction
degree K can be obtained, as shown in (6) :
K

0

(6)

1  1  1   2   max

According to the initial setting of compaction degree K1=0.8, the final
relationship between real-time compaction degree K and strain can
be obtained by substituting in (6), as shown in (7) :
0.8

2.1.1 Establish the relationship between "field" and subgrade
strain

K

In the process of compaction, the strain of subgrade can be correlated
with the compaction degree [19], so the compaction degree can be
calculated by soil strain. The following assumptions were made
during the establishment of the simulation model:

So far, the relationship between compaction degree K and the strain
is determined by mathematical modeling.

(1) In the process of subgrade compaction, the horizontal and vertical
strains are negligible compared with the model size, and the model
shape in the process of compaction is considered as a rectangle.
(2) Soil is continuous, uniform and isotropic in the initial state and in
the process of compaction.
In the model, the width of Z direction is set as 1, and no deformation
occurs, that is, the strain 3=0.The initial compaction is set to 0.8.
The volume calculation process and expression of subgrade soil model
in the compaction process are shown in (1).
V1  x y z 1   1  1   2 1   3 
= x y z 1   1  1   2 1  0 

(1)

=x y z 1   1  1   2 

Note: x -- the length of the model (m), the length of the model in this
paper is 10m; y -- the thickness of the model's uncompacted layer (m).
The thickness of the uncompacted layer in this paper is 0.3m; Z -- the
width of the model (m), since the model is a two-dimensional model,
z=1m; 1 -- strain in the x direction; 2 -- strain in the y direction; 3
-- the strain in the Z direction, 3=0.
Compaction degree K can be calculated by (2) :


K
 max
Density



m
v

(2)
is calculated as (3) :
(3)

Note: K -- compaction degree;
-- the density corresponding to the
current compaction degree K (kg/m3); max -- the maximum dry

(7)

1  1  1   2 

2.1.2 Establish the relationship between the "field" and the soil
shear strength index
In the previous study [17], author conducted direct shear tests on
specimens with compaction degrees of 80%, 85%, 90%, 93%, 94%, 96%
and 100%, and the test results are shown in Table 1:
Table 1. Test results of compaction degree, cohesion and internal
friction Angle
Compaction
degree

Cohesive
c(kPa)

frictional angle
(°)

0.8

12.1

27

0.85

41.2

28.8

0.9

58.6

31.2

0.93

61.6

30.5

0.94

62.8

32.4

0.96

63.6

34.3

1

74.9

36.9

Through fitting, the relations between compaction degree and
cohesion c, and between compaction degree and internal friction
Angle are as follows:
c  1248 K 2  2532.8 K  1213.3
  46.672 K  10.952

(8)

Thus, the relationship between strain and compaction degree, shear
strength index and compaction degree is obtained, and the
relationship between strain and shear strength index can be
established in the finite element model. The initial compaction degree
K=0.8, and the maximum compaction degree Kmax=1. Through the
fitting formula, 0.01 is taken as the step size to generate the one-toone correspondence between the "field variable " compaction degree
K and the soil shear strength, as shown in Table 2.
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Table 2. The "field" compaction degree K corresponds to the shear
strength of soil
Compacti
Cohesi
friction
friction
on degree
ve
al
al
c(kPa)
angle
angle
(°)
(°)
0.8
26.4
14.2
0.91
31.5
58.1
0.81
26.9
19.5
0.92
32.0
60.6
0.82
27.3
24.4
0.93
32.5
62.8
0.83
27.8
29.2
0.94
32.9
64.8
0.84
28.3
33.7
0.95
33.4
66.5
0.85
28.7
37.9
0.96
33.9
68.0
0.86
29.2
41.9
0.97
34.3
69.3
0.87
29.7
45.6
0.98
34.8
70.3
0.88
30.1
49.1
0.99
35.3
71.0
0.89
30.6
52.4
1
35.7
71.5
0.9
31.1
55.3
The data in Table 2 were added in the finite element numerical
simulation of ABAQUS, as shown in Figure 1(a) and 1(b).
Compacti
on degree

Cohesi
ve
c(kPa)

Figure 2. Roadbed structure
Table 3. Parameters of initial compaction state of subgrade soil
Structural
layer

(kg/m3)

E
(MPa)

C
(kPa)

(°)

Poisson's
ratio

Loose layer

1634

15

11.88

27

0.33

Subgrade

1859

30

55.8

31.15

0.35

2.2.2 Mesh size
The selection of mesh density is also a key part in numerical
simulation. The selection of mesh density should not only ensure the
accuracy of numerical simulation, but also ensure sufficient
computational efficiency.
Relevant studies show that the mesh size is related to the calculation
accuracy. In order to ensure the calculation accuracy, the mesh size
should meet the following requirements:

1 1 
l     
 8 10 
Fig.1 (a) Correlation method of "field" and cohesion C; (b) Correlation
method of "field" and friction Angle
So far, it has been realized that in the numerical simulation, the shear
strength of the roadbed changes in real time with compaction, thereby
improving the accuracy of the numerical simulation.

2.2 Construction of subgrade compaction finite element model
2.2.1 Subgrade structure
The current research shows that the influence range of vibration
wheel in the horizontal direction is about 3~5 m during the
compaction process. Therefore, when establishing the numerical
simulation model, the horizontal dimension is defined as 10m, which
can eliminate the influence caused by the size effect. In the actual
construction, the thickness of each loose layer of the roadbed is about
20 ~ 30 cm. Therefore, in this paper, the thickness of the upper loose
pavement is defined as 30cm, and the lower foundation is defined as
3.7m. The subgrade structure diagram is shown in Figure 2. Table 3
shows the parameters of subgrade soil in the initial compaction state,
and the construction parameters of intelligent compaction will be
given in the design of test conditions below.

Note,

(9)

-- the wavelength corresponding to the highest frequency.

The working range of excitation frequency of vibratory roller in site
construction is mostly 25Hz~40Hz, and the corresponding highest
frequency is about 40Hz. According to soil data in Table 3, the shear
modulus of soil can be calculated according to (10).

G

E
2(1   )

(10)

Note, G -- Shear modulus (MPa); E -- Elastic modulus (MPa);
-Poisson's ratio. The shear modulus of subgrade soil was calculated to
be 5.64MPa.
The initial density of soil can be calculated according to (11) :
   max  K

(11)

Note,
-- initial density (kg/m3); max -- the maximum dry density
(kg/m3);K is the initial compaction degree. The initial density of
subgrade was calculated to be 1472 kg/m3.
In the process of compaction of subgrade, the vibration wave velocity
can be calculated according to (12) :
cs 

G
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Note, cs -- vibration wave velocity (m/s).The vibration velocity of
subgrade in the process of vibration compaction is 61.9m/s.

Table 5. Single factor analysis of test conditions

The wavelength corresponding to the highest frequency can be
calculated according to (13) :



cs
f

(13)

Note, f -- the highest frequency (Hz). The length of vibration wave
1.55m in the process of vibration compaction.

=

Thus, the mesh size of finite element numerical simulation is
determined as follows:

△ l≤0.16~0.19(m)
In this paper, calculation efficiency and accuracy are taken into
account. The mesh size at the load center area is 0.05m, and the mesh
size at the boundary is 0.2m. The fine mesh and the coarse mesh are
connected by gradient mesh, as shown in Fig. 3.

Number

Weight (kg)

No.1
No.2
No.3
No.4
No.5
No.6
No.7
No.8
No.9
No.10
No.11
No.12
No.13

20780
16624
18702
22858
24936
20780
20780
20780
20780
20780
20780
20780
20780

Excitation
force
amplitude
(kPa)
314
314
314
314
314
251.2
286.2
345.4
376.8
314
314
314
314

Excitation
frequency
(Hz)
32
32
32
32
32
32
32
32
32
25.6
28.8
35.2
38.4

According to the 13 groups of test conditions listed in Table 5,
conditions 1-5 were selected to analyze the influence of the weight of
roller on the compaction degree of subgrade. Working conditions 1
and 6-9 were selected to analyze the influence of excitation force
amplitude on subgrade compaction degree. Working conditions 1 and
10~13 were selected to analyze the influence of vibration frequency
on subgrade compaction degree.

Figure 3. Finite element numerical simulation grid division diagram

2.3 Finite element numerical simulation working condition
design
The weight of the roller, the amplitude of the excitation force, and the
excitation frequency are based on the parameters of the Bomag BW
220 D-40 single-drum roller as the control group. On the basis of the
weight of the roller M=20780kg, the excitation force amplitude
P=314kN, and the excitation frequency f=32Hz, the experimental
working condition table of three factors and five levels was
established respectively. As shown in Table 4:

Table 4. Test table of three factors and five levels

Factors

Weight(kg)

Excitation
Excitation
force
frequency (Hz)
amplitude
(kPa)
NO.1
16624
251.2
25.6
NO.2
18702
286.2
28.8
NO.3
20780
314
32
NO.4
22858
345.4
35.2
NO.5
24936
376.8
38.4
Through the three factors and five variables designed in Table 4, the
influence of single factor on the final compaction degree of subgrade
is analyzed. Taking the NO.3 condition of each factor as the control
group, 13 groups of test conditions can be obtained, as shown in Table
5:

In order to verify the accuracy of numerical simulation in the process
of subgrade compaction in the secondary development of ABAQUS
finite element numerical simulation, the development law of
compaction degree over time was selected to compare the calculation
results without subroutines. The numerical simulation without
subroutine is completely consistent with the finite element model
after secondary development in terms of model building, mesh
division and load input. Only the difference exists in subgrade
parameters. The subgrade parameters and vibratory roller
parameters without subroutine directly refer to the parameters of
working condition 1 in Table 3 and Table 5.

3. Results and analysis
3.1 Accuracy verification of numerical simulation
Since the road can be regarded as a semi-infinite space body, under
the action of vibration compaction, the displacement change on its
horizontal plane (XOY) is very small and can be ignored. Therefore, the
change of vertical displacement U3 can be used to characterize the
compactness.
In the numerical simulation, the initial compaction degree K of
subgrade is 0.8, the thickness of loose layer is 0.3m, and the maximum
compaction degree is 1. Therefore, real-time change of compactness
with time can be calculated according to (14).
𝐾

0.8

1

0.8

.

0.8

0.2

(14)

Note: U -- the thickness of loose layer, which is 0.3m in this paper; U3
-- vertical displacement of subgrade (m); U3max -- Theoretically the
maximum vertical displacement can occur, 0.3m×(1-0.8)=0.06m.
Through the design of finite element numerical simulation control
test, it is verified that the secondary development of ABAQUS finite
element can effectively improve the accuracy of numerical
simulation. The obtained test results are shown in Fig. 4.
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Figure 4. The development law of vertical displacement and
compaction degree in subgrade compaction process with or without
subroutine
As can be seen from the figure:
(i) It can be clearly seen from the law of compaction degree that the
calculation result of the secondary development model of ABAQUS
without subroutines is too large. The theoretical maximum value of
the degree of compaction is 1, but the calculation result of the model
without secondary development, the final degree of compaction is
1.14, which is obviously inconsistent with the actual situation. In
contrast, the final compaction degree obtained through the secondary
development of the model of finite element numerical simulation
software is 0.965. After the subgrade compaction process is completed
in strict accordance with the construction technology, the final
compaction degree of the subgrade should reach more than 0.95, but
it is usually not higher than 0.975, and 0.965 [0.95,0.975]. The
numerical simulation results are within a reasonable range, which
verifies that the secondary development of finite element numerical
simulation can improve the calculation accuracy.
(ii) From the curve of compaction degree without subroutine, except
for the presence of a static compaction depth in the first stage, the
compaction increases approximately linearly after that.. This is
because in the model without subroutine, the default subgrade
parameter is the initial parameter, which does not change with the
growth of subgrade compaction quality. Therefore, under the premise
of constant weight and excitation force of the roller, the compaction
degree increases linearly. This is obviously not the case. Therefore, the
second development of finite element numerical simulation can
improve the accuracy of numerical simulation.

(iii) In addition, according to the test data after the secondary
development of finite element numerical simulation, the law of
compaction degree can be further divided into three stages, the initial
stage of compaction, the process of compaction and the stage of
compaction stability. In the first stage, the compaction degree
increases rapidly from the initial 0.8 to about 0.83. The reason for this
phenomenon is that when the roller comes into contact with the soil,
the weight of the roller will increase the compaction degree of the
subgrade to a certain extent, and the corresponding compaction
depth is static compaction depth. In the second stage, the compaction
degree of subgrade increases linearly. However, it is not difficult to
find that the growth trend of compaction begins to slow down in the
middle and late stage of the second stage, and finally, the compaction
of subgrade exceeds 0.955 at the end of the second stage. The
compaction degree of subgrade increases mainly in this stage. In the
third stage, the compaction degree of subgrade tends to be stable and
almost no longer increases. This is because the subgrade has reached
the maximum compaction degree under the current construction
technology, and the density of the subgrade is close to the maximum
dry density. The final compaction degree of the subgrade is stable at
0.962.
3.2 Analysis of factors affecting the final compaction degree of
subgrade
In order to more clearly show the influence trend of various factors
on subgrade compaction degree, the influence trend of different
factors on compaction degree is plotted according to Table 6.
According to the working conditions designed in Table 5, the ABAQUS
finite element numerical simulation model was used to simulate 13
groups of working conditions, and the corresponding vertical
displacements were extracted. The compaction degree was further
calculated according to (14). The variation law of compaction degree
in Section 3.1 indicates that the compaction enters the third stage
after 3s, and the compaction degree is in a relatively stable state at
this time. Therefore, the numerical simulation results between 3s and
5s were selected to analyze the influence of different factors on the
compaction degree. The numerical simulation results are shown in
Table 6.
Table 6. Numerical simulation results
Number
NO.1
NO.2
NO.3
NO.4
NO.5
NO.6
NO.7

Compaction
degree
0.962
0.948
0.956
0.967
0.971
0.952
0.958

Number
NO.8
NO.9
NO.10
NO.11
NO.12
NO.13

Compaction
degree
0.966
0.967
0.951
0.957
0.962
0.968

Compaction Degree

0.975
0.97
0.965
0.96
0.955
0.95
0.945
16624

18624

20624
Weight(kg)

22624

24624 251.2

291.2

331.2

371.2

25

Excitation force amplitude(kN)

30

35

40

Frequency (Hz)

Figure 5. Influences of various factors on compaction trend

As can be seen from Figure 5:

(i) The impact of roller weight, excitation force amplitude and
excitation frequency on the degree of compaction are all positive
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effects. That is, with the increase of the above three factors, the
compaction degree also increases. The weight of the roller and the
amplitude of the excitation force are positively correlated with the
compaction quality of the subgrade, which is not difficult to
understand. With the increase of the vertical load, the final
compaction degree will inevitably increase correspondingly. In the
finite element numerical simulation, with the increase of the
excitation frequency, the compaction times of the roller also increase
in the same time, and the total power by the roller on the subgrade
increases, so the final compaction degree of the subgrade also
increases.
(ii) Roller weight has the greatest influence on compaction degree. The
maximum range of compaction degree produced by the weight of the
roller is: K=max(Ki)-min(Ki)=0.023, which is also greater than the
maximum range of compaction degree produced by the amplitude of
the exciting force and the frequency of the exciting force is 0.015 and
0.017. From the range value, it can be seen that the range of weight is
much larger than the range of exciting frequency and exciting force
amplitude, which indicates that the influence of weight on
compaction degree is much larger than the frequency and exciting
force amplitude.
4、Conclusion
In this paper, through the secondary development of finite element
numerical simulation, the accuracy of intelligent compaction
numerical simulation of subgrade is effectively improved.
Furthermore, a control test is designed to analyze the influence of
various factors on the final compaction degree, and the following
conclusions are drawn:






After the secondary development of ABAQUS finite element
numerical simulation, the final compaction degree is stable
between 0.95 and 0.96, which can significantly improve the
calculation accuracy of subgrade intelligent compaction process;
The influence of the input parameters of the intelligent roller on
the final compaction degree of the subgrade is weighted in the
following order: the roller's weight > excitation frequency >
excitation force amplitude.
The three input parameters of the intelligent roller, the weight,
the excitation frequency and the amplitude of the excitation
force of the roller, all have positive effects on the final
compaction degree.
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The lateral deflection of the retaining wall under seismic loading is a major issue as it causes
failure of backfill in most of the cases. Expanded polystyrene (EPS) geofoam is a light weight
material which is usually used as a fill in embankments and as a compressible inclusion
behind the retaining walls. However, the position and orientation of EPS geofoam effects the
deflection of retaining wall under the seismic force and has got very less attention. So, this
paper mainly focuses on the position of EPS geofoam behind the L-shaped retaining wall to
control the deflection under the seismic forces. Along with the orientation of EPS geofoam,
the length of the base slab of L-shaped retaining wall was also varied. The analysis performed
in Plaxis 2D for both static and dynamic cases. The combination of vertical and horizontal
EPS inclusions was found to reduce the lateral earth pressure by more than 80% thereby
reducing the lateral deflection of L-shaped retaining wall.

1.Introduction
The earth retaining structures are the structure which retains the soil
behind and is designed to safely withstand the lateral earth pressures
exerted by earth masses without any significant deflection. However,
the lateral pressure and deflection of flexible retaining wall may
increase beyond acceptable limit during the seismic forces. In the mid
twentieth century, bales of hay were placed over buried pipes to
induce vertical arching [1]. Compressible inclusions material such as
cardboard [2] and glass-fibre [3] have been used prior to EPS geofoam
in retaining structures to induce seismic forces.
However, due to unpredictable behavior of these materials such as
cardboard and hay are biodegradable with time and glass-fibre is too
compressible, they have limited application [1]. EPS geofoam on the
other hand is preferred as a compressible inclusion, as it doesn’t
experience the same of the above shortcomings.
Thus, EPS geofoam is a better alternative and cost-effective fill
material to reduce seismic forces on retaining earth structures. Many
investigations on the properties of EPS geofoam and the related
design problems have also been carried out [1-24]. Advantages of
using EPS geofoams are well discussed by Horvath [1,4,5,6] and Stark
et al. [7].
Horvath [5] describes the concept of EPS geofoam compressible
inclusions to attenuate earthquake induced forces against rigid earth
retaining wall structures. Shaking table test was done on non-yielding
earth retaining walls with and without EPS geofoam seismic buffer
where large differences in dynamic force reduction was observed.
Reduction in dynamic load was observed with increased seismic
buffer density. The dynamic force reduction on the facing panel was
around 31% at a peak base acceleration of 0.7g.
Athanasopoulos et al. [9] performed a numerical analysis on EPS
geofoam seismic buffers. The performance of EPS geofoam buffers on

flexibility of the retaining wall was investigated. In the study, five
deformable EPS geofoam buffers with densities varying between 1.3
kg/m3 to 16kg/m3 were used between the granular backfill and the
rigid retaining wall. It was found that increasing the flexibility of wall
increases the load isolation efficiency. EPS geofoam buffers
significantly reduced the dynamic load with increasing peak
amplitude of the excitation. It was also observed that isolation
efficiency decreased significantly for excitation frequencies in the
backfill-buffer zone of the retaining structure.
Bathurst et al. [10] investigated the effect of EPS seismic buffers on the
lateral earth pressure against retaining walls under dynamic
excitations. Table shaking tests of 1-g was performed on a 1m high
rigid walls with compressible EPS geofoam inclusions. The deformable
EPS inclusion and backfill were subjected to different loading
conditions. The base of the rigid backfill model was allowed to undergo
harmonic base excitations. It was observed that reductions up to 40%
in seismic thrust could be achieved at the peak excitation amplitude
of 0.7g. The initial tangent modulus of the EPS geofoam played a
significant role in decreasing lateral forces.
Zarnani and Bathurst [11] used FLAC to carry out a numerical
modeling on EPS geofoam buffer to reduce seismic forces against rigid
wall structures. Lateral earth pressure and EPS geofoam buffer strains
subjected to different earthquake loads were calculated for rigid
retaining walls. The presence of vertical EPS geofoam significantly
reduced the seismic induced loads on wall. Also, lateral deformation
decreased with increasing thickness of EPS geofoam. The stiffness of
EPS geofoam buffer played a significant role in reducing load
efficiency.
Ertugrul et al. [12] studied the importance of application of EPS
geofoam used as a compressible vertical inclusions behind non-rigid
retaining walls. Significant reduction in the lateral earth pressure
behind the wall was mostly affected by the relative thickness and
stiffness parameters of the geofoam inclusion. The presence of EPS
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inclusion with lower density at the upper half of the retaining wall
improved the load performance.
Padade et al. [13] carried out a numerical analysis and experimental
studies of series of tests on EPS geofoam under triaxial loading
conditions on EPS geofoam of densities 15 kg/m3, 20 kg/m3, 30 kg/m3.
It was observed that the deviator stress values of EPS geofoam
increased with the increase in density of geofoam, whereas marginal
increment was observed for internal friction angle.
Padade et al. [14] carried out a numerical analysis to understand the
function of EPS geo blocks as a compressible vertical inclusion in
retaining wall. 2-D plain strain analysis were carried out using Plaxis
2D software on the three densities of geofoam 15kg/m3, 20kg/m3,
30kg/m3 with thickness 50mm, 100mm and 150mm respectively. It
was observed that the lateral deformation of the wall decreased with
increasing thickness and density of geofoam. Also, vertical
deformation of backfill decreased with increasing thickness and
density of geofoam. Lateral pressure was decreased with increasing
density and thickness of geofoam.
Salam and Azzam [15] carried out a numerical analysis to study the
behavior of vertical EPS geofoam inclusions on yielding and rid walls.
Laboratory tests were performed to obtain the value of shear strength
and interface properties between geofoam-soil, and geofoam-concrete
and geofoam-geofoam. Results showed that water effect on geofoamsand interference was negligible but significant on the geofoamgeofoam interface, as the properties of geofoam-geofoam interface
decreased by approximately 19%. The surface roughness of concrete
significantly affected geofoam-concrete interface. Lateral pressure
was significantly reduced by 65% using EPS geofoam inclusions with
t/H =0.5.
Several researchers have investigated the effect of the EPS geofoam
on the performance of retaining walls [3],[5],[9],[10],[11],[12],[14],[15],[17].
However, the studies of the effect of EPS on L-shaped retaining wall
under seismic force is not available in the best knowledge of authors.
So, this study was mainly focused on the effect of position and
thickness of EPS geofoam on the performance of L-shaped retaining
wall with fly ash backfill under seismic force. The Plaxis 2D plain
strain finite element stimulations were used to study the lateral earth
pressure and deformation of wall.
4.

2.1. Materials modeling
Unconsolidated Undrained (UU) triaxial tests were performed at three
confining pressure 0.5kg/cm2, 1kg/cm2 and 1.5kg/cm2 to obtain the
value of cohesion and internal friction angle. The properties of fly ash
used in the finite element stimulation are given in table 1.
Table 1. The properties of fly ash used in the finite element
stimulation
Property

Value

Dry unit weight
Young’s modulus, (E50)
Cohesion, (C)
Internal Friction Angle, (ϕ)
Poisson’s ratio, (ν)
Dilation angle, (ψ)

13.35kN/m3
4117kN/m3
28kN/m3
33.7°
0.32
3.7°

The expanded polystyrene (EPS) geofoam was modeled as Mohr
Coulomb model with 15 node triangular elements considered. Varying
EPS thickness of 1m, 1.5m and 2m was taken for the analysis to study
its effect on retaining wall. It was seen that EPS geofoam with density
equal to 20kg/m3 showed more reduction in lateral stresses as
compared to EPS geofoam with density 30kg/m3 due to its lower
density. Thus, EPS geofoam density of 20kg/m3 was used in the
numerical analysis throughout the study.

Table 2. The properties of EPS geofoam used for the finite element
stimulation [8]
Density

Cohesion
2

(kN/m )

Elastic

Poisson’s

Internal

Modulus

ration(υ)

Friction
angle(ϕ°)

(kN/m2)
20

38.75

4000

0.12

2

30

62.00

7800

0.17

2.5

Materials and methodology

In the present study, class F fly ash was used as an alternative backfill
material. The fly ash was collected from NTPC, Dadri. Various
laboratory tests were performed to obtain the material properties of
fly ash. The specific gravity of Dadri fly ash is 2.05. It contains sand
size particle 53%, silt size particles 43%; and clay size particles 2%. The
uniform coefficient (Cu)is 15 and coefficient of curvature (Cc) is 1.28.
The maximum dry unit weight (γdmax) obtained from standard proctor
tests results is 13.35kN/m3 and optimum moisture content (OMC) is
18%. The value of cohesion of fly ash was 0.28kg/cm2 and internal
friction angle was 33.7° which was obtained from Unconsolidated
Undrained (UU) triaxial test performed at three confining pressure
0.5kg/cm2, 1kg/cm2 and 1.5kg/cm2.
Compressible EPS geo blocks were used as a vertical inclusion behind
facing panel and horizontal inclusion above backfill to attenuate
earthquake induced forces. EPS geofoam with densities of 20kg/m3
and 30kg/m3 at three relative thickness of t/H =0.12, 0.18 & 0.25(where
t= thickness of EPS, H= Height of wall) were modeled in this numerical
study.
Height of L-shaped retaining wall(H) was taken as 8m for the analysis.
The length of base slab(B) was varied as 2.5m, 4m and 5.5m.

Height of L-shaped retaining wall(H) was taken 8m and modeled as a
plate element. The length of the base slab(B) was taken as 2.5m, 4m
and 5.5m. The facing panel was modeled as a plate element. The
thickness of plate and base slab was taken 0.3m for the numerical
analysis. The retaining wall model was stimulated with one
dimensional linear beam that can withstand axial load and bending
moments. The stiffness of the wall element was represented by means
of flexural rigidity EI and axial stiffness EA, where E and A are the
young’s modulus and cross-sectional area of the reinforced concrete
structural wall.
Table 3 shows the properties of retaining wall used in the finite
element analysis. The input properties of foundation soil are given in
table 4.

Table 3. Input properties of wall/slab
Material type

Linear Elastic

Axial stiffness, (EA)
Inertial stiffness, (EI)
Equivalent thickness, (deq)
Unit weight,(w)
Poisson’s ration,(ν)

13.35kN/m3
4117kN/m3
28kN/m3
33.7°
0.32
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Table 4. Input properties of foundation soil
Material Model

Mohr-Coulomb

Unsaturated Unit weight (γunsat)
Saturated Unit weight (γsat)
Modulus of Elasticity, (E)
Poisson’s ratio, (ν)
Cohesion, (C)
Angle of Internal Friction, (ϕ)

18.35kN/m3
19.12kN/m3
6525kN/m3
0.25
30kN/m3
17°

2.3. Numerical Analysis
Plaxis 2D software analysis was used to visualize the lateral
deformation and lateral earth pressure of the back fill. The backfill
was analyzed as Mohr-Coulomb model and 15 node triangular
elements were considered. Plane strain analysis was selected for the
retaining wall model. The nodes at the right vertical boundary were
provided with horizontal fixity but were allowed to undergo vertical
displacements, whereas for the nodes at the bottom surface, both
horizontal and vertical displacements were fixed. The value of default
gravitational constant is 9.8m/s.

Figure 2. Very fine mesh generated by plaxis 2D software

Numerical stimulations were carried out with the strength reduction
factor in the interface (Rinter) taken as 0.67 between fly ash and EPS
geofoam block and 0.92 between EPS block and facing wall [14]. A
series of numerical analysis were performed to study the performance
of EPS geofoam inclusion behind retaining wall model under static
and dynamic loading conditions.
The virtual thickness factor was taken to be 0.05 which was used to
calculate the virtual thickness of the interface elements. The
geometry and boundary conditions were represented in Fig. 1. To
avoid disturbances at the boundaries, the geometry of the model was
extended 36m horizontally and 16m vertically. Acceleration-time
record of Upland Earthquake was used for dynamic analysis.

Figure 3. Case II- Geometry model of retaining wall model with
vertical EPS inclusion.

Figure 4. Case I- Geometry model of retaining wall model with both
vertical and horizontal EPS inclusion.
Figure 1. Case I- Geometry and boundary conditions of retaining wall
model without EPS.
Plaxis input program was used for the generation of finite element
mesh. A typical mesh generated by plaxis 2D is given in Fig.2. The
texture of mesh was set to fine to give high accuracy and reliable
results.

The above three cases shown in Fig.1, Fig.3 and Fig.4 were
investigated by varying the thickness of EPS geofoam and the length
of base slab of L-shaped retaining wall to study the performance of
EPS compressible inclusions to attenuate earthquake forces. Fly ash
was used as an alternative backfill.
2.4. Dynamic Analysis
Dynamic analysis was carried out after the static analysis by
considering earthquake input motion. In dynamic analysis,
earthquake boundary conditions are considered to absorb the
incoming waves as without these boundaries the waves would be
reflected on the model boundaries causing perturbation.
Acceleration-time record of Upland Earthquake was used for dynamic
analysis (Fig. 5).
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In Fig. 6, the symbol V represents EPS geofoam in vertical position
behind facing wall and H represents EPS geofoam in horizontal
position above fly ash backfill. The coefficients of V and H represents
the thickness of EPS geofoam in meter(m). As for example: [EPS 2V,2H]
represents EPS geofoam thickness of 2m positioned in both vertical
(behind facing wall) and horizontal(above fly ash) directions. Similarly,
[EPS 2V] represents EPS geofoam thinkness of 2m positioned only in
vertical direction (behind facing wall).

Peak ground Acceleration: 0.245g
Local magnitude:

5.40

Epicentral distance:

5km

Duration of Earthquake: 10sec

Figure 5. acceleration-time record of Upland Earthquake (Southern
America, 28/2/1990)
2.5. Parametric study
The parameters such as length of base slab of L-shaped retaining
wall, thickness and position of EPS geofoam are taken for the
parametric analysis. The various possible combinations of EPS
geofoam thickness and its positions behind retaining wall are
presented in table 5.
Table 5. EPS geofoam thickness and its position used for the
numerical stimulation
No. of
Analysis
performed

Thickness of Vertical
EPS geofoam
positioned behind
facing pane(m)

1
2
3
4
5
6
7
8
9
10
11
12
13

Without EPS
1
1.5
2
1
1
1
1.5
1.5
1.5
2
2
2

(a)

Thickness of
Horizontal EPS
geofoam positioned
above fly ash backfill
(m)
Without EPS
Without EPS
Without EPS
Without EPS
1
1.5
2
1
1.5
2
1
1.5
2

Each of the numerical analysis given on Table.5 is is repeated three
times by varying the length of base slab of L-shaped retaining wall as
2.5m, 4m and 5.5m in order to study the effect of thickness and
position of EPS geofoam in Static case as well as in Dynamic case.
5.

Results and discussion

The thickness of base slab of L-shaped retaining wall was taken 0.3 m
for the numerical analysis. The retaining wall model was analysed
using different possible combinations such as varying the thickness
and position of EPS geofoam inclusion and, also varying the length of
base plate element. The variation of horizontal displacement of facing
wall with change in length of base slab is represented in Fig. 6. The
numerical analysis results showed that with increase in length of
base slab, the horizontal displacement of wall decreased significantly.

(b)
Figure 6. Comparison of horizontal displacement (in mm) of facing
wall with change of length of base slab (in m) of L-shaped retaining
wall (a) Static case (b) Dynamic case
During the study, the presence of EPS thickness of 2m in both vertical
and horizontal positions in case of retaining wall with length of base
slab 5.5m, showed significant reduction in horizontal deformation.
The maximum horizontal deformation was 83.64mm (42% reduction)
in static case and 113mm (36% reduction) in dynamic case as
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compared to without EPS geofoam. It was observed that with increase
in length of base slab, the horizontal deformation of facing wall
decreased. However, increase in length of base slab above 5.5m didn’t
show any significant reduction in horizontal deformation.

(a)

(a)

(b)

(b)

(c)

(c)
Figure 7. Horizontal deformation shadings [Static case] with length of
base slab 5.5m for (a)without EPS (b) EPS thickness of 2m in vertical
position (c) EPS thickness of 2m in both vertical and horizontal
positions
The backfill settlement pattern [Static case] of the retaining wall with
length of base slab 5.5m for various positions of EPS Geofoam
thickness of 2m are given in Fig.8. It was observed that without use of
EPS inclusions, the facing wall settlement value was 39.94mm. With
the presence of EPS thickness of 2m in vertical position behind
retaining wall, the settlement value reduced to 26.28mm. Whereas
presence of EPS thickness of 2m in both vertical and horizontal
positions reduced the settlement further to a value of 22.36mm.

Figure 8. Vertical deformation shadings [Static case] with length of
base slab 5.5m for (a)without EPS (b) EPS thickness of 2m in vertical
position (c) EPS thickness of 2m in both vertical and horizontal
positions.
Comparison of lateral earth pressure with and without EPS subjected
to static and dynamic load is given in Fig. 9. In this case, lateral earth
pressure was considered for the L-shaped retaining wall with base
slab 5.5m as it gave the maximum reduction in horizontal
deformation of the facing wall. The analysis results showed that
presence of EPS geofoam with relative thickness t/H= 0.25 (where
t=thickness of EPS geofoam and H= height of retaining wall) in both
vertical and horizontal positions can significantly reduce the lateral
earth pressure up to approximately 80% compared to without EPS
geofoam.
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Conclusion

EPS geofoam can be effectively used fir reducing static and
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Although cultural heritage is a general concept given to works created by previous
generations and believed to have universal values, it consists of all important values that
remind societies and members of society of their common past and contribute to the
dominance of feelings of unity and solidarity. The purpose of ensuring the sustainability of
these values by preserving should be to protect the natural resource base on which future
development will depend. In this context, it is concluded that the basis of reaching the future
depends on the protection of existing resources. The essence of the definition of
sustainability is not to endanger and compromise the needs of future generations while
meeting our own needs in order to perpetuate human life. Therefore, this concept combines
ecological, social and economic components together. The aim of this study is to determine
the importance and economic contributions of preserving the Kars Ani Ruins, which is on
the world cultural heritage list, and bringing it to the present day, to develop the sense of
protecting the regional economy and the people living in the region. In this study,
Phenomenology design, one of the qualitative research designs, was used and random
sample selection was made. The structured interview form was used in selecting the data
collection tool. Within the scope of the study, a literature review on cultural heritage,
sustainability, economic contribution and Ani Ruins was conducted. A group focus meeting
was held with eight people who live in Kars province and Ani Ruins and contribute to the
tourists who participate in cultural tourism from the touristic products offered by the
cultural heritage. With the recording of the interview form, the data and themes were coded
and presented in tables. According to the results of the research; It has been observed that
the income levels of the people of the region who protect their cultural heritage and values
have increased. At the same time, the importance of the contribution of the preservation and
sustainability of the cultural heritage to future generations was mentioned. It has been
concluded that in order to meet the increase in demand in cultural tours, it is necessary to
protect the cultural heritage and to ensure its sustainability.

Sustainability,
Economic contribution,
Ani ruins

1.Introduction
It is seen that the trips made at the beginning of the tourism are not
for holiday purposes, and the first trips made for tourism purposes
are made with the feeling of seeing and learning unknown places. It
is seen that the concept of cultural tourism was first used as a word
in the European Commission in the 1980s to reveal cultural values
and cultural identities (Çulha 2008)[1]. Cultural tourism includes who
a region, society or group is, how they live and what they eat, their
history, art, lifestyle and beliefs (Erdoğan 2020)[2].
Culture Tourism; The increase in tourism demand is one of the most
effective tools to protect the social and cultural values of the region,
as well as the sustainable features of the natural environment and to
provide economic benefit to the people of the region. In addition to
natural features, the protection of historical and cultural assets is a
service concept in which works of art, socio-economic and traditional
touristic values of the region are offered to tourists in the form of
products (Saçılık and Toptaş 2017)[3].

Although it is aimed to see historical places, artifacts, museums, ruins
of ancient civilizations in general, local food, local cuisine, music,
dance, environmental products, natural beauties, festivals and fairs
are among the original features of the travels (Toptaş 2020)[4].
By causing environmental problems as well as cultural values;
Pollution of natural and cultural values, unlimited use, unplanned
construction, insufficient infrastructure, insufficient protection of
historical and cultural values, increased luxury consumption due to
natural resources, and seen as an inexhaustible economic resource.
These reasons have caused the natural environment to exceed its
carrying capacity and put forward the necessity to explain the fact
that natural resources are limited and can be exhausted if necessary
efforts are not made in terms of benefiting future generations from
the blessings of sustainable history, natural resources and the
environment. In order to include regions with intense cultural values
in the sightseeing routes of cultural tours, the assets that are
intriguing and valuable to buy must be presented to the tourism
market. Studies have shown that the demand for cultural values
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continues to increase every year (Uygar and Baykan 2007 [5]; Üstüner
2019 [6]).
Cultural heritage is the tangible and intangible values of the life
experience, mind and creativity of human beings for many years
(Ünsal and Pulhan, 2012)[7]. One of the important aims of the
"Convention on the Protection of Intangible Cultural Heritage", which
was adopted by UNESCO in 2003 and to which Turkey was officially a
party in 2006, is to raise awareness and awareness about the
importance of this heritage at local, national and international levels.
Increasing awareness will make a significant contribution to the
sustainability of cultural values.
The word sustainability comes from the Latin word "Sustinere"
"Sustainability". The definition of sustainability first came to the
agenda in the conference organized by the United Nations in
Stockholm in 1972 with the report "Limits of Growth". In this report,
the determination to act jointly in the international arena against
environmental problems has been shown and the date of the
conference, June 5, has started to be celebrated as the World
Environment Day. The United Nations Environment Program (UNEP)
was established on the subject and the Humanitarian Environment
Declaration, which observes justice and emphasizes the socioeconomic development and the inseparability of the environment
from development, was adopted (Yıkmaz 2011)[8].
In the studies conducted, it states that the main purpose of
sustainability is to protect the natural resource base on which future
development will depend (Baker 2006). In this context, it is concluded
that the basis of reaching the future depends on the protection of
existing resources. The essence of the definition of sustainability is
not to endanger and compromise the needs of future generations
while meeting our own needs in order to perpetuate human life.
Therefore, this concept integrates ecological, social and economic
components together.
The protection of cultural values makes important contributions to
the economy of the country and the region. All professions,
organizations and activities contribute to the economy. Economic
contribution provides an increase in employment and business
volume as well as an increase in income for the society. Tourism
revenues are a sector whose economic returns are increasing every
year due to its ability to positively affect national income, balance of
payments, foreign currency income and employment.
7.

Results and Discussions

2.1. Aim of the research
The aim of this study is to determine the importance and economic
contributions of protecting the Kars Ani Ruins, which is on the world
cultural heritage list, and bringing it to the present day, to the
development of the regional economy and the sense of protecting the
cultural heritage of the people living in the region. In addition, it was
aimed to protect the Kars Ani Ruins as a cultural heritage and to
increase the economic contribution to the people of the region by
creating awareness.

2.3. Research Universe and Sample
Interviews were held with eight people who continue their lives in
Kars and Ani Ruins, which are on the route of cultural tours in the
east and half east, and earn income with the products they offer to
cultural tours. The people who participated in the interviews were
determined as the sample of the research.
2.4. Data Collection and Analysis
A focus group meeting was held with the people of Kars and the region
in order to obtain data in the research. The purpose of the focus group
interview refers to a special group type in terms of size, formation and
method. It is also to reveal people's feelings and thoughts about an
issue, idea, product or service (Kreuger and Casey 2009)[10]. Focus
group interviews usually consist of groups of 5 or 8 people in the
studies. In this study, the focus group interview was conducted in 2
sessions. In the study in which 8 participants were included in total,
the "focus group information form" created by Krueger (1994)[11] and
developed by Burcu (2002)[12] was used to obtain data. 8 open-ended
questions were asked to the participants in a certain order. In
ordering the questions, Krueger's (1994)[11] study on ordering focus
group interview questions was used. At the beginning of the
interview, participants were informed about the purpose and content
of the study. The data of the interview was recorded with a voice
recording device. The obtained data were analyzed by content
analysis method. Content analysis aims to obtain some findings about
some dimensions and sections of the unknown, unknown social
reality, based on the quantitative and qualitative dimensions of the
texts available as a method.
Table 1. Focus Group Information Form
Focus Group Date
Focus Group Area /
Location
Number / Description
of Entrepreneurs
Focus Group Subject

14.12.2020
Kars Center- Ani Ruins
8, people residing in Kars and Ani
The sustainability of cultural heritage
and its contribution to the economy of
the region

Focus group study interview questions are listed as follows:
ii.
iii.
iv.
v.
vi.
vii.

Could you briefly introduce yourself?
How many years have you lived in Kars and Ani Village?
What does Cultural Tourism mean to you?
What does cultural heritage mean to you?
What does the sustainability of cultural heritage mean to you?
Are the incentives provided to you for the preservation of
cultural heritage sufficient?
viii. Do investments in cultural tourism and cultural heritage
contribute to you and the economy of the region?
ix. Have you been involved in innovation to protect your cultural
heritage?

2.2. Research Universe and Sample
Phenomenology design, one of the qualitative research designs, was
used in the study. In order to obtain the data in the study, group focus
meetings were held with the local people living in Kars. Sampling
method was used in order to obtain data from the participants. Find
out if there are common or shared phenomena in the maximum
diversity sampling, not the generalizations of the participants’ yeast
have worked, and according to this diversity, the study has been tried
to reveal different dimensions of the problem."
Phenomenology design constitutes a suitable research ground to
investigate phenomena that are not completely alien to us, and at the
same time we cannot fully grasp the meaning (Yıldırım and Şimşek,
2013)[9].

3. Findings
3.1. Findings Regarding Participants
In the first two questions directed to the participants who were
interviewed in the focus group, they were asked to briefly introduce
themselves and how many years they have been tourism
entrepreneurs in Kars and Ani villages. Participants' ages vary
between 34-52. It has been determined that the people who contribute
economically by offering cultural heritage to the service of tourism
are from Kars and have lived here for 12 to 35 years.
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3.2. Findings Regarding the Perspective of Participants on Culture
and Tourism Perceptions
"What does cultural tourism mean to you?" The findings regarding the
question were conveyed in line with the information received from
the participants.
People living in Kars province and Ani village expressed cultural
tourism as cultural tourism, which includes natural, cultural,
physical, environmental and historical values, lifestyles, local food
and drinks and tourists who come to buy folk dances. As a result of
the analysis, the cultural and tourism perceptions of the participants
were combined under the themes of "natural and cultural values",
"local people", "cultural environment" and "cultural heritage".
3.3. Findings Related to Participants' Perspective on Cultural
Heritage Perceptions
They have high knowledge and skills about cultural values in Eastern
cultures, what they can do when cultural heritage shows them when
they are given the opportunity to earn income, that this situation
gives them a historical responsibility, that when cultural tourism is
supported, positive entrepreneurial activities will be maintained and
they can reveal the importance of the role they undertake in the
protection of cultural values. they said. In this context, they
mentioned the importance of Ani Ruins, which is approximately 45
km away from Kars province. The cultural heritage perceptions of the
participants were combined under the themes of "natural and cultural
heritage", "local people", "historical responsibility" and "cultural
heritage awareness".
3.4.
Findings
Regarding
Participants'
Sustainability of Cultural Heritage

Perspective

on

They stated that their cultural heritage from the past is an important
treasure and that it is important to pass it on to future generations as
a legacy. They stated that with the increase in cultural tours, they
became aware of their natural values later and that they brought
these values to the service of tourists participating in cultural
tourism attracted more attention than their expectations and
provided them economic benefits. They believed it was important to
ensure the sustainability of this heritage from their past. Participants'
perceptions of the sustainability of cultural heritage were combined
under the themes of "sustainability", "awareness", "income impact"
and "the importance of cultural heritage".
3.5. Findings Regarding Participants' Perspectives on Incentives
Provided for the Protection of Cultural Heritage
They said that they are aware of some of the incentives provided to
you for the preservation of cultural heritage, the incentives provided
are sufficient, but they cannot benefit from the incentives due to long
and challenging project preparations. They stated that it is important
to create a brand and image of the products they produce, not just
money in the incentives provided. Participants' perceptions of
incentives provided for the preservation of cultural heritage have
been combined under the themes of "tourism incentives", "preparing
an incentive project", "brand" and "image".

3.6. Findings Regarding Participants' Perceptions of
Contribution of Cultural Tourism to the Regional Economy

the

With the use of the Eastern Express for tourism trains, the demand
increased in Kars and the provinces of the region, tourism
investments increased due to this process, the increase in hotels and
other tourism facilities increased the trade in the region and the
increase in the sales of the products and services produced for
cultural tourism contributed to them and the economy of the region,
they said that employment increased. Participants' perceptions of the
contribution of cultural tourism to the economy are combined under
the themes of "tourism economy", "income increase", "employment"
and "tourism investments".
3.7. Findings Regarding the Innovation Studies of Participants for
the Protection of Cultural Heritage

In order to meet the demand from tourists who want to stay in the
natural environment of Kars and Ani villages, they prepared the
natural village houses as guest accommodation places and enabled
the tourists to live the village life for a short time. They have started
to use by renewing all their cultural heritage specific to their regions,
which they aim to increase capacity according to the accommodation
demand. They have offered them to the service of tourists by making
innovation studies on local entertainment, food, drinks and souvenirs
for incoming tourists. Participants' perceptions of the protection of
cultural heritage are based on "innovation", "capacity", "touristic
product" and "marketing".
4.Discussion and Conclusion
Unconscious and excessive use of cultural and natural assets by
people and seeing these values as an unlimited resource causes
pollution of the environment and destruction of cultural heritage.
With this study, the importance of the economic contribution of the
preservation of cultural heritage and the income effect it will provide
to future generations both today and if it can be sustained, and its
positive results on the development of the region have been tried to
be revealed.
It is an important source of value that will learn the cultural heritage
of the people of the region from their past and pass them on to future
generations. The importance of the effective and efficient use of
touristic product resources to be offered to cultural tourism has been
determined. The support to be given to the people of the region will
contribute to every segment with positive results.
It is important to carry out the necessary studies to make the people
of the region aware of the incentives and grant programs provided by
government institutions and non-governmental organizations. It is
not possible for them to prepare a project for calls for proposals made
in certain periods. Considering that the grant and incentive project
preparation institutions, which have increased considerably in recent
years, do not have the power and authority to pay the amounts they
want, this problem should be solved and they should benefit from the
incentive opportunities. These supports, which have been put into
practice in recent years, should be increased and continued, and the
support provided should be explained with face-to-face meetings with
people in the regions where cultural tourism is intense and they
should be encouraged to participate in production.
In order to protect cultural and environmental values, the public and
private sectors should act together, implement effective policies and
entrepreneurs should be encouraged to invest in these areas. Control
of cultural responsibility should be ensured by coming together of
private sector representatives, entrepreneurs and local people.
Creating this awareness of responsibility will make a significant
contribution to the transfer of cultural values to future generations
as a legacy. It is necessary to raise awareness and mobilize the local
people by explaining the economic contributions of the demand that
will arise against this interest in which cultural and environmental
values attract national and international attention. Studies should be
conducted to investigate and revive lost or nearly lost values. The
interaction quality of societies with different cultures should be
considered. It should be known that each segment has a duty to enrich
the experiences in mutual cultural interaction, to support the projects
in which they can reveal their knowledge, knowledge and skills and
to guide them.
As with every study, this study has some limitations. First of all, the
population of the region living in Kars and Ani villages constitutes
the sample of this study. Therefore, it is not possible to generalize the
results of the study neither for the provinces, nor for Turkey, nor for
the local people operating in regions where cultural tourism is
intense. In new studies to be carried out, it is thought that it would be
more appropriate to collect data with the "phenomenology"
phenomenology pattern. Secondly, it will be useful to determine
whether the results of this regional study are in harmony with the
structural characteristics of cultural tourism, conceptually and
sectorally. There is a need for new academic studies in which the
economic, social and entrepreneurship issues of cultural tourism and
the protection of cultural values are covered and the scope is
expanded.
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The incorporation of micro-encapsule phase change materials (MPCM) into geopolymerbased materials is one of the efficient technologies to reduce energy consumption in the
world.Although MPCM increases the thermal capacity of the cementitious matrix, whether
it is based on cement or geopolymer, their incorporation has unfortunately several
negative effects on the mechanical performances. This scientific problem is still unsolved
and several researchers have pointed it out. This study aim to investigate the effect of 10
and 20% metakaolin(MK) inclusion on the mechanical performance of geopolymer-MPCM

Granulated Blast Furnace Slag;
Metakaolin;

Mechanical Properties.

mortars based on granulated blast furnace slag (GBFS) and to compares them with cementMPCM based mortars. Different tests were performed for to types of mortar in the aim to
characterize their properties such as workability, porosity, compressive strength, dynamic
Young's modulus and dynamic shear modulus. The results show that the inclusion of two
proportions of metakaolin compensated well for the loss of mechanical strength related to
the incorporation of MPCM. therefore, with up to 20% of MPCM the inclusion of metkaolin
increased the compressive strength by about 10 MPA. In addition, all geopolymer-MPCM
mortars showed high compressive strengths, improved workability and reduced porosities
compared to portland cement-based mortars.

1. Introduction
The building sector is the largest energy consumer in the world,
accounting for 40% [1] of final energy consumption and 30% of
greenhouse gas emissions.
Most of the energy consumption in the building is reserved for the
improvement of thermal comfort in the warm and cold seasons
(building use phase) [2], furthermore 80% of the greenhouse gas
emissions throughout the building life cycle are related to this use
phase when electricity is consumed for the building requirements [3].
On the other hand, the portland cement industry is responsible for 7%
of CO2 emissions in the world [4] and causes other pollution in the air,
water, etc.
Add to all these negatives environmental impacts, ordinary concrete
has durability issues against external aggressive attacks.
However, the incorporation of micro-encapsulated phase change
materials (MPCM) in geopolymer might be a promising solution to
overcome CO2 emissions related to energy consumption in buildings
and portland cement manufacturing.

MPCM store, at a constant temperature (ambient temperature around
human comfort), a large amount of energy in the form of latent heat
during their phase change (solid-liquid) which prevents the heat flow
from entering the building during peak hours.This amount of heat is
stored during the day and released at night [5].
Several researchers have focused their research towards the use of
MPCM to regulate heat exchange in building compartments and
reduce the requirement for heating and cooling systems[6,7,8,9].
Geopolymer is the result of the activation of aluminosilicate materials
by alkaline solutions [10]. Aluminosilicate materials are by-products
of many industrial or clay types such as granulated blast furnace slag
(GBFS), metakaolin (MK), fly ash, and red mud ... etc.
The use of these materials to replace Portland cement will reduce CO2
emissions and waste caused by the industries, which will help reduce
the negative environmental Impacts.
A study shows that CO2 emissions caused by the manufacture of
geopolymer are reduced by about 70 to 80% compared to the
manufacture of portland cement [11]. In addition geopolymer has
several advantages over portland cement-based materials, such as
higher initial mechanical strength, low drying shrinkage, high fire
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resistance, shorter curing time, superior acid resistance and
improved durability [12,13,14,15].

equal to 28 ° C while density equal to 0.84 g/cm3.They possess sizes
between 2.190 and 38.22 m.

Shadina et al (2015 ) [16] constructed three small cells out of fly ash
based geopolymer mortars, among these three cells two containing
MPCM.Their internal temperature measurements showed a reduction
of 4.5 and 5.5 °c for the two MPCM geopolymer cells compared to the
reference cell. Secondly, Cao et al (2019) [7] numerically investigated
the influence of different climatic conditions on the energy efficiency
of a wall constructed of geopolymer concrete-MPCM.The reduction of
the interior wall temperature was about 3°C and the reduction of
energy consumption was 25%, while maintaining the interior
temperature at 23°C.

The granulated blast furnace slag is provided free of charge by the
company Ecocem in France and the metakaolin was provided by the
company KENZAI (ecological materials) in France.The cement used is
a portland II cement (32,5.

Unfortunately, previous research studies show that MPCM have
negative effects on the mechanicals performances of the cementitious
matrix [6,8,9,16].
Cao et al (2017) [9] studied the effect of addition of the MPCM on the
compressive strengths of Portland cement-based concrete and
geopolymer-based concrete. Their results show that despite the
addition of MPCM lead to an increase in the heat capacity of the two
types of concrete studied up to the value of 1500 (J/kg ° C),however
the compressive strengths were reduced by about 42 and 51%
respectively. The same observations were reported by Shadina et al
(2015) [16] who reported a decrease in compressive strength of up to
25%.
The scientific question in this study is how to overcome the negative
effects of the incorporation of MPCM in a geopolymer matrix, while
there is no study to date leading to solve this problem.
However, several researchers have shown that the inclusion of a small
amount of metakaolin in a geopolymeric matrix based on granulated
blast furnace slag improves mechanical performance and durability
properties [17,18,19]. Bernal et al (2012) [17] studied the effect of adding
10 and 20% metakaolin in a geopolymer matrix based on granulated
blast furnace slag, their results show that the mechanical
performance and durability were improved due to the very high
reactivity of the metakaolin which was accompanied by a high
activator content [17].The same observations were presented by
Huseien et al [18], their results showed that compressive strength
increased by 33% compared to the geopolymer matrix based on
granulated blast furnace slag with 15% metakaolin inclusion. Kumar
et al (2020) [19] also reported that the optimum inclusion rate of
metakaolin was 20% and the compressive strength was improved by
about 24% with this rate. However, Bernal et al (2012) [17] pointed out
that the reaction of metakaolin is conditioned by high alkalinity of the
alkaline solution and if it is on the contrary metakaolin had negative
effects on the mechanical strength and durability properties [20,21].

The chemical compositions and physical properties of cement
II,GGBS and MK are presented in Table1.
Table 1. Chemical composition and physical properties of CEM II,
GGBS and MK.
Chemical composition (%)

CEM II

GBFS

MK

SiO2

7,47

37,3

55

Al2O3

2,18

10,7

41

Fe2O3

2,84

0,2

1,2

CaO

69,02

43,0

0,1

MgO

-

6,5

0,2

TiO2

-

0,7

0,4

-

0,8

1,8

Specific gravity

3.03

2.9

2.4

Blaine specific surface area (m2/g)

0.37

0.445

17

8.47

13.25

7.13

(Na2O + K2O)eq

average grain size ( m)

The activation solution is a mixture of sodium silicate and sodium
hydroxide. According to the supplier the composition by mass of the
sodium silicate is 27.53% SiO2, 11.47% Na2O and 61% H2O.The sodium
hydroxide NaOH is a caustic soda of 98% purity. Both solutions were
supplied by the company E2EM in France.

If we recall most of the research studies have been carried out on the
geopolymer-MPCM, we find that they concentrate on the geopolymer
based on a single base material such as granulated blast furnace slag,
fly ash, metakaolin...etc., while very few studies can be found on
combination of two materials at the same time and no research work
has been done on the inclusion of metkalaolin in granulated blast
furnace slag and varying the alkalinity of the activator.

A sand standardized CEN NF 196-1 with a density of 2.6 g/cm3 , this
type of sand is generally used for laboratory tests. The provider is the
same as that of two alkaline solutions. The purpose of using
standardized sand is to eliminate the secondary effects on the binder
of unfavorable impurities that natural sand might contain.

The purpose of our study is to investigate for the first time the effect
of adding 10% and 20% of metakaolin in a matrix of geopolymerMPCM mortar based on granulated blast furnace slag and to compare
it with a reference mortar based on portland cement. Several
characterization investigations are performed in this study, such as
workability, porosity, compressive strength, dynamic Young's
modulus and dynamic shear modulus.

Twelve formulations were investigated in this study, three based on
standardized mortar and nine based on geopolymer mortar.
The water/binder ratio of 0.5 and the sand/binder ratio of 3 have been
fixed for both types of mortars. The water/binder ratio of 0.5 and the
sand/binder ratio of 3 have been fixed for both types of mortars.
The binder (equivalent to cement) of geopolymer is considered as the
total of GBFS, MK and the alkaline solution (solid part).We fixed a mass
ratio of 3 of (GBFS+MK)/SA, with SA corresponds to the solid part of the
alkaline solution. These choices are recommended by the study of
Hasnaoui et al (2019)[22].

2. Materials and experiments design
2.1 Materials
The MPCM considered in this study are in the form of a white spherical
micro-encapsule marketed by the laboratory Microteck-United
States.Its technical name is Nextek 28 D, its melting temperature is

2.2 Mixing method and curing condition

The inclusion percentages of MK are 0, 10 and 20 %.The ratio of
sodium silicate (SS) to sodium hydroxide (SS/NaOH) is 2.5 in all
geopolymers formulations.This high sodium silicate content will
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maintain an optimal amount of silica after the addition of our higher
percentage of metakaolin (20% MK) [17].
The MPCM will replace the same percentage by volume of sand with
three concentrations such as 0, 5 and 10% in the two types of mortar.

Table 1 shows the mixing proportions in kg/m3 where the first three
formulations are based on portland cement mortar while the last nine
are based on geopolymer mortar.
The amount of water in the two alkaline solutions is considered to
have a water/binder ratio equal to 0.5.

Table 2. Formulations of cement II mortars and geopolymer mortars (kg/m3).
MPC
M

Na2SiO3

NaOH

1757,8

0,0

-

-

-

293,0

-

1673,8

28,4

-

-

-

293,0

-

-

1582,0

56,8

-

-

-

293,0

-

439,5

0,0

1757,8

0,0

267,9

127,7

42,6

-

MGP100/0/5

-

439,5

0,0

1673,8

28,4

267,9

127,7

42,6

-

MGP100/0/10

-

439,5

0,0

1582,0

56,8

267,9

127,7

42,6

-

MGP90/10/0

-

395,5

43,9

1757,8

0,0

267,9

127,7

42,6

-

MGP90/10/5

-

395,5

43,9

1673,8

28,4

267,9

127,7

42,6

-

MGP90/10/10

-

395,5

43,9

1582,0

56,8

267,9

127,7

42,6

-

MGP80/20/0

-

351,6

87,9

1757,8

0,0

267,9

127,7

42,6

-

MGP80/20/5

-

351,6

87,9

1673,8

28,4

267,9

127,7

42,6

-

MGP80/20/10

-

351,6

87,9

1582,0

56,8

267,9

127,7

42,6

-

Sample

Cement

MCII0/0/0

585,9

-

-

MCII0/0/5

585,9

-

MCII0/0/10

585,9

MGP100/0/0

GGBS

MK

Sand

MGP
water

MCII
water

1
We followed the NF 196-1 standard [23] for the manufacture of the
standardized mortar based on portland cement while it was chosen as
reference in order to compare it with the geopolymer-based mortar.

Mair is the mass of the sample saturated in free air, Msec is the mass of
the sample in the dry state after its drying while Meau is its mass in
water (hydrostatic weighing).

However for the geopolymer, the GBFS and MK were mixed with the
alkaline solution and water for 90 seconds to have a homogeneous
paste.The mixture was followed by the addition of sand and mixed for
5 minutes and finally the MPCM were added and mixed for 2 minutes.
After the mixing procedures, the standardized mortars and
geopolymers were used for the measurement of workability, after this
step the casting is carried out in specimens of 40 × 40 × 160 mm3 and
vibrated using a shock table and are stored in an air-conditioned room
(temperature 20 ° C and relative humidity 50%) for 48 hours before
demolding.

The compressive strengths were realized following the NF EN 196
standard, these tests were carried out on six samples in order to
ensure a good repeatability.

2.3 Characterization methods
The workability test was carried out directly after mixing according
to standard NF P18-452 [24]. The test consists in measuring the flow
time of mortars under the effect of the vibration caused by the
vibrator.
The water porosity was determined according to the NF P 18-459
standard [25].
The relation to calculate the porosity is as follows:
n=

×100

(1)

For the measurements of dynamic Young's modulus and dynamic
shear modulus, we followed the ASTM E 1876-01 standard[26] using
an apparatus called Grindosonic.
These measurements were performed on three samples of each
formulation at 2,7,14,21,28,56 and 90 days. The technique is based on
a pulse excitation of the vibrations.
Dynamic Young's modulus and dynamic shear modulus are
calculated using the equations below using the flexure (ff) and torsion
(ft) frequencies obtained during measurements with the dimensions
and weight of the samples:

Edyn=0,9465(
Gdyn=

. . .
.

R

.

)( )T

(2)
(3)

With m, L, b, t represent the mass in (g), length in (mm), width in (mm)
and thickness in (mm) of the sample.
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T and R represent the coefficients of correction, which can be defined
by following certain steps in ASTM E 1876-01[26].
3. Results and discussion
3.1 Workability
The figure 1 shows the flow time of the different formulations
studied.We recall that we have set the main ratios that affect the
workability of the geopolymer and that of the cement, Indeed the only
variations in the two types of mortar (cement-based and geopolymer)
are the concentrations of MPCM and MK .

On the other hand, the increase in the concentration of MPCM caused
an increase in the porosity and a decrease in the density of all the
samples studied (geopolymer mortar and cement).
The decrease in density is due to the difference in density between the
sand (2.6 g/cm3) and the MPCM (0.84 g/cm3).The increase in porosity
might be caused by the fact that the MPCM could not fill the cavities
in the matrix due to their agglomeration during mixing and this is
due to their agglomeration surface which is larger than the surface of
the sand. This agglomeration surface serves to adsorb a quantity of
the binder paste whereas this can produce voids during mixing and
increases the porosity [30].

Cement mortar without MPCM has a flow time of about 7 seconds
which is confirmed by Hasnaoui et al (2019) [22].
The difference between the flow time of cement mortars and
geopolymer mortars is related to the difference between the rheology
of geopolymer and cement as Muhammad et al (2019) [27] pointed out.
We observe from the following figure that with increasing
concentration of MPCM,the flow time increases for both types of
mortars which means that the workability is reduced.

Figure 1. Workability of different formulations
The effect of decreased workability is attributed by the agglomeration
of MPCM during mixing with its small sizes which are between 2.190
and 38.22 m and this causes a larger water adsorption surface
compared to the sand surface.
Actually, MPCM traps water and prevents it from penetrating the
matrix, which results in a decrease in workability. These effects are
in agreement with the Cao et al study (2017) [9].
We remark that there is a slight increase of the flow time in all the
geopolymer mortars with 10 and 20% of MK.This increase is related
to the water demand of MK which makes the mortar a little viscous
and caused by its large specific surface which is equal to 17m2/g
compared to the specific surface of GGBS which is equal to 0.445 m2/g
[18,22].
Based on the comparison with the flow time of cement-based mortars,
our geopolymer-MPCM mortars have good workability using up to
10% MPCM and 20% MK where the maximum flow time is equal to
4.95 seconds which is lower than the flow time of portland cementbased mortar.

Figure 2. A: Porosity; B: bulk density at 28 days.
However, we find that the addition of MK has no effect on the porosity,
this shows that MPCM tend to control the porosity of the geopolymer
samples studied here.
In contrast to the porosity results, we note that the density was
improved after the addition of MK in the samples without MPCM. This
improvement is caused by the high reactivity of MK compared to GBFS
which promoted the good dissolution of silica and aluminum to form
new gels in the matrix called NASH and CASH gels [17].
These results are in good agreement with the study of HUSEIEN et al
(2018) [18] who studied the effect of different replacement of GBFS by
MK (0, 5.10 and 15%) and found that with the increase of MK content
the density increases due to the creation of NASH and CASH gel.

3.2 Porosity
The figure 2 presents the results of the porosity as well as the density
of the studied samples, it shows us that the cement-based mortar
without MPCM has a porosity of 17.90%.This value is approximately
similar to the one mentioned in several studies that investigated the
porosity for standardized mortars [22,28].
We note that the porosity values for geopolymer mortars without
MCPM are lower compared to cement-based mortars. The reason for
this difference might be the good workability obtained by the
geopolymer mortar compared to the cement mortar, this effect is
observed in the study of Yang et al (2020) [29] while they mention that
the improvement of the workability of the geopolymer reduces its
porosity.

3.3 Mechanical properties
3.3.1 Compressive strength
The figure 3 shows the results for compressive at 28 and 90 days.
From a global point of view, we observe that there is not a large
difference between the compressive strengths between 28 and 90
days for the geopolymer mortar on the contrary of the cement-based
mortar which shows an increase in its compressive strength between
28 and 90 days.
Actually, the geopolymer can gain most of its mechanical strength in
the first days of its curing due to its strong chemical bonding [18].

PACE 2021- Ataturk University, Engineering Faculty, Department of Civil Engineering, Erzurum, 25030, TURKEY 20-23 June 2021

128

Bouha et all 2021.

The two figures 3.A and 3.B show that the rate of increase of MPCM of
5 and 10% decreased the mechanical strengths of cement-based and
geopolymer-based mortars until reaching the value of 25.6 MPA and
40.8 MPA at 28 days. A similar effect is observed for the 90-day period.
The reduction in compressive strength is due to the effect of replacing
MPCM with sand, as MPCM has low stiffness and mechanical strength
compared to sand and can easily fracture under compressive force
[16], [9].
On the other hand, the increase of porosity in the matrix after the
incorporation of MPCM is one of the causes of the reduction of the
mechanical strength as we observed in our results detailed in the
previous section [30].

This effect of increasing the mechanical strength can be explained by
the small particle size and large specific surface area of MK compared
to GBFS, allowing it to have accelerated reactivity [34]. The second
reason is due to the high amount of Al2O3 and SiO2 [45] in MK which
was accompanied by the high activator content. This high activator
content promoted the good dissolution of silica and aluminum in the
MK, resulting in improved geopolymerization by producing hydrated
sodium aluminosilicate gel (NASH) and hydrated calcium silicate gel
(CASH), in addition to the CASH produced by the activation of GGBS
which is rich in calcium [17] [18].
3.3.2 Dynamic Young's modulus and dynamic shear modulus
The results of the Young's modulus and dynamic shear at different
times (48 h, 7,14,21,28,56 and 90 days) are shown in the figure 4 and
5. We notice first of all that these moduli increase with the increase of
the curing time for the cement-based mortars whereas for the
geopolymer mortars the time of geopolymerization is stabilized at 14
ème days.This observation is an index which shows us that the
hydration of cement remains continuous during this time contrary to
the geopolymerization.This was observed in the results of the
compressive strength.
Contrary to the compressive strength values, the Young's modulus
values of the cement-based mortar are higher than those of the
geopolymer mortar. The geopolymer in general case has a low
stiffness [22,36], but we note rather that our values are very close to
those of the standardized mortars with a maximum value that is equal
to 35. 14 GPA at 90 (GP mortar with 20%MK without MPCM).This may
be related to the good parameters of the formulations set according to
the literature.

.

Figure 4 and 5 shows that the inclusion of MPCM decreased both
moduli for both mortars (cement and geopolymer).These results are
similar to the compressive strength results in the previous section.
This incidence is explained in the section of compressive strength,
these two moduli depend on the strength of the material [48] so the
inclusion of MPCM decreases the stiffness of the matrix due to their
low stiffnesses compared to sands.The second reason may be due to
the porosity caused by these materials that decreases the resonance
frequencies of flexure (ff) and torsion (ft) while these are the main
elements that control these two moduli.
Figure 3. Compressive strength A: 28 days; B: 90 days.

We notice that the geopolymer mortar with 0% MK has a fairly high
mechanical strength. NAZARI et al (2015) [31] reported this increase is
caused by the high content of activator.This is explained by the high
Si/Al ratio [31] and the good dissolution of silica ions and alumina
from the GBFS due to the high PH of the solution, resulting in a very
efficient gel mechanically.Bernal et al [17] (2012) noted that this
increase in compressive strength is caused by the calcium that was
released during the reaction between Na ions and Si and Al ions,
which allowed the production of the CASH gel, while this gel is rich in
Al unlike the CSH gel observed in traditional concrete.A similar effect
was observed by JIMÉNEZ et al (2003) [32].

Comparing the geopolymer mortars with and without the addition of
MK we see from figure C and D in both figures 4 and 5 that the addition
rates of MK improved the Young's modulus and the shear modulus for
all geopolymer samples. With up to a concentration of 10 MPCM the
Young's modulus increased from 19.4 to 26.6 GPA.
The optimal rate of MK on Young's modulus is 10% for geopolymer
mortars with MPCM, but for geopolymer mortar without MPCM the
optimal rate is 20% of MK. These results are in good agreement with
the compressive strengths and can be explained by the pore filling
effect caused by the activation of silica and alumina in the MK.The
study of NGERNKHAM et al (2014) [35] quoted that the geopolymer
matrix after the increase of SiO2 and Al2O3 contents as in our case
becomes very dense because of CASH and NASH gels and this makes
them resistant.

Furthermore, we remark that the addition of 10% and 20% MK in the
geopolymer mortars that have both concentrations of MPCM (5 and
10%) lead to the increase of the compressive strength at 28 days of all
the samples. When using up to a concentration of 10 MPCM the
compressive strength increased from 40.8 to 49.6 MPA. The same
effect of the addition of MK on the increase of compressive strengths
is observed also at 90 days.
On another hand, the addition of 10% MK did not showed any
improvement in the compressive strength for the geopolymer mortar
without MPCM on the contrary to the addition of 20% MK. Concerning
this observation we can note that the addition of 10% MK was
beneficial on the filling of small voids caused by MPCM, which
improved the mechanical performance [33].
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We notice from the figure above a good correlation between this
modulus and the compressive strength expressed by a linear
variation with a correlation coefficient R2 = 0.97 in our case, and
linear correlations in the two references mentioned. Our results are
higher than the mentioned reference results.This is probably the
consequence of the use in our case of 80/20 of GBFS and MK, unlike
Hasnasoui et al (2019) [22] who used 50/50 of GBFS and MK and the
use of Mobili et al (2016) [37] up to 100% of fly ash.The main gel
observed in the GBFS activation process is the CASH gel while this gel
is denser compared to the NASH gel (gel obtained by the activation of
metakaolin or fly ash) and has a stronger capacity to fill the pores,
which can explain the better mechanical performances obtained in
our case compared to the two references above.
4.Conclusion
The objective of this study was to investigate the effect of the
inclusion of 10 and 20% of metakaolin in a matrix of geopolymerFigure 4. Dynamic Young's modulus as a function of curing time,
A:(cement-based mortar), B:(GP mortar with 0% MK); C:(GP mortar with
10% MK); D:(GP mortar with 20% MK).

MPCM mortar based on granulated blast furnace slag and to compare
it with a mortar based on portland cement-MPCM.The conclusions of
the different tests are the following:








Figure 5. Dynamic shear modulus as a function of curing time,
A:(cement-based mortar), B:(GP mortar with 0% MK); C:(GP mortar with
10% MK); D:(GP mortar with 20% MK).

The geopolymer-MPCM mortars showed good workability with
up to 10% MPCM and 20% MK. The maximum flow time is equal
to 4.95 seconds which is less than the standard mortar flow time
(7 seconds).
Despite the good results obtained for the total water porosity of
geopolymer mortars (without MK) compared to cement-based
mortars, we did not obtain accurate results on the porosity of
geopolymers after the addition of MK, this can be explained by
the fact that the porosity was controlled only by the
incorporation of MCPM.
Geopolymer-MPCM mortars have shown good compressive
strengths compared to cement-based mortars.This is related to
the strong mechanical structure of these materials highlighted
by other researchers.
The inclusion of 10 and 20% metakaolin increased the
compressive strength, Young's modulus and dynamic shear
modulus of all geopolymer-MPCM mortar samples. The
minimum compressive strength of the geopolymer-MPCM
mortar after the inclusion of MK is equal to 49.3 MPA, which is
higher than the strengths required by the construction
standards.

Finally, we conclude that our geopolymer-MPCM mortars developed
in this study are apparently capable of meeting a wide range of
applications in the field of construction. Due to the good mechanical,
physical (reduced porosity) and workability performances compared
to portland cement based mortars.

The figure 6 represents a comparison of our results of the dynamic
Young's modulus of geopolymer mortars with other researchers who
have used dynamic methods on geopolymer mortars [22,37].

Nomenclature
MPCM: Microencapsulated phase change materials
GP: Geopolymer
GGBS : blast furnace slag
MK : Metakaolin
SS: Sodium silicate
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Figure 6. Correlation between dynamic Young's modulus and
compressive strengths at 28 days.
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Masonry arch bridges are structures that have complex behavior, despite being essentially
old structures, they are still functional and constitute an important number of European
bridges that require inspection and monitoring. The aim of the present study is to apply an
expeditious approach of ambient vibration measurement to masonry arch bridges to define
the first vertical frequency and the associated damping ratio, the main characteristic of the
expeditious methods is the ease and speed of execution, thus providing technical
information for preliminary inspections on the structure. The expeditious approach was
applied to 28 masonry arch bridges which have distinct geometric characteristics, inserted
in the road structure of the district of Bragança Portugal. The application of the Enhanced
Frequency Domain Decomposition (EFDD) and Stochastic Subspace Identification (SSI)
Techniques allowed the determination of vertical frequencies in the range of (5-25) Hz with
an average value of 14Hz and damping ratio with an average value (2.5-3)%. Correlations
were established between the vertical frequency and the geometric characteristics of the
bridges, with the relation of the arch span and width f=14.735 (S⁄Sw)(-0.429) which provides the
best relation to estimating the frequency for masonry arch bridges. The results obtained are
congruent with previous studies that applied the full Operational Modal Analysis Method.

1.Introduction
Masonry arch bridges are in general old structures, with examples of
structures built A.C. that still resist through the time like the Fabrício
bridge and Pont-San-Martin in Italy. The use of this technique is little
reported-today. The durability of these structures is undeniable, most
of them exceed 100 years, with the advantage of requiring few
maintenance interventions and showing signs of failure, allowing
corrective actions to be carried out, increasing their useful life. These
structures are part of the set of cultural heritage works, which can still
fulfill the initial purpose [1].
Across the European continent, several historic bridges still integrate
the road structure, in Portugal, there are 103 bridges classified as
National Monument or as property of public or municipal interest,
93% of these structures are masonry arch bridges, whose use and
improvement must be appreciated as a principle for sustainable
development and quality of life [2].
During the period of operation of a bridge, it is natural to occur
damage to its components due to natural hazards or deterioration,
when these are associated with a lack of predictive maintenance, and
an increase in the loads may result in the need for intervention to reestablish safety structural. Therefore, it is necessary to carry out
routine inspections to determine a repair schedule range and degree.
Given the significant amount of masonry arch bridges, keep a
maintenance list can be a complicated and costly task. Visual
inspection is usually used for preliminary assessment of the
structure's conditions, however, without the aid of instruments, it is
not possible to accurately estimate the conditions of the bridge [3], the

main problem is how to regularly monitor the extensive set of bridges.
Some studies propose to evaluate the change in the frequency of the
bridge component to determine the safety condition due to scour [37], the dynamic behavior is fundamentally governed by stiffness,
mass and structural damping, which are intrinsic characteristics of
the structure, change in behavior is linked to a change in these
characteristics, it can mean the presence of damage and a need for
further technical investigation (e.g., finite element).
The literature presents studies that evaluate the behavior of masonry
arch bridges in the laboratory and field, including techniques such as
the use of ambient vibration testing and model updating [8-14]. In the
field of expeditious techniques for masonry structures, Pieraccini [15]
presented a method based on laser scanner and interferometric radar
and Pavlovic [16] report a method founded on the application of the
digital tromograph for dynamic identification of masonry towers.
Oliveira [17] presents a study that includes several structures
including bridges; however, masonry arch bridges are not inserted.
The most widely used technique in monitoring the dynamic behavior
of bridges is the ambient vibration testing [18], the studies presented
in the literature analyze and characterize the structure completely,
requiring the use of several accelerometers and setups to determine
the frequencies and shape modes, expending a considerable amount
of time in the execution of the test. This study aims to propose an
expeditious approach to estimate the frequency and damping ratios
of masonry arch bridges so that it can be used in the monitoring of
bridges in the road structure, and whose data can be used reference
values for masonry arch bridges
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For this purpose, twenty-eight masonry arch bridges, that are subject
to road traffic located in the district of Bragança, Portugal, were
selected, and expeditious ambient vibration measurements were
performed, with the application Frequency Domain Decomposition
(FDD), the Enhanced Frequency Domain Decomposition (EFDD) and
Stochastic Subspace Identification (SSI) techniques for determining
the first frequency and damping ratio associated with the vertical
mode.
2.

Testing process

2.1. Bridges description
Figure 2. Measuring equipment during uniaxial testing
Table 1. Summary of the selected bridge characteristics
Bridge

The bridges selected for this study are part of the road structure of the
District of Bragança Portugal, the set consists of 28 structures whose
location is shown in Figure 1, all the structures are inserted in roads
with low traffic volume.

21
22
23

Bridge over
Rabaçal River
Bridge over
Tuela River
Brigde over
Baceiro river
Bridge over
Ribeira da
Granja
Feteira Bridge
Bridge over
Ribeiro de Bem
Saúde
Cavaco Bridge
Freixeda
Bridge
Lassa Bridge
Bridge over a
Ribeira da Cal
Bridge over
Ribeira da
Veiga
Bridge over
Sabor river
Bridge over
Ribeiro do
Portelo
Quintanilha
International
Bridge
Gimonde
Bridge
Brigde over the
Fresno river
Mosteiro
Bridge
Franco Bridge
Azibeiro Bridge
Bridge over
Penacal Bridge
Gralhós Bridge
Frechas Bridge
Vieiro Bridge

24

Pedra Bridge

1
2
3
4
5
6
7
Figure 1. Details of test model
The bridges were built in different periods of history, spanning from
the Roman and medieval periods to the 90s, some of which have
passed through changes such as the expansion of the slab. The
masonry arch bridges were built in granite and schist, have different
geometric characteristics, span arches (3.9 to 15.5 m), height (1.33 to
7.6 m) and slab/arch width (3.5 to 8.6 m), characteristics described in
Table 1 with the mean references’ values for arch span 8.5m, height
3.57m and slab/arch width 6.36m.
2.2. Expeditious ambient vibration test
The testing campaign was carried out using a data acquisition system
composed of NI USB-4431 data acquisition board with 4 input
channels, 24-bit ACD resolution, sampling rate from 1 kS/s to 102.4
kS/s resolution 2.10 mS/s, uniaxial seismic accelerometer ICP® model
393A03, with 1000 mV/g sensitivity, frequency range from 0.5 to 2000
Hz and a laptop with SignalExpress© software. For fastening the
accelerometer to the structure, a quick-drying mortar was used, which
allows the surface to be planed so that the sensitive axis of the
accelerometer is aligned with the desired measurement direction
(vertical) and which after the test is easily removable and does not
damage the structure, the rigid coupling of the accelerometer with the
use of instant glue, complying with the recommendations of ISO
14963 [19] and ISO 5348 [20], the data acquisition set is shown in
Figure 2.

Name

8
9
10
11
12
13
14
15
16
17
18
19
20

Construc-tion/
Alterati-on
year

Slab/
Main Main
arch
arch
arch
S/Sw
span height width
(S) [m] (H) [m] (Sw) [m]

1915

10.00

4.95

8.00

1.25

1879/
1992

15.15

7.60

6.10

2.48

--/--

6.90

3.55

6.00

1.15

--/1997

4.00

2.00

5.80

0.69

--/1987

5.30

2.60

8.20

0.65

--/1987

6.00

3.00

8.00

0.75

--/1987

5.80

3.00

8.00

0.73

--/1987

8.00

2.00

7.15

1.12

--/1987

10.85

5.00

7.00

1.55

--/1987

11.00

5.50

7.70

1.43

1897/--

4.25

2.00

5.80

0.73

1897/--

10.00

1.33

6.00

1.67

1890/
1993

4.00

2.00

6.00

0.67

1903/--

14.95

2.45

6.40

2.34

1888/--

7.00

2.00

6.00

1.17

1883/
1994

10.80

5.00

6.00

1.80

--/--

9.90

4.95

6.05

1.64

1872/-1867/--

12.20
3.90

6.00
1.95

6.30
7.00

1.94
0.56

--/--

10.00

2.00

6.05

1.65

--/---/-1952/-1915/
2002
--/--

8.15
10.45
6.00

4.00
5.15
3.00

5.66
3.50
8.60

1.44
2.99
0.70

8.95

4.00

6.05

1.48

5.00

2.50

6.00

0.83

10.00

4.85

5.00

2.00

12.00

4.00

5.85

2.05

7.50

3.50

3.90

1.92

25 Bridge on R206
Formigosa
26
Medieval/2006
Bridge
27 Maçãs Bridge
--/-Gimonde old
28
Roman
bridge
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Generally, ambient vibration tests are performed with different
setups, where one reference sensor is kept in the same position in all
setups while the other sensors are arranged in different positions of
the structure to capture the mode shapes. The main characteristic of
the expeditious tests is that they are fast, so the execution of several
setups ends up costing test time, so the present methodology is based
on the performance of two measurements using only one
accelerometer. It is used only for the determination of frequencies and
damping ratios, not allowing the determination of mode shapes. The
measurement is made at the outer end of each of the paths as
regarded in Figure 3 (b) with accelerometers location on the slab
(vertical direction only) and longitudinally in the middle span of one
of the main arch as evidenced Figure 3 (a).

However, the geometric characteristics such as maximum arch span,
arch type, height, slab/arch width, and span number, can influence
the structural behavior, in Figure 5 there are correlations between the
vertical frequency and some geometric characteristics and the
relationship between the main arch span/arch width is the one that
presents the power law with better R2 factor.
Table 2. 1st frequency and damping ratios
Nº

Name

1

Bridge over Rabaçal River

(b) Transverse location

Damping
[%]
2.105

2

Bridge over Tuela River

6.713

2.741

3

Brigde over Baceiro river

13.922

2.816

4

Bridge over Ribeira da Granja

14.348

4.914

5

15.834

3.678

12.158

1.656

7

Feteira Bridge
Bridge over Ribeiro de Bem
Saúde
Cavaco Bridge

24.601

0.557

8

Freixeda Bridge

15.735

2.045

9

Lassa Bridge

13.529

2.279

10

Cal Bridge over a Ribeira da Cal

10.050

4.151

11

Bridge over Ribeira da Veiga

20.045

1.432

6

(a)Longitudinal location

Frequency
[Hz]
5.523

12

Bridge over Sabor river

15.247

1.446

Figure 3. Accelerometers locations

13

19.783

1.663

The duration of each measurement was based on previous studies
defined as 10 minutes [21] [22], thus the total average time to complete
the test from the assembly of equipment to its removal is 40 min,
enable the execution of several tests on the same day.

14

6.679

4.205

15

Bridge over Ribeiro do Portelo
Quintanilha International
Bridge
Gimonde Bridge

7.390

2.238

16

Brigde over the Fresno river

9.806

1.256

17

Mosteiro Bridge

11.666

4.108

18

Franco Bridge

12.035

4.340

2.3. Signal processing
The acquired acceleration data was saved for further data processing
in the ARTeMIS Modal Pro software that allows the application of
several OMA techniques, such as frequency-domain decomposition
(FDD), the enhanced frequency - domain decomposition (EFDD), and
the stochastic subspace identification (SSI) were utilized.
The FDD technique is based on the classical approach, uses the
singular value decomposition (SVD) of the estimated spectral densities
of the measured response, and the response spectrum can be
separated into a set of systems with one degree of freedom and modal
damping is not calculated [23]. The EFDD technique is an
enhancement to the FDD, the Inverse Discrete Fourier Transform
(IDFT) is applied to each spectral density function extracted from the
spectra of singular values, then the autocorrelation function of an
SDOF system is obtained allowing the determination of frequencies
and modal damping in the time domain [24]. The SSI technique is a
time-domain technique that estimates the modal parameters directly
from the raw measured time series and applied together with Crystal
Clear SSI algorithm, which allows results leading to cleaner and more
stable stabilization diagrams [25].
There is a good coherency in the first vertical natural frequencies of
the masonry bridges for both techniques, so only SSI results are given
in this study because this technique handles better with noise.
3.

19

Azibeiro Bridge

11.611

2.675

20

Bridge over Penacal Bridge

15.950

0.746

21

Gralhós Bridge

15.594

2.785

22

Frechas Bridge

11.709

1.328

23

Vieiro Bridge

24.167

3.253

24

Pedra Bridge

10.278

3.225
2.303

25

Bridge on R206

15.182

26

Formigosa Bridge

6.204

2.510

27

Maçãs Bridge

13.263

1.840

28

Gimonde old bridge

14.175

4.255

Table 3. Statistics
Frequency [Hz]

Damping [%]

Median

13.726

2.593

Mean

14.048

2.633

Standart deviation

4.473

1.161

Results

Table 2 present the values of the first vertical frequency and damping
ratios for each structure, and Table 3 report the median, mean values
and standard deviation, 72% of the masonry arch bridges have
vertical frequencies in the 9-16 Hz range.

Previous studies [26][17], although not specifically evaluating
masonry arch bridges, show correlations between arch bridges span
and frequency, within masonry arch bridges [9], report a logarithmic
correlation between the frequency and the maximum span.

There are several factors that can influence the dynamic behavior of
masonry arch bridges, these factors are related to the intrinsic
characteristics of each structure, and some are not known and are
difficult to estimate.

In Figure 4, it is possible to observe the relationships proposed by
these authors and the one proposed in this study, the equations
proposed by Cantieni (1983) [26] and Oliveira (2004) [17] present more
pronounced curves because their studies include arch bridge
structures in general, the law proposed in this study and the one
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indicated by Bayraktar (2015) [9] that specifically include masonry
arch bridges show similar values for bridges with a span greater than
10 m that are those included in the Bayraktar study.
Figure 6 shows the variations of the damping ratio with geometric
characteristics, as in previous studies there is no correlation between
these variables [9], so the mean value of the damping ratio (2.5–3)% is
a good estimation, congruent with the previous study.
e test machine consists of two plates: upper and bottom plates with
dimensions of 1500 × 1500 mm and a plate thickness of 30 mm. The
plates were first cut into 1500 × 1500-mm sizes by a CNC cutting
device and then ring-cut with a CNC cutting machine. Soldering was
applied to minimize the error rate and improve the weld performance
via the seam fusing method [4–6, 20–22]. To decrease the initial
distortion and residual stress, the edges of the cylinder were joined
through soldering. The steel plates were cut in the exact dimensions
of the models and rolled into cylinders by a rolling machine
Figure 4. Comparation of proposed and other authors equation for
estimation the first frequency

Figure 5. Variation of first vertical frequency with geometric characteristics of bridge

Figure 6. Variation of damping ratio with geometric characteristics of bridges
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4.

Conclusions

The technique of expeditious tests to estimate the proper frequency
of masonry arch bridges, proved to be a viable technique to monitor
and preliminarily inspect the substantial amount of these structures
present in the European road structure, providing information that
will support the inspection and evaluation of these structures.
From the analysis of the first vertical frequency of each of the 28
bridges with their geometric characteristics, it was possible to
establish a relationship between the first frequency and the ratio
between the arch span and the width of the arch f=14.735 (S⁄Sw)(-0.429)
which is a proper estimation for initial analysis of analytical models.
The frequencies of 72% of the structures are in the range of 9 -16Hz
with an average value of 14Hz for structures with an arch span
between 4 and 15 m.
No good correlations were found between the damping ratio and
geometric characteristics, nevertheless, the damping ratio between
2.5 and 3% can be used for initial estimates.
Albeit the results obtained establish values similar to precedent
studies, it is necessary to expand the sample with intent to increase
the statistical representativeness of the results and obtain a more
significant R2 factor between frequency and geometric
characteristics.
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This study covers the seismic performance evaluation of an old template reinforced concrete
building in Albania designed in 1982. This building category is constructed as residential
moment-frame with no shear walls. For the demand calculation, Incremental Dynamic
Analysis (IDA), is selected as a method which provides the response behavior of the structure
under a set of ground motion records from the elastic range until total collapse. More than
one thousand dynamic analyses are performed in the environment of ZeusNL software,
developed particularly for earthquake applications. A set of 18 ground motion records with
magnitude ranging from 6.5 until 7.1 is used to perform the analyses. Furthermore, IDA
curves are generated based on the values gathered from the intensity measure (IM) and
damage measure (DM) defined as 5% damped first mode spectral acceleration, Sa(T1,5%) and
maximum global drift ratio, max respectively. In addition, limit states are selected as
Immediate Occupancy (IO), Collapse Prevention (CP) and Global Instability (GI) based on FEMA
guidelines. Finally, the interpretation of the building performance is presented in terms of
IDA fractiles summarized as 16%, 50% and 84%.

III.

1.Introduction
In this paper the seismic performance assessment of a reinforced
concrete (RC) template building in Albania is conducted using
nonlinear dynamic analysis. These template buildings were designed
in 1982 and constructed in different cities in our country according
to old building code [1]. Moreover, Albania has been evaluated as a
region with relatively high seismic vulnerability [2]. Recently, On
November 26, 2019, western part of Albania was hit by a 6.4 Mw
earthquake with epicenter in Durrës, causing major loss in human
and buildings [3, 4]. From site investigation it has been observed that
most common failures were objected to improper reinforcement and
poor material quality due to aging. Therefore, the seismic response
evaluation of these buildings must be done as early as possible. On the
other hand, one of the main targets of Performance-Based Earthquake
Engineering (PBEE) is to evaluate the seismic response of the structure
as accurate as possible [5]. Hence, Incremental Dynamic Analysis (IDA)
is used for the estimation of the building vulnerability due to the
earthquake motion under a set of records. To model the structure,
ZeusNL, a finite element software established especially for the
earthquake engineering applications [6, 7] is used. Selecting the
appropriate ground motion records and an applicable software is
crucial while running Incremental Dynamic Analysis. Nevertheless,
performing IDA involves several other important steps as presented
below:
I.
II.

Prepare a suitable building model in the environment of a
software capable of running IDA.
Select an applicable set of more than ten ground motion records
for midrise buildings.

IV.

V.

Chose an incrementing method which is compatible with
selected software until non-convergence is encountered (e.g,
hunt and fill or stepping method).
Define a suitable intensity measure (IM e.g, 5% damped first
mode spectral acceleration, Sa(T1,5%)) for the ground motion and
a damage measure (DM e.g, maximum global drift ratio, ϴmax) [5,
8]
a. Generate the IDA curve by interpolation for each of the
ground motion record once the IM and DM results are ready.
b. Define the limit states.
c. Summarize IDA curves into 16%, 50% and 84% fractiles.
Interpret the seismic structural performance by using the
generated information.

In addition, we will provide a methodology on the application of the
Incremental Dynamic Analysis as well as interpretation of the results
for this old template building.
3.

Building model and ground motion selection

We have selected “Banesa TIP 82/2” as a representative of old
reinforced concrete buildings in Albania constructed in the
communism era. This building template was used in different cities of
our country, and they are classified as the first reinforced concrete
structures which were built using early building code [1]. It was
designed in 1982 and is serving as residential building which is still
in use as yet. In plan, the building is symmetrical in both longitudinal
directions, 17.3m long and 10.0m wide composed of 6 bays and 3
frames. First four stories have an elevation of 2.8m while the top story
is 3.22m, reaching a total building height of 14.42m. The structural
system is reinforced concrete moment resisting frames without shear
walls. The mathematical model of this building is conducted in the
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environment of Zeus-NL software using a cubic elasto-plastic type 3D
element to model beams and columns. The bilinear elasto-plastic
material model with kinematic strain hardening (stl1) was used for the
steel reinforcement and rigid links modeling, while the uniaxial
constant confinement concrete material model (conc2) was used for
the concrete [7]. We have chosen to model the middle frames of the
building, representative of x and y directions as shown in figure 1. The
concrete class given in the blueprint belongs to class C16/20.

by increasing step by step the intensity measure. In this way, by
scaling each of the records, the target is to force the entire structural
from elastic region, to yielding and finally total collapse. One of the
most advanced algorithms to predict minimum steps required per
record is presented by Vamvatsikos and Cornell as the hunt and fill
algorithm [15]. However, in this study we will use stepping method
employed in ZeusNL software due to its simplicity to understand and
implement [16]. In this case we will need to specify the starting IM,
maximum number of dynamic analysis and the preferable IM-step.
The IDA calculation parameters involve the scale factor, intensity
measure of the earthquake and the damage measure of structural
response. The earthquake intensity measure is selected as 5% damped
of first mode spectral acceleration Sa(T1,5%)(g) and the damage
measure is considered the maximum global drift ratio max(%) as
proposed by previous studies [15]. In the table 2, there are shown all
steps needed for the analysis together with the structural drift values.
The last step ends in the global instability and is denoted by “+∞”.
Global instability happens when any small increase in the IM
produces huge DM values, essentially ending of the IDA. In total, 17
runs were needed for record #1.
Table 5. IM and DM values from C16-building in x-direction for
record No.1

Figure 4. Structural model used in ZeusNL.

(X-direction left and Y-direction right)

However due to aging of these structures we chose to use C10 and C16
which represent better the actual concrete condition. Therefore, in
overall there will be 4 models to be analyzed using Incremental
Dynamic Analysis. To implement this procedure, we will need a suite
of ground motion records. In literature it is proposed to use ten to
twenty earthquake records for midrise buildings to get sufficient
results while targeting the estimation of the seismic demand [9].
Table 4. The suite of eighteen ground motion records used for this
study.
N
Event
1
Corinth
2
Kocaeli
3 Erzincan
4
Friuli
5 Imperial
6 Imperial
7 Imperial
8 Loma Prieta
9 Loma Prieta
10 Loma Prieta
11 Loma Prieta
12 Loma Prieta
13 Loma Prieta
14 Northridge
San
15
San
16
17
Spitak
18 Superst.

Year
1981
1999
1992
1976
1979
1979
1979
1989
1989
1989
1989
1989
1989
1994
1971
1971
1988
1987

Station
Greece, Corinth
Turkey, Duzce
Turkey, Erzincan
Italy, Tolmezo
Chihuahua
Plaster City
Westmoreland Fire
Agnews State
Coyote Lake Dam
Hollister South &
Sunnyvale Colton
WAHO
WAHO
LA, Hollywood
LA, Hollywood Stor.
LA, Hollywood Stor.
Armenia, Gukasian
Wildlife Liq. Array

Ø°
0
18
90
27
28
45
90
90
28
0
27
0
90
36
90
18
90
36

Soi
C
C
C
B
C,D
C,D
C,D
C,D
B,D
D
C,D
D
D
C,D
C,D
C,D
C
C,D

M R(km PGA(g
6.6 19.9 0.264
7.1 1.6 0.427
6.7 8.9 0.488
6.5 20.2 0.345
6.5 28.7 0.254
6.5 31.7 0.042
6.5 15.1 0.074
6.9 28.2 0.159
6.9 22.3 0.179
6.9 28.8 0.371
6.9 28.8 0.207
6.9 16.9 0.370
6.9 16.9 0.638
6.7 25.5 0.358
6.6 21.2 0.210
6.6 21.2 0.174
6.8 36.1 0.207
6.7 24.4 0.200

Consequently, we have selected a set of 18 ground motions from a
range of 6.5 – 7.1 magnitude as shown in table 1. All records are
selected with no marks of directivity so they can represent a real
earthquake scenario. Ground motion records are taken from the
Pacific Earthquake Engineering Research Centre (PEER) [10] and from
the U.S Geological Survey (USGS) [11].
4.

Methodology for seismic performance assessment

3.1. Performing Incremental Dynamic Analysis
Once the template building model is prepared and ground motion
records are selected, then we will need to conduct the nonlinear
dynamic analysis. Incremental Dynamic Analysis (IDA) [5], also known
as Dynamic Pushover Analysis (DPO) [12], was initially proposed in
1977 by Bertero and adopted by the Federal Emergency Management
Agency [13]. Later, Vamvatsikos and Cornell introduced the first
computer algorithm for the implementation of this analysis method
[14]. IDA uses the earthquake record to replicate time history analysis

No.

Sa(T1,5%)

max

1

0.05

0.14

2

0.11

0.28

3

0.16

0.34

4

0.21

0.47

5

0.26

0.60

6

0.32

0.76

7

0.37

0.97

8

0.42

1.28

9

0.48

1.60

10

0.53

1.96

11

0.58

2.14

12

0.63

2.28

13

0.69

2.40

14

0.74

2.72

15

0.79

3.33

16

0.84

4.69

17

0.90

+∞

3.2. Producing IDA Curves by Interpolation
As soon as all analysis are ready then we will need to generate the IDA
curves. The proper selection of the intensity measure plays an
important role in the evaluation of the building performance and
interpretation of IDA outcomes [17]. For this study, we have selected
5% damped of first mode spectral acceleration Sa(T1,5%) as intensity
measure parameter since our set of ground motions have no signs of
directivity and building is a midrise one. On the other hand, we are
interested to monitor the rooftop displacement of the building, hence
the global drift ratio max is chosen as damage measure parameter.
Once the IM and DM values are gathered from the analysis, then we
will need to select a procedure to interpolate the results for the IDA
curves. The interpolation of the results to generate the IDA curves
without needing to conduct massive analysis, is done using super
spline function and prepared as an algorithm in python programing
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language. In figure 2, it is presented the IDA curve which is generated
after the interpolation. The dots represent each scale factor of the
incremented dynamic analysis plotted in terms of IM and DM selected
parameters and the line shows the interpolation from the data
collected. Initially it is observed the linear region of the IDA curve
which is followed by the first damages occurring. The curve start
softening at about 0.37 g and then reaching the “flatline” after
intensity measure of 0.85 g, indicating the global instability where the
structure will response with “infinite” max.
3.3. Defining IDA Limit States and Fractiles
Performance-Based Earthquake Engineering requires to define the
limit states on the IDA curve to perform the estimation of the building
performance [18]. To achieve this target, we will select three limit
states: Immediate Occupancy (IO), Collapse Prevention (CP) which are
both defined in FEMA guidelines [13] and the Global Instability (GI) as
have been previously suggested [5]. Following these guidelines, we set
immediate occupancy limit state to occur at 1% or 0.01 of the global
drift ratio. Moreover, collapse prevention point will be located on the
IDA curve when it reaches to 20% of the elastic slope or when DM goes
to 10%.

under the suite of ground motions selected. We have chosen to
calculate the 16%, 50% and 84% percentile values using one of the
methods proposed in previous studies [16]. In addition, fractile values
of IM and DM are interpolated to generate finally the IDA fractile
curves from 18 earthquake records usen in this study.
By properly reading the fractiles, it is much easier to get sufficient
information from the demand calculation. As shown in the Figure 4,
when Sa(T1,5%)=0.2g, 16% of the records produce max=0.5%, 50% of
records produce max <0.7% and 84% of the records produce max
<1.1%. Alternatively, the fractiles can be used in the inverse way to get
more practical information. Therefore, in order to get demand max
=3.0%, 16% of the records have to be scaled to Sa(T1,5%)≥0.96g, 50% of
records to Sa(T1,5%)≥0.54g and 84% of the records should be scaled to
Sa(T1,5%)≥0.40g.

Figure 6. Defining IO and CP limit states in IDA curve for record No.1
Figure 5. The interpolation of dynamic analyses points for record
No.1.
The one occurring first in terms of intensity measure will be selected
as CP point. With great significance here is to properly locate the CP
point when the curve starts softening, still without exceeding 10% of
the DM parameter, so the structural model can be trusted. In some
cases, it happens that IDA curve softens and hardens more than one
time showing multiple CP points. According to previous studies, the
latest CP point should be accepted before reaching the 10% of DM
value [15, 16]. As a final point, global instability occurs when the
flatline is reached. This corresponds to huge values of DM,
theoretically infinite, caused by any small increase of the IM values.
Figure 3 demonstrates the IDA curve and limit states for the first
record in X-direction of the C16 Building. The limit states for each
record and building are calculated using an algorithm written
especially for this purpose in python version 3.7 [19].
5.

Table 6. Limit States generated for record No.1
max

Sa(T1,5%)

Figure 7. 16%, 50% and 84% IDA fractiles

IO

CP

GI

IO

CP

GI

0.37 g

0.78 g

0.85 g

1%

3.12%

+∞

Results

More than one thousand dynamic analyses are performed for the case
study building in both directions modeled with concrete C16 and C10.
Values for each earthquake record are used to generate 18 IDA curves
for each of the four models. Moreover, limit states are defined for each
of the IDA curve for the Immediate Occupancy, Collapse Prevention
and Global Instability as shown in the figures below.

Furthermore, summarizing IDA curves into different percentiles will
provide large amount of data for the structural response behavior
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the collapse prevention limit states are calculated considering 20% of
the elastic slope or 10% of the damage measure and plotted with dots
in the graphs. Once the IDA curves and limit states are ready, it is
more practical to observe the effect of each earthquake record on our
building. As can be seen from the graphs, it is obvious that all models
will fail in a range from about 0.3g to 0.9g from most of the
earthquakes. However, earthquakes such as: Friuli (PGA = 0.345), Loma
Prieta WAHO 000 (PGA = 0.370), Loma Prieta WAHO 090 (PGA = 0.638)
will force the structure to fail later, thus at a higher intensity measure.
This phenomenon is better observed especially in the y-direction of
the models.

Figure 8. IDA Curves and Limit States for C16 - X direction

Figure 9. IDA Curves and Limit States for C16 - Y direction

On the other hand, the information provided by the summarization of
the IDA curves into 16%, 50% and 84% fractiles is remarkable
especially in terms of seismic performance calculation. Consequently,
it is possible to observe the response of the structure in any intensity
measure increment, from the initial condition until total collapse of
the building takes place.

Figure 12. IDA Fractiles and Limit States for C16 - X direction

Figure 10. IDA Curves and Limit States for C10 - X direction
Figure 13. IDA Fractiles and Limit States for C16 - Y direction

Figure 11. IDA Curves and Limit States for C10 - Y direction
From the graphs, it is clearly observed the softening and hardening of
the IDA curves until the global instability (GI) is reached. GI is
represented with flatlines on each of the curves indicating the total
collapse of the building. Together with IDA curves, the limit states are
plotted. With “+” sign is shown the immediate occupancy which
corresponds to 1% of the damage measure. Furthermore, values from

Figure 14. IDA Fractiles and Limit States for C10 - X direction

PACE 2021- Ataturk University, Engineering Faculty, Department of Civil Engineering, Erzurum, 25030, TURKEY 20-23 June 2021

142

Leti and Bilgin (2021)

References

Figure 15. IDA Fractiles and Limit States for C10 - Y direction
For instance, when the intensity measure is equal to 0.4 g, it is
observed that 16% of the records produce max ≤ 0.8%, 50% of the
records produce max ≤ 1.6% and 84% of the records produce max
≤ 2.9% for the C-16 x direction model. Similarly, fractiles can be used
to gather more information on the intensity measure for a target
displacement. Thus, C16 y-direction model will reach max = 2.0%,
when 16% of the records are scaled to 0.98g, 50% of the records when
Sa(T1,5%) = 0.38g and 84% of the records when Sa(T1,5%) = 0.28g.
Moreover, the limit states are very helpful for performance levels of
the structure. As shown graphically, a rapid comparison can be done
based on different concrete classes. Hence, in x-direction of the C16
model, 16% of the IDA records reached IO at Sa(T1,5%) = 0.19, 50% at
Sa(T1,5%) = 0.28 and 84% at Sa(T1,5%) = 0.66. While in the same
direction of C10 model, IO limit state is reached at Sa(T1,5%) = 0.19g by
16% of the records, 50% of the records at Sa(T1,5%) = 0.25g and 84% of
the records at Sa(T1,5%) = 0.67g. From the collapse prevention limit
state can be easily demonstrated the ductility difference between two
concrete classes. For example, C16 – y-direction will reach CP limit
state at max ≤ 4.1% by 50% of the records. On the other hand, we can
observe an early CP point for the same direction of C10 model at
max ≤ 3.3%. In the same trend we could interpret the response of
the building for the total collapse. For instance, 50% of the records
force the C16-X-direction model to fail at Sa(T1,5%) = 0.68g and C10X-direction model at Sa(T1,5%) = 0.56g.
6.

Conclusions

Seismic performance estimation is presented for a five-story
reinforced concrete building designed in 1982 according to old
Albanian building code. The building is a moment resisting frame
template residential building without shear walls. Both of its
transverse frames are modeled in the environment of ZeusNL
software, which uses fiber approach modelling technique for the
nonlinear analysis. Due to concrete aging, the building is modeled
using C16 and C10 concrete classes. Demand calculations are
performed using one of the most recent methods used in the
Performance-Based Earthquake Engineering (PBEE) such as
Incremental Dynamic Analysis (IDA). For nonlinear dynamic analysis,
a set of 18 ground motion records is selected, bearing no signs of
directivity. Moreover, a methodology is presented for the
development of the IDA curves by properly selecting a suitable
intensity measure (IM-5% damped first mode spectral acceleration)
and damage measure (DM- maximum global drift ratio). In addition,
the limit states are selected as Immediate Occupancy (IO), Collapse
Prevention (CP) both defined in FEMA guidelines and Global Instability
(GI). Furthermore, IDA curves are summarized in 16%, 50% and 84%
fractiles together this their limit states. Finally, is introduced a
detailed interpretation of the structural response in terms of IM as
well as DM for the seismic evaluation.
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The dimensioning of a retaining structure consists in determining the geometric and
structural elements so that it is stable under the action of the forces applied to it and in
particular of the passive and active earth pressure. The stability of these structures is often
ensured by anchors placed in the soil. The anchor plates are largely based on passive earth
pressure to resist to the ultimate pullout capacity. This study focuses on a numerical study
using the software PLAXIS 3D Tunnel, to evaluate the ultimate pullout capacity of vertical
square anchors plate embedded in a frictional soil. The soil was considered to be a linearly
elastic-perfectly plastic material, obeying Mohr–Coulomb criterion. The variation of the
ultimate pullout force was calculated as a function of the variation of the anchor depth. The
anchor break-out factors were estimated for a rigid and rough vertical plate, subjected to
horizontal loads. The results have been compared with those available in the literature.

1.

Introduction

The design of the retaining structures, whatever their type, implies
the application of active and passive thrusts theories to the
calculations of the loads exerted on the structure by the field.
Conventional methods require the determination of classical active
and passive thrusts distributions, influenced by different coefficients.
These calculation methods, also known at the rupture, are based on
simplified behavior schemes assuming that the soil is in limit active
or passive thrust.
Anchors embedded in the soil are often used to ensure the stability of
these structures. These members, referred to as soil anchors, are
generally attached to the structure and embedded at a depth
sufficient to resist pullout forces safely.
The anchor plates are largely based on passive earth pressure to resist
the pullout loads. The study of the behavior of an isolated anchor plate
has been widely discussed by many researchers using experimental,
analytical or numerical methods.
Ovesen (1964), conducted tests on a full scale model; these tests have
shown that the passive earth pressures against the anchor blocks of
limited width, are higher than those provided according to the
conventional schemes, and the difference can be quite significant.
Ovesen and Stromann (1972) used the failure mechanism proposed by
Hansen (1953) to estimate the earth pressures for the case of a
continuous shallow plate anchor flushing with the cohesion-less
ground surface, termed as the basic case (H/h = 1), where h is the height
of the plate anchor, H embedment depth, Based on the developed
failure mechanism, the ultimate pullout capacity Tu per unit length
of a strip anchor was estimated by Ovesen and Stromann (1964, 1972)
by the following expression using horizontal force equilibrium: Tu=
Ppx -Pax ,where Ppx and Pax are the horizontal components of the
passive and active thrusts, which can be estimated using the earth
pressure coefficients reported by Caquot and Kerisel (1949). Neely et

al. (1973) performed laboratory tests on plate anchors in dry sand and
ultimate resistances of these plates were examined using both limit
analysis and the method of stress characteristics. Das and Seeley
(1975) conducted several laboratory model tests to determine the
ultimate pullout resistance of shallow vertical anchors and suggested
a simple semi-empirical relation for the pullout resistance for square
and rectangular anchors. The capacity of deeper vertical anchors in
medium dense sand was investigated by Akinmusuru (1978) for
square, circular and rectangular anchors. On the basis of
experimental findings, Dickin and Leung (1983) conducted both
centrifuge and conventional chamber tests and reported very
thorough investigations on the behaviour of vertical square and
rectangular anchors in dense sand. Hoshiya & Mandal (1984)
investigated the capacity of square and rectangular anchors in loose
sand. Merifield et al. (2006) presented a synthesis of experimental and
theoretical research, conducted for the study of anchor plates. Naser
(2006) carried out theoretical as well as experimental studies on the
ultimate pullout capacity of an anchor block of concrete embedded in
sand and observed that, anchor thickness contributed to the pullout
capacity through base friction forces. This effect was not significant
as compared to the passive resistance.
While there are a variety of experimental results in the literature,
very few rigorous numerical analyzes were performed to determine
the ultimate capacity of the anchors. Previous numerical studies of
anchors have generally used simple analytical approaches such as the
limit equilibrium method, and the limit analysis method. Limit
analysis technique of the upper and lower bound limits were used by
Murray and Geddes (1987, 1989), Basudhar and Singh (1994) and Smith
(1998) to estimate the capacity of vertical anchor plates. More rigorous
studies have been conducted by Rowe and Davis (1982), Tagaya et al.
(1983, 1988), and Sakai and Tanaka (1998), using the finite element
technique.
However, important recent studies conducted by several researchers
have made it possible to understand and deal the problem of soil
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anchors, for example, Hanna A et al (2011), Kame GS et al (2012), Das
BM and Shukla SK (2013), Wang D and Merifield RS and Gaudin C
(2013), Mabrouki A and Mellas M (2014), Choudhary AK and Dash SK
(2017).
Two-dimensional numerical analysis in plane or axisymmetric
deformation does not allow to study faithfully the behavior of a square
anchor plate with the exception of a few approaches in axisymmetric
by simplification of the square shape by an equivalent circular shape.
Such justification calculations were carried out by the Division of Soil
Mechanics, Rocks and engineering geology of the LCPC in the
framework of the exploitation of experimental studies on shallow
foundations (Mestat et berthelon. 2001). Currently, three-dimensional
numerical calculations in geotechnical engineering help to better
understand the overall behavior of structures, and thus help
engineers to identify the most critical elements of design. So, in this
paper, a three-dimensional numerical study was chosen using the
PlAXIS 3D Tunnel finite element code in order to treat the problem
properly and lead to more convincing results. The results obtained are
the subject of a comparison with the formulations available in the
literature.
2.

Numerical modeling

In this study, a three-dimensional numerical model developed using
the finite element method in PlAXIS software, the studied problem
considers an isolated anchor plate, defined by its height h and its
width b (h = b = 1 m), and subjected to a horizontal Pullout force Qu
(Fig.1). The anchor plate is assumed to be square, rigid and rough,
Embedded vertically in a purely Cohesion-less and homogeneous soil
at a depth H; depending on the location of the anchor plate near the
ground surface, five cases are considered; H/h = 1, 2, 3,4et 5.

Figure 2. Mesh used for the case of an anchor plate limited by a
horizontal free surface (H/h = 1).
Boundary conditions are taken into account by blocking horizontal
and vertical displacements for the lower bound, and blocking
horizontal displacements for the model's symmetry planes and
peripheral planes.
In this study the behavior of the soil is governed by an elasticperfectly plastic law and the Mohr-Coulomb criterion has been
adopted; this model is characterized by a modulus of elasticity E =
30000 kN / m2, Poisson's ratio
= 0.3, a density
= 18 kN / m3, a
zero cohesion; the angle of friction
has been varied between 20 °
and 40 ° with an increment of 5 °; for the dilation angle, we used an
associated flow law ( = ).
The rigid non-deformable anchor plate was modeled by horizontally
imposed displacements and blocked vertically at the nodes. During
the calculation process, the imposed displacements gradually
increase incrementally until the stabilization of the resulting force
which represents the ultimate pullout load Qu of the anchor plate,
break-out factor N can be calculated from of the following formula:
𝑞

𝛾𝐻𝑁

(1)

With: qu= breaking stress; N = break-out factor; H= embedment
depth; 𝛾= density of the soil.
Table 1. Soil mechanical properties
Soil unit weight
Young's modulus
Poisson's ratio
Cohesion
Internal frictional angle

(kN/m3)
E (kN/m²)

Dilation angle

c (kN/m²)
(°)
(°)

18
30000
0,3
0
de 20°à 40°
by step of 5°
( = )

Figure 1. Model geometry
In all cases, due to the symmetry of the problem, only half of the model
was considered. The numerical model has 4th order 15-node
triangular finite elements, which provide finest distribution of stress–
strain in soil mass. Several meshes were considered with a half-width
of the plate (b / 2 = 0.5 m), a local refinement of the mesh was carried
out in the suspected zones with strong gradients of the stresses, in the
vicinity of the anchor block. The dimensions of the massif adopted are
sufficient for the mechanism of rupture does not intercept the
borders. Many tests were carried out to examine the influence of the
size of the model on the anchor limit force Qu. An example of the
adopted mesh with triangular finite elements at 15 -node, medium,
refined in the vicinity of the plate, comprising 2500 elements, is
illustrated in the figure (Figure 2).

3. Results and discussion
3.1.
Load-displacement curve
Figure 3 shows the evolution of the reaction force as a function of the
displacement imposed for the anchor plate in the case of the internal
friction angle of the soil
= 20 ° with H / h = 1, 2, 3,4 et 5 et ( = ).
For each depth studied, the reaction force increases with the increase
of the imposed displacement, until stabilization at a certain value
which represents the ultimate pullout force. The latter increases with
the increase of the embedment depth.
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Figure 5. Comparison of N obtained by the present study with the
results of Rowe (1978)

Figure 3. The ultimate pullout capacity for the anchor plate
3.2.

Break-out factor Ny

Figure 4 compares the N values obtained by this study with those
found by Merifield et al. (2006) and Meyerhof (1973); the results
presented in this figure were obtained by considering an associated
soil. It is noted that the results of N given by Merifield et al. (2006)
are obtained by applying the lower and upper bounds of the threedimensional limit analysis using the finite element method. In
general, it may be noted that the results of the present study are in
very good agreement with those obtained by the upper bound
procedure based on finite elements and those obtained by the semiempirical theory presented by Meyerhof (1973). The values in this
study are slightly underestimating N factor relative to the results
of Merifield et al. (2006). Also, the analysis of the results presented in
Figure 4 allows to notice an almost linear variation of N with the
depth.

A comparison of the N values obtained in this study with those
found by experimental tests previously carried out by Neely et al.
(1973), and Akinmusuru (1978) are shown in Figure 6. The results
shown in Figure 6 indicate that the numerical computation is
successful, with only very small error limits observed. The Calculated
estimates are in excellent agreement with the results of Neely et al.
(1973). It was found that the error limits increased with increasing
friction angle.

Figure 6. Comparison of Break-out factor from the current study
with the experimental results of the other authors
3.3.

Figure 4. Comparison of N obtained by the present study with the
results of the upper bound of Merifield and Sloan (2006) and the
semi-empirical theory of Meyerhof (1973).
The effect of soil dilatation on the anchor capacity has been studied,
in order to demonstrate the influence of soil non-associativity on the
N factor, in Figure 5 are presented the results of Rowe (1978),
determined using the finite element displacement technique with a
non-associated flow rule ( = 0), and the results determined by
previously performed numerical calculations with an associated flow
rule ( = ). It is observed that the Break-out factors of the current
study are superior to those obtained by Rowe due to the effect of soil
dilation.

Mechanism of rupture

Failure mechanisms are represented by the finite element
displacement contours in Figure 7, where different values of
were
used in the displacement field presentation for various H/h ratio
values. Examination of these figures shows the influence of the
internal friction angle
on the total displacement of the anchor
plate. It has been found that the increase in lateral shear increases
with an increase in the angle of friction at a given anchor depth.
4.

Conclusions and perspectives

The anchor limit forces for the plates in square configuration were
determined by the PlAXIS 3D Tunnel code in this study, in order to
determine the N Break-out factors in the case of H / B ratios of less
than 10 and internal friction of the soil less than 40 °. The square,
rough and rigid anchor plates were installed vertically in dense sand
and subjected to a horizontal pullout force. Soil behavior was
characterized by Mohr Coulomb's criterion with a non-associated flow
law ( = ).
The numerical experiments made the following conclusions:
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The numerical simulation with the Plaxis 3D Tunnel computation
code gave satisfactory results in comparison with those given by the
Merifield et al. (2006) and those obtained by the semi-empirical theory
presented by Meyerhof (1973).

In general, it has been found that the displacement field and the
failure mechanism are influenced by the internal friction angle of the
soil . An increase in lateral shear is observed with an increase in the
angle of friction at a given depth of anchor.

On the other hand, the comparison of the N results, determined
using Rowe's (1978) finite element displacement technique with a nonassociated flow rule (
= 0), with the numerical calculations
presented. in this study in the case of an associated soil ( = ), have
confirmed the influence of the non-associativity of the soil which
underestimates the N
factor. It is observed that the Break-out
factors of the current study are superior to those obtained by Rowe
due to the effect of soil dilation.

The results obtained from a selection of existing experimental studies
were compared with the numerical predictions obtained in the
current study. The comparison shows an encouraging agreement.

Figure 7. Total displacements for

The present study allowed to understand the three-dimensional
behavior of a vertical, rigid, rough and isolated anchor plate. Several
perspectives of different nature can be envisaged in this paper, such
as the study of the interference of a group of vertical anchor plates;
also, the study of the limit load of inclined anchor plates.

= 20°, 30°, 40° and H/h= 2
[8.]

Hanna, A., Rahman, F., Ayadat, T., Passive earth pressure on
embedded vertical plate anchors in sand. Acta Geotechnica (2011)
6:21–29.

[9.]

Hoshiya, M., Mandal, J.N., Some studies of anchor plates in sand.
Soils and Foundations,24(1): 9–16. Ireland, H.O. 1963. Discussion
on uplift resistance of transmission tower footings by E.A.
Turner. Journal of the Power Division, ASCE,89(1) (1984) 115–118.
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This paper presents the procedure for determining partial factors for actions depending on
the reliability index. Structural reliability classes and the concept of reliability index are
described. Based on the analytical terms from EN 1990, the partial coefficients for actions
were calculated. The dependence of the partial factors for permanent and variable actions
and the reliability index for different coefficients of variation when the load capacity is
normally and distributed according to Gumbel is presented.

1.Introduction

-

public aversion to failure,

The reliability of a structure is the ability of the structure, or its
element, to meet the prescribed requirements, including the
prescribed service life, for which they have been designed. In
quantitative terms, reliability can be defined as the complement to the
probability of failure [1]. Reliability is expressed in probabilistic terms.
It covers the safety, serviceability (functionality) and durability of the
structure (Figure 1) [2].

-

necessary costs and procedures to reduce the risk of failure [4].

Safety - a structure with an appropriate degree of safety must be able
to sustain all loads that will occur during its life (load-bearing
capacity, stability control, ...) – Ultimate Limit State (ULS);
Functionality - the structure must facilitate the normal functioning
of the building according to its purpose (deformation and vibration
control) – Service-ability Limit State (SLS);
Durability - factors of influence are choice and quality of materials,
quality of construction works, construction design, level of
maintenance of the facility [3].

Figure 1. Figure 1 – Definition of reliability according to [2]

EN 1990 [4] sets out the principles and requirements for the safety,
serviceability and durability of structures. The basics for their
calculation with budgetary evidence are provided and instructions for
the relevant aspects of structural reliability are presented.

The levels of reliability, which should be applied to a particular
structure, can be prescribed through the classification of the structure
as a whole and/or the classification of its elements.

Different levels of reliability can be adopted, among other things, for
the load-bearing capacity of the structure and serviceability. The
choice of a reliability level, for the observed construction, should take
into account the relevant factors, which include:

The classification according to reliability can be represented by
reliability indices  , which serve to take into account the adopted or
assumed statistical variability of the impacts and bearing capacity
actions, as well as the unreliability of the model.

-

possible cause and/or manner of reaching the limit state,

-

possible consequences of a failure, which would endanger
human lives and economic losses,
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2.

Structure categories according to the failure effects

Based on the consideration of the effects on human life and health, as
well as the economic factors that cause the collapse of the structure
or the poor functioning of the structure, according to [4], classes
according to the effects of CC were introduced.

Table 1. Definition of classes according to effects
Class
according
to effects

Description

CC3

Severe effects on
the loss of
human lives, or
very severe
economic social
environmental
effects

CC2

CC1

Medium effects
on the loss of
human lives,
considerable
economic, social,
or
environmental
effects

Minor effects on
the loss of
human lives, or
minor economic
social
environmental
effects

Examples of
buildings and
other structures

Parameter

Spectator stands,
public buildings,
where the effects
of the failure are
considerable (eg
concert hall)

    10

Housing and
administrative
buildings, public
buildings with
medium failure
effects (eg.
Administrative
buildings,
industrial
buildings)
Agricultural
buildings not
normally visited
by people (storage
facilities,
glasshouses, silos,
masts



3.

Reliability index

The proof of structural reliability which is most often implemented in
practice is conducted using the operative value of failure probability
Pf which is called the reliability index  . The proof of reliability in
this case according to [2] is:

cal  req

(1)

where:

cal - is the reliability index, calculated for a structure,

req - is the reliability index which is norm adjusted for a specific class
 5

of structural failure effects (table 2).
Failure probability can be expressed through the reliability index
defined by the expression:

  U 1 ( Pf )

(2)

where:

U 1 - is an inverse standardized function of normal distribution.
 

According to [6] the classes according to the effects are determined
based on an appropriate number of people who are at risk due to
structural failure. The classes are shown in Table 1. According to the
effects, three reliability classes RC1, RC2 and RC3 can be defined via
the reliability index  (Table 2).

Table 2. Recommended minimal values for the  reliability index
(ultimate limit states), according to [4]
Class according to
reliability

which according to [5] is defined as the ratio of the total cost of
construction (sum of construction costs and costs of its removal due
to failure) and construction costs (Table 1).

Minimal values for reliability index 
The reference
period of 1 year

The reference period
of 50 years

RC3

5.2

4.3

RC2

4.7

3.8

RC1

4.2

3.3

There are also structures, or structural elements (eg lighting poles,
mast, etc.), which are classified in category RC1 for economic reasons,
but such structures are subject to stricter levels of design revision and
supervision.

Table 3. Dependence of failure probability and reliability index
according to [1]

Pf

10-1

10-2

10-3

10-4

10-5

10-6

10-7



1.28

2.32

3.09

3.72

4.27

4.75

5.2

Failure probability and reliability index are used to quantify the same
thing – reliability of the structure [1]. Table 3 shows the connection
between  and Pf . Also, for all types of structures, the reliability
class RC2 and service life of 50 years are provided. This refers to
„ordinary“ structures, because of the reliability indices
= 3,8
(ultimate limit state) and =1,5 (service-ability limit state) partial
factors are recommended in the norm. In the case of „extraordinary“
structures which are classified as RC3, the reliability index
= 4,3
(ULS) is adopted. The code does not define which values of partial
factors are to be adopted for the design of such structures [2].

4.

Partial safety coefficients

4.1. Reliability methods
By using partial safety coefficients and  coefficients for basic
variables, such as actions, geometrical properties of an element, etc,
in the partial coefficient methods are obtained the design values. It is
also necessary to conduct a calculation proof to prove that no limit
state (ULS and SLS) has been exceeded.

Another type of division of structures into classes according to the
effects of failure can be based on determining the parameter 
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Figure 3. Behavior function g, according to [3]

Figure 2. Review of the reliability methods, according to [4]

Numerical values of partial factors and  coefficients according to
[4] can be determined:

Figure 4 shows the function of the limit state R - E = 0 by two random
variables, namely the influence of the action E and the bearing
capacity R. Accordingly, it follows that the failure limit is R=E.
Furthermore, based on that, it follows that  R   E that is, that the
standard deviation of the bearing capacity and the standard deviation
of the effects are from actions of the same magnitude.

- Based on the calibration (based on experience in construction, the
leading approach in Eurocodes) and
- Field observations and statistical estimates of experimental
research (the levels of reliability for representative constructions
must be as close as possible to the target reliability index).
Based on the scheme in Figure 2, probabilistic calibration procedures
can be divided into:
- Fully probabilistic methods - level III (rarely used in regulations for
the calculation of structures),
- First-order reliability methods FORM - level II (accurate enough for
most applications on structures).
Eurocodes (EN 1990 to EN 1999) was originally based on method A. The
probability that the structure will not fail, with which a certain
measure of reliability should be determined, is represented by the
expression:

Ps  1  Pf

(3)

Figure 4. State of structural safety, according to [3]

where:

Pf - is the probability of structural failure.
Therefore, based on the expression (3) it can be considered that the
value Ps is actually the structural reliability. In engineering practice,
it is common to look for the value of failure probability [2].

a.

Calculation point of the ultimate state function

The operational application of the proof of reliability with Eurocode is
based on the method of partial factors. Theoretical bases of reliability
engineering are used to determine partial factors  i , reduction
coefficients  i , rules for combined actions, etc. The failure
probability Pf can be presented using expression (4) via the behavior
function g. If g  0 the structure will survive, and if g  0 it will fail,
whereby the failure point is defined for g  0 .
g RE

(4)
Figure 5. Theoretical basics of reliability engineering for
determination of calculation point, [2]
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Figure 5 shows that the reliability zone is below the failure limit. This
is not a good starting point for proof of reliability. In the case of proof
of structural reliability, theoretically, each point is in the direction of
the failure limit R - E = 0. However, for the proof of reliability, the point
at which the probability of failure is the highest is adopted. This point
has coordinates P(

Rd Ed
, ) , and in reliability theory, it is called a

R E

b.

Partial factors for actions

a)

Partial factors for permanent actions

Partial factor for permanent actions are represented by the
expression:

calculation point. If it is:

G 


 g
g

(5)

G d - design values of permanent actions,

g - is the mean value for g,

G k - characteristic values of permanent actions.

g - is its standard deviation,

Towards [2] it is usually accepted that the characteristic value of the
constant action G k is equal to the mean value  G , so it is:

So that:

g    g  0

(6)

From figure 5, coordinates of the calculation point can be written in
the following form:


 R R   ;Rd  R R   R , and
R R
Rd

E



(8)

Where is:

where:

Ed

Gd
Gk

E
  ;Ed  E E   E
E E

G 

G  (1E   VG )
G

(9)

Where is:

 G - mean value of permanent action,
VG - coefficient of variation of total permanent action,

 E - sensitivity factor of for effects of actions,
(7)

 - reliability index.

Where:

R- is the mean bearing capacity value,

Expression (9) can therefore be written in the form:

E- is the mean action effect value,

 G  1   E   VG

R- is the vulnerability coefficient, for action effects, by the first-order

Coefficient of variation VG obtained by expression:

reliability method FORM, ( R  0,8 )

E- is the vulnerability coefficient, for bearing capacity, by the firstorder reliability method FORM

VG 

V g 2  V Ed 2

(10)

(11)

Gde je:
V g - coefficient of variation of permanent action,

(  E  0, 7 ).

E
The values for R and E are valid only inside the range 0,16   7,6
R
.

VEd - coefficient of variation of design performance model permanent
action.
The present values in [2] are V g  0,10 and Vg  0,10 so it is:
VG  0,10 2  0,10 2  0,14

According to the expression (9) the partial safety factor for permanent
action is then:

 G  1  (0, 7)  3,8  0,14  1  0, 7  3,8  0,14  1,37  1,35.
This value of  G is adopted in Eurocode.

Figure 6. Relation between individual partial factors, according to [4]

Figure 7 shows the dependence of the reliability index and the partial
factor of permanent action  G , for the coefficient of variation applied
in Eurocode.
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Figure 7. Dependence of partial factors for the permanent action  G
and reliability index  for the coefficient of variation VG  0,14 , for
normal distribution

Figure 8. Dependence of partial factors for the variable action  Q
and reliability index  for the different coefficient of variation VQ ,
for distribution according to Gumbel, [2]

b)

Partial factors for variable actions

Partial factor for variable actions are represented by the expression:

Q 

Qd
Qk

(12)

value VQ can be greater than 0.5, and some other distribution
function can better approximate the histogram of variable action [2].

Where is:

Qd - design values of variable actions,

5.

Qk - characteristic values of variable actions.
If, on the basis of the present in [2], the distribution function of the
variable fact adopt the Gumbel distribution and the 98% fractile,
provided the values of the partial factors for variable action according
to the formula:

Q 

It can be seen from Figure 8 that for the coefficient of variation
VQ  0,5 partial factors for variable actions are  Q  1,3 . However, the

Q  (1  VQ  (0, 45  0,78ln( ln( ( E   )))))
Q  (1  VQ  (0, 45  0,78ln( ln(0,98))))

(13)

Where is:

Q - mean value of variable action,
VQ - coefficient of variation of variable action,
 - cumulative distribution function of the standardized Normal
distribution,

E - sensitivity factor of for effects of actions,

Conclusion

The paper briefly presents the concept of structural reliability and
refers to the control of load-bearing capacity, serviceability, and
durability of the structure. Therefore, different reliability modalities
can be defined for different categories of structures in different ways.
One of the most convenient ways to represent reliability is through
the reliability index  .
EN 1990 establishes principles and requirements in terms of safety
and reliability of structures used on all other Eurocodes. Their
assessment of reliability and durability is based on the principle of
ultimate states in combination with safety coefficients.
This paper presents the procedures and expressions that define the
safety coefficients in Eurocode. An unavoidable parameter in
determining them is certainly the reliability index. In Eurocodes, the
target value   3, 8 of the reliability index for common
constructions was used for safety factors. Conventional
constructions, regardless of the material and static system, are
classified in reliability class 2 (RC2). Also, the paper analyzes the
relationship between different values of the reliability index and
safety coefficients for the actions. For the needs of the analysis of the
ratio of partial factors and reliability indices, the adopted coefficients
of variation and sensitivity coefficients E and R were used.

 - reliability index.

Figure 8 presented the dependence of partial factors for the variable
action  Q and reliability index  for the different coefficient of
variation VQ .
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Reactive powder concretes (RPC) are original concretes characterized by particle diameter
less than of 600 µ and an essential strength (compressive and flexural) and durability. The
main objective of this study consists in studying the physico-mechanical properties, and the
durability in a sulphated environment of a reactive powder concrete using materials
available in our region, we have integrated materials rich in silica (slag, silica fume and
crushed quartz) in Portland cement with 15, 23 and 25%, respectively. From this study we can
make the following conclusions: The incorporation of additions increases the compressive
and flexural tensile strengths, which gives an improvement in the compactness of the
mixtures by the pozzolanic effect of these last, by removing the particle size phase in the RPC
and the affluence of dune sand (southern Algeria) and slag (industrial waste from the iron
ore blast furnace), because Na2SO4 has a major effect on the compressive strength notably for
non-fibrous formulations. NaOH improve the compressive strength for all formulations.

1.Introduction
Many researchers have studied various aspects of RPC, starting with
Richard and Cherezy (1995), Jörg Jungwirth (2002), Collepardi, (2003),
Gao, (2005), Brandt, (2008), Tafraoui, (2009), Hannawayya, (2010), Wille,
(2011), and Chadli et al. (2018, 2020)[1, 2, 3, 4, 5, 6, 7, 8, 9, 10]. However,
the proper selection of materials, their production process and their
proportionately influences the mechanical performance and
rheological properties of RPC.
The term reactive powder concrete (RPC) has been used to describe a
reinforced fiber, super-plasticity, silica fume - cement mixture with
very low water-cement ratio (w / c) characterized by the presence of
very fine quartz sand (0.15-0.40 mm) instead of the ordinary
aggregate Al-Obaidi et al. (2020) [11].
The absence of common aggregate was considered by the inventors to
be a key portion of the micro-structure and performance of RPC. In
fact, it is not concrete because there is no coarse aggregate in the
cement mix, to reduce the heterogeneity between the cement matrix
and
the
aggregate.
The persuade of the type of silica fume and Portland cement on the
performance of reactive powdered concrete mixtures (RPC) was
investigated, only using C3A - Portland cement free, in combination
with a brand of white silica fume. The w / c ratio was as low as 0.20,
and the compressive strength was as high as 180 MPa at 3 days after
heat treatment at 150 ° C. However, a strong reduction in early
compressive force was recorded. The replacement of white silica
vapors with other types of silica vapors (gray or dark), as well as the
substitution of other Portland cements with Portland cement without
C3A resulted in an increase in w / c and a reduction in strength
compressive (110-160 MPa). However, with these mixtures there was
no reduction in compressive force early on Junquan et al. (2020)[12].

The compressive load and the bending load of reactive powder
concrete and RPC reinforced with corrugated steel fibers and whip
fibers at the ends were investigated. The composition of RPC, which
has been optimized by trial and by varying different ingredients, was
used with a water cement ratio of 0.20. Corrugated steel fibers were
used 0.4 mm dia. and 13mm long whip fibers at the 12mm long ends
were incorporated into the concrete Zhidong and Pizhong. (2018) [13].
Concrete exhibits high ductility with typical energy absorption values
approaching those reserved for metals Faiz Uddin et al. (2020)[14].
Due to its durability and exceptional mechanical properties, UHPC has
been widely used in thin concrete structure in China, such as steel
bridge pavement, wet joint, small prefabricated components Ingrid
and Rein (2020)[15]. However, due to the extremely low water-binder
ratio of around 0.2 and the generally high binder content of 800 to
1200 kg / m3 in UHPC, the shrinkage of UHPC is greater than that of
concrete, conventional high performance (HPC) Yiwei Liu et
al.(2020)[16].
RPC also has extraordinary durability parameters such as abrasion
resistance and reduced permeability to chloride. These durability
improvements reduce maintenance costs and extend the life of a
structure. RPC is a material whose potential has not yet been
identified. It should therefore be used to contain the structures of
nuclear power plants and protect military installations Caruso et al.
(2020) [17].
The durability of concrete has become increasingly important in
recent years, as there has been a push to extend the life expectancy
of existing and planned infrastructure. Many of the improvements
that have been found to change the behavior of concrete at the
material level have been incorporated into the next generation of
concrete. Although much of the emphasis on this type of concrete has
centered on mechanical and / or structural behaviors, in near and far
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terms, durability behaviors are inexorably linked to mechanical
behaviors. In order to effectively use this new generation of concrete,
components and structures will need to be optimized to fully utilize
the mechanical and durability properties without any unnecessary
waste
of
materials
SujayH
et
al.
[18].
The aim of this work is to study certain mechanical, physical
properties of reactive powder concrete (RPC) including compression,
bending of reactive powder concrete reinforced with steel fibers and
resistance to aggressive media (5% Sodium sulphate Na2SO4 and 10%
sodium hydroxide NaOH), using locally available materials and
preserving at 20 ° C and 90 ° C.

Steel fibers (SF) The fibers used are wire-drawn steel products, made
in Algeria by the company GRANITEX located in Oued-Smar (Algeria)
of the MEDAFAC type, in the form of wavy rods these fibers have a
length of 50 mm and a thickness of 0.6 + 0.09 mm its geometry and
its technical characteristics allow it to offer concrete high toughness.
MEDAFAC steel fibers are packaged in 40 Kg cardboard boxes.

2. Materials and methods
2.1. Material
Cement (C) We used a single type of cement for all of our mixes. It is a
CPA CEM I 42.5 N HRS from the Enfidha cement plant (Tunisia). Its
different chemical, mineralogical and physical properties are
determined in the cement plant of AIN LAKBIRA - SETIF. The results
obtained are in the following tables.

Figure 1. Particle size distributions of cement

With the exception of cement, which is of Tunisian origin, (which was
used because of the difficulties of obtaining a local CEM I cement), the
materials used are of local origin. The chemical composition and
particle size determined by laser granulometer (Master-sizer 2000) of
cement are shown in Table 1 and Fig. 1.
The additions
All the additions, of fineness greater than that of cements, can be used
as a substitute for cements.
Silica fume (SF) The silica fume used in our study is a MEDAPLAST HP
manufactured in Algeria by the company GRANITEX located in OuedSmar (Algeria).
Crushed slag (CS) The chemical composition of the addition was
determined in the AIN LAKBIRA cement laboratory. SETIF (Algeria).
Crushed quartz (CQ) Ground quartz is a powder, with an average
diameter between 10 and 15 m, produced by grinding a sand very
rich in silica (SiO2> 98%) generally used in glassware.
It is mainly used in the formulation of UHPC treated at a temperature
above 90 ° C as a chemical supplement. For non-heat-treated concrete,
crushed quartz can be considered inert and its use is not mandatory.
The chemical compositions of cement, silica fume, slag and quartz
powder are given in Table 1.

Table 1. Chemical Compositions of Cement, Silica Fume, Slag and
Quartz Powder (%)
(%)

SiO2

Al2O3

Fe2O3

CaO

MgO

K2O

SO3

C
SF
CS
CQ

20.62
94
35.88
94.33

4.31
1
8.38
1.171

4.94
1
0.56
1.044

63.24
0.4
30.96
1.62

2.01
1
4.54
0.184

1.1
–
0.62
0.386

1.85
1.5
1.55
0.04

Cl −
0.003
0.06
0.01
0.012

Na2O
0.27
0.6
0.41
0.001

Loss on ignition
1.86
–
2.79

The sand (S) The sand used within the framework of our experimental
study is a sand of dune passed through a sieve of 0.5mm therefore the
largest diameter and 500 µm, this sand was taken from the region of
Oued Souf (Algeria), it is appreciated for these good characteristics.

Figure 2. Steel fibers
The adjuvant: (SP) (NFP 18-103)
3 min
3-5min

Homogenization of dry materials.
Added water and half of the superplasticizer slow
kneading

6-8
min

Added the other half of the high-speed Malaxage
superplasticizer.

The adjuvant used in our study is a new generation "MEDAFLOW 30"
type high water-reducing superplasticizer. It is a solution of
Polycarboxylates, manufactured in Algeria by the company
GRANITEX located in Oued-Smar (Algeria).
The mixing water (W) the mixing water used in our study is drinking
water "tap water" supplied to the civil engineering laboratory at the
University of Mohamed Khider Biskra (Algeria).

2.2 Preparation of test specimens

We fill a mold 40x 40x160 mm. The clamping of the RPC in this mold
is obtained by introducing the concrete in two times and by applying
15 shocks to the mold each time. After which the mold is leveled,
covered and stored in the room. Between 20 h and 24 h after the start
of mixing, these test pieces are removed from the mold and stored in
water at 20 C ° ± 1 C °, before 1 day of the rupture test, the test pieces
are subjected to a heat treatment: they are stored in a humid cabinet
above 90 ° C for 24 hours. On the day provided, the specimens are
broken in flexion and compression.
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C
kg/
m3
80
0
80
0
80
0
80
0
80
0
80
0

RPC
C
RPC
1
RPC
2
RPC
3
RPC
4
RPC
5

S
kg/m
³
114
4
88
0
114
4
114
4
114
4
114
4

SF
kg/
m3
26
0
20
0
26
0
26
0
26
0
26
0

CQ
kg/m³
24
0
0
0
24
0
24
0
24
0

Table 3: Concrete mixing time studied
CS
kg/m³
180
0
200
180
0
0

SF
kg/m³
0
0
0
0
136
184

SP
kg/m³
21,6
14,4
14,4
21,6
21,6
21,6

.
3. Discussions
3.1 Compressive Strength Test
The compressive strength of concrete is the most important property
of concrete. The purpose of the compression test is to determine the
crush strength of hardened concrete and carried out on 40 x 40 x 160
mm prism specimens because RPC does not contain coarse aggregates
and the maximum particle size is of 600 µ. Here, to determine the
average compressive strength, three cubes of each concrete mix are
tested after 14, 28 and 45 days, tested under a compression testing
machine with a capacity of 180 tons. According to fig. 3, the
compressive strength reaches up to 74 MPa for the reinforced fibers
for a hardening at 20 ° C. Curing in hot water (80 ° C) gives a
compressive strength at 3 days equal to (80-90) % of that of 28 days.
The compressive strength at 7 days is (93-97) % of that at 28 days. At
20 ° C, the compressive strength at 3 days is (57-65) % of that of the
compressive strength at 28 days and at 7 days equal to (75) % of the
compressive strength at 28 days.
The results presented by the histogram of fig. 3 ,shows that RPC
resistance increases over time RPC3 based on (32% SF - 23% crushed
slag - 30% crushed quartz) has the best compression resistance value
at 14 days and 28 days and 45 days by addition to concrete and the
RC14Days/RC28Days ratio is in the order of 76%, showing that more
than 70% of the resistance is acquired.
The RPC1 based on (25% SF) is recorded a low resistance by input to
other concrete. It is also noted that the RPC3 based on silica (25% SF 25% crushed slag) made in the very low W/C ratio gave less
compression resistance than other RPC concrete to higher W/C ratios,
which is confirmed by the RPC2. So there is no improvement in
compressive strength with lower W/C.
Between 28 days and 45 days, the resistance obtained does not show
a significant increase for all the mixtures. This shows that the
hydration of the cement is disturbed. These results correspond to
results of Chadli et al. (2020) [10].

150
100
50
0
RPCC

RPC1

RPC2

14 Days

RPC3

jj
28 Days

RPC4

RPC5

45 Days

Figure 3. Evolution of resistance to compression of RPC by age
3.2 Flexural Tensile Strength Test
Flexural tensile strength test this done by a 300 KN press and a 3point bending traction device, the drag resistance values of the RPC
studied over time are given in Fig. 4.
Based on the results presented in the histogram of Fig. 4 for the two
concretes (fibrous and non-fibrous), we found an increased resistance
to traction according to time, this result is consistent with the results
found in the literature. In our study, it is noted that RPC with steel
fibers are stronger than fiber less RPC. Maximum resistance obtained
at RPC5 at 45 days.
It can be concluded that the experimental results of flexing traction
resistance of RPC concretes reinforced with steel fibers demonstrate
the greater efficiency of fibers for this type of solicitation. These
results correspond to results of Chadli et al. (2020) [10],
20
Flexural tensile strength
(MPa)

Table 2. Composition of RPC based on substitution of additions

Compressive strength (MPa)

Chadli et al.

15
10
5
0
RPCC

RPC1
RPC2
jj RPC3
14 Days 28 Days

RPC4
45 Days

RPC5

Figure 4. Evolution of the resistance to
bending traction of RPC by age
3.3 Resistance to aggressive environments test
The influence of aggressive environments on compression
resistance of the RPC to assess the durability of concretes against
chemical attack, we determined compression resistance based on
immersion time. The figures below represent the variation in
compression resistance of different formulations of RPC after 45 days.
Based on the results shown on the histogram of the fig (5, 6 and 7)
shows that:
Regardless of the type of formulation (fibre or non-fibrous), an
increase in compression resistance has been recorded for all
formulations but it appears that the presence of metallic fiber causes
a significant increase compared to non-fibrous formulations These
results correspond to results of Chadli et al. (2018) [9].
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This is explained by the low intensity of portlandite in the
formulation of RPC1 compared to RPC3. This proves that the
incorporation of the additions has a benign effect on resistance to
Na2SO4.
In a mode preservation (NaOH), the characteristic rais of
portlandite (2 = 26.91) is more intense in the formulation of RPC5
compared to RPC1 as well as to the other mode of preservation (1 and
2) this justify the increase in resistance to compression of
formulations retained at (NaOH). These results correspond to results
of Chadli et al. (2018) [9].

145
140
135
130
125
120
115
RPCC

Compressive strength
(MPa)

Figure 5.

RPC1
RPC2 jj RPC3
RPC4
Drinking water 45 Days

RPC5

Compressive strength as a function of immersion time in
drinking water, after 45 days

140
120
100
80
60
40
20
0

Figure 8. Reactive powder concrete (RPC3) immersed
in 5 per cent Na2SO4 solution, after 45 days

RPCC

RPC1

RPC2
RPC3
Type of concrete

RPC4

RPC5

Figure 6. Compressive strength as a function of immersion time in
Sodium Sulfate (Na2SO4) after 45 days.

Compressive strength

140
120
100

Figure 9. Reactive powder concrete (RPC1) immersed in
5 per cent Na2SO4 solution, after 45 days

80
60
40
20
0
RPCC

RPC1 RPC2
RPC3
Type of concrete

RPC4

RPC5

Figure 7. Compressive strength as a function of immersion time in
Sodium Hydroxide (NaOH) after 45 days
3.4 X-Ray Diffraction Analysis
X-ray diffraction is applied to identify products formed in RPC
preserved in 5% sodium sulphates, and 10% sodium hydroxide (NaOH).
This analysis revealed the appearance of crystalline phases at the
surface of samples exposed to aggressive environments.
The diffractometer used is coupled with a computer system. Powdered
samples were collected from the surface of the 45 days test tubes.
The tests were done at the DRX laboratory at Biskra University. The
device used is a Diffractometry (D8 ADVANCE BRUKER).
The use of the two X'Pert High Score and Origin Pro software allows
the exploitation and tracing of results is formed from the diagram
(diffraction diagram or diffractogram).
A review of the diffractograms cited above shows fig. 8,9, 10 and
11:
In mode preservation (Na2SO4), Portlandite fixation is more
important in the formulation of RPC1 versus RPC3 according to the
following eq 1:
Ca (OH)2 – Na2SO4 – 2H2O → CaSO4 2H2O – 2NaOH
(1)

Figure 10. Reactive powder concrete (RPC1) immersed
in 10 percent NaOH solution, after 45 days

Figure 11. Reactive powder concrete (RPC5) immersed in 10
per cent NaOH solution, after 45
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4. Conclusion
In this research, the influence of three types of additions on the
mechanical properties of reactive powder concrete with and without
metal fiber at an early age and long-term often RPC concretes made
from local materials was studied.
After reviewing the results, we can conclude that:
The compression resistance of the concrete is improved by thermal
treatment, regardless of the dosage as a substitute for addition.
The use of crushed quartz requires heat treatment.
The flexural resistance of fibrous concretes is much higher than that
of non-fibrous concrete.
Cement class, fine additions and the W/C ratio are very important
factors for fibrous reactive powder concrete.
Mechanical resistance to the ages of (28 days) of RPC2 , RPC3 and
RPC4 with substitution additions exceeds those of other RPC, which
means that these additions have a pouzzolanic role that results in
the formation of second-generation C-S-H.
The kinetic formation of the C-S-H by the additions depends on their
fineness of their silica content.
FS silica smoke does not have a good improvement on compression
resistance which is restored to their finesse (less fine), which affects
the W/C ratio.
The highest mechanical resistance of RPC (125 MPa) in compression
are achieved using the ratios: SF/C = 1.43 and W/C = 0.27, SP/C =
0.027, and (18.9 MPa) in flexural tensile strength using ratios: SF/C
= 1.43, W/C = 0.27, SP/C =0.027 and SF/C = 0.23.
CPA 42, 5 class cement, fine dune sand, very fine, silica-rich
additions, thermal treatment of more than 90 degrees Celsius, and
metal fibers can give concrete exceptional performance.
In addition to the significant performance (ease of implementation,
mechanical resistance and high compactness and very good surface
appearance) offered by this newly born.
Among these two aggressive media NaOH, Na2SO4 remains the most
harmful medium with respect to the durability of RPC.
The presence of mineral additions improves the durability of concrete
compared to that not added by mineral additions.
NaOH does not have a significant influence on the compressive
strength of RPC and therefore its durability.
The study of the microstructure is a very effective tool which allows
to access different phase forms in the cement matrix to confirm the
mechanical properties of concrete and consequently their durability.
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In this paper have been conducted an analysis of seismic velocity waves to determine
Poisson’ s ratio of the crust and its implications for the eastern Anatolian and east black sea
bounded. The Pg and Sg wave arrival times of 235 data recorded by three stations was used
to examine the geotectonics of the study area. The Pg and S wave velocity were determined
as 5.506 km/s and 3.146 km/s, respectively for the whole study area. The Vp/Vs ratios were
calculated as 1.727- 1.754 with an average of 1.740. Poisson’ s ratio ( =0.205) have been
obtained for the whole study area. The greatest Poisons’ ratio values were observed for KTUT,
while the smallest was observed in the ERZN stations. The highest Poisson’s ratio values were
obtained in the north part, while the lowest values were obtained in the south of the study
area. The obtained lateral seismic velocity and Poisson’ s ratio changes indicate the
lithospheric compression or strain effects of the East Anatolia Fault Zone (EAFZ) and Bitlis
Zagros Suture Zone (BZSZ) in the near crust and the sub-crust tectonic disturbance. This
study shows that tectonic structures and lithospheric inhomogeneity structures can be
defined by the dynamic properties such as Poisson’ s ratio of the near upper Earth crust.

Compared to Poisson’s ratios, the seismodynamic properties can be a
better indicator of the content of lithospheric compression.

1.Introduction
Seismodynamic changes near the surface, faults, and complex
tectonic structures are formed by the heterogeneous elastic
characteristic inside the upper crust and the unstable surface geology
of the upper part of the upper crust. In this paper, the relationship
between the tectonic structures, lateral tectonic discontinuities,
rating of fault and the wave velocities and Poisson’ s ratio manifested
itself very effectively. Attenuation is on of the basic properties of
seismic waves from which material and physical conditions in the
Earth’s interior can be inferred (Aki, 1980). The VP/VS quotients are
actually widely used for research involving tectonics, such as active
fault zones, fore arcs in addition to volcanoes (Chiarabba & Amato,
2003; Eberhart-Phillips, Reyners, Chadwick, & Chiu, 2005; Moretti, De
Gori, & Chiarabba, 2009; Ojeda & Havskov, 2001). Lateral variations of
VP/VS ratios are typically well correlated with tectonic and geological
structures. The Poisson’s ratios can be readily transformed from the P
and S velocity ratios, VP/VS (Salah & Seno, 2008b), allowing for a wide
analysis of VP/VS ratios (MacKenzie et al., 2008; Musacchio, Mooney,
Luetgert, & Christensen, 1997). Poisson's ratio, as an elastic
parameter, is the ratio between the radial shortening and the axial
elongation. In comparison to the seismic wave velocities, Poisson's
ratio is a much more useful indicator for the content of fluids and/or
magma in crustal rocks (Aydın, 2016; Kayal, Zhao, Mishra, De, & Singh,
2002; Salah & Seno, 2008a; Salah & Zhao, 2003; Takei, 2002). The
physical properties of the fault zone such as seismic velocity and
Poisson’s ratio as well as the distribution of cracks and fluids may
have played an important role in the earthquake-generating
processes (Kisslinger, 1996; Zhao, Mishra, & Sanda, 2002). The VP/VS
capability will simply discover some sort of lateral deviation in
lithology when the geological anomaly is found from the true portions
(Sheriff, 1991). Poisson’ ratio is diagnostic of the medium composition
and properties such as lithology and rheology (Christensen, 1996;
Fernández-Viejo, Clowes, & Welford, 2005; Rudnick & Fountain, 1995).

2.Tectonic Settings and Seismology
Seismicity of Anatolian Block, including Turkey, is directed by three
important tectonic blocks (Le Pichon & Gaulier, 1988; McKenzie, 1972;
Şengör & Yilmaz, 1981). The northbound activity of the Arabian and
African plate and Southbound activity of the Eurasian plate causes
Anatolian Block to move towards West and Mediterranean
approximately 20 mm a year by compressing the East section of the
Anatolian block (Reilinger et al., 2006) The neotectonics of southern
Anatolia began after the collision of Arabian and plates along the
Bitlis-Zagros suture zone (Sengör & Natal'In, 1996). The collisional
zone is also identified as a compressional–extensional tectonic
regime, driven by the westward extrusion of the Anatolian plate along
the right-lateral NAFZ and left-lateral EAFZ (Şengör & Yilmaz, 1981).
The Eastern Anatolian contractionary zone, consisting of a collage of
oceanic and continental crust, is an active collisional convergent zone
that has still being squeezed between the Arabian and Eurasian plates
(Fig. 1). Black sea is a Mesozoic-Early Cenozoic aged back-arc basin
which is built behind northbound Tethys Ocean (Finetti, Bricchi, Del
Ben, Pipan, & Xuan, 1988; Robinson, Rudat, Banks, & Wiles, 1996). Fig.
2 shows a map of the investigated area with the locations of the
epicenters.
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The relationship is used to determine the elastic parameter of
Poisson’s ratio ( ) (Utsu, 1984). By definition, Poisson’s ratio is the
ratio of radial contraction to axial elongation.

(〖v_p⁄v_s )〗^2=2(1- )/(1-2 )

(Utsu, 1984)

where VP is the Pg wave velocity, VS is Sg wave velocity, is Poisson’s
ratio. Data used for this study were seismic records of the events
recorded by three stations from Bogaziçi University Kandilli
Observatory and Earthquake Research Institute (KOERI) (Fig. 2). The
selected data set consists of 235 recorded with focal depth between 1
and 10.5 km, epicentral distance between 14 and 195 km and
magnitude ranging between 3 and 4.8. In the study, 235 events and
291 data were used for the seismic velocities and Poisson’s ratio (Tab.
1). Seismic wave phases were read in ZsacWin software and velocities
were calculated using Excel.

Figure 1. Simplified structural map of study area. The map shows the
epicentral location of the earthquakes The three stations are shown
with red triangles. Black lines represent faults and dotted lines are
thrust faults. EAFZ–East Anatolian Fault Zone; NEAF-North-Eastern
Anatolian Fault Zone; NEAFZ- North-Eastern Fault Zone; MOFZ Malatya Ovacık Fault Zone.
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Figure 2. S wave velocity (brown), P wave velocity (blue) and epicenter distance (Δ) for three stations and all study areas.
Table 1. VP, VS (P and S wave velocities), and
No
1
2
3
Average
Σ

Sta. Kode
KTUT
BAYT
ERZN
---All area

Event
38
81
116
---235

(Poisson’s ratio) calculated for the three studied sub-regions in southeast Anatolia.

Mutual E.
13
22
26
---61

Total E.
51
103
142
---296

Latitude
40.987
40.3937
39.5867
-------

Longitude
39.7667
40.141
39.722
-------

Vp (km/s)
5.698
5.396
5.316
5.470
5.506

Vs (km/s)
3.248
3.1
3.077
3.141
3.146
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σ
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0.184
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[3.]

Chiarabba, C., & Amato, A. (2003). Vp and Vp/Vs images in the Mw
6.0 Colfiorito fault region (central Italy): A contribution to the
understanding of seismotectonic and seismogenic processes.
Journal of Geophysical Research: Solid Earth, 108(B5).

[4.]

Christensen, N. I. (1996). Poisson's ratio and crustal seismology.
Journal of Geophysical Research: Solid Earth, 101(B2), 3139-3156.

[5.]

Eberhart-Phillips, D., Reyners, M., Chadwick, M., & Chiu, J.-M.
(2005). Crustal heterogeneity and subduction processes: 3-D Vp,
Vp/Vs and Q in the southern North Island, New Zealand.
Geophysical Journal International, 162(1), 270-288.

[6.]

Fernández-Viejo, G., Clowes, R. M., & Welford, J. K. (2005).
Constraints on the composition of the crust and uppermost
mantle in northwestern Canada: Vp/Vs variations along
Lithoprobe’s SNorCLE transect. Canadian Journal of Earth
Sciences, 42(6), 1205-1222.

[7.]

Finetti, I., Bricchi, G., Del Ben, A., Pipan, M., & Xuan, Z. (1988).
Geophysical study of the Black Sea. Bollettino di Geofisica Teorica
ed Applicata, 30(117-118), 197-324.

[8.]

Kayal, J., Zhao, D., Mishra, O., De, R., & Singh, O. (2002). The 2001
Bhuj earthquake: Tomographic evidence for fluids at the
hypocenter and its implications for rupture nucleation.
Geophysical Research Letters, 29(24).

[9.]

Kisslinger, C. (1996). Aftershocks and fault-zone properties.
Advances in geophysics, 38, 1-36.
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Figure 3. Comparison of the values for whole study areas and three
stations.

5. Discussion
Poisson’s ratio ( ) values were found 0.213 in the south of the study.
The differences in the findings obtained from the study are
remarkably significant. The Poisson ratio values showed a regular and
gradual decrease from north to south. Poisson’s ratio values in the
north of the study area were high, while values in the south of the
study area were low. This situation can be explained by the fact that
the north parts of the study area are under a less intensive faulting
regime than the south parts. Seismic velocity and Poisson's ratio have
shown that the area in the southern part of the study region is more
heterogeneous than the northern part of the region. (Fig 2). The
Poisson’ s ratio finding obtained for the study area as a whole, along
with the three lateral findings, indicate the tectonic heterogeneity of
the upper crust of the study area (Fig 4). Another effect for this spatial
variation could be attributed to the different geological composition of
the crust in these sub-regions. This work has once more indicated that
the Poisson’s ratio variation is related to the distinct tectonics
structure and seismic activity of the upper crust.

[10.] MacKenzie, L., Abers, G. A., Fischer, K. M., Syracuse, E. M., Protti, J.
M., Gonzalez, V., & Strauch, W. (2008). Crustal structure along the
southern Central American volcanic front. Geochemistry,
Geophysics, Geosystems, 9(8).
[11.] Moretti, M., De Gori, P., & Chiarabba, C. (2009). Earthquake
relocation and three-dimensional V p and V p/V s models along
the low angle Alto Tiberina Fault (Central Italy): evidence for fluid
overpressure. Geophysical Journal International, 176(3), 833-846.
[12.] Musacchio, G., Mooney, W. D., Luetgert, J. H., & Christensen, N. I.
(1997). Composition of the crust in the Grenville and Appalachian
Provinces of North America inferred from Vp/Vs ratios. Journal
of Geophysical Research: Solid Earth, 102(B7), 15225-15241.
[13.] Ojeda, A., & Havskov, J. (2001). Crustal structure and local
seismicity in Colombia. Journal of seismology, 5(4), 575-593.
[14.] Robinson, A., Rudat, J., Banks, C., & Wiles, R. (1996). Petroleum
geology of the Black Sea. Marine and petroleum Geology, 13(2),
195-223.

6. Conclusions
The variations in Poisson’s ratios are related to the geological
uncertainties and fragility intensity of the upper crust. The seismic
velocities as well as the Poisson’s ratio ought to be changed according
to the different tectonics properties of the upper crust and various
pressured areas, which is because of the different physics properties
and also kinematic properties of the upper crust. This study has
shown that once again significant lateral variations of the crust
elasticity and dynamic characteristics of the study field have been
found to be associated with tectonic heterogeneity and elastodynamics
within the upper crust.
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To date, several studies have shown that the Earth's magnetic field suffers alterations at the
local geographical location before an earthquake occur. Its study demonstrates that the
Earth’s magnetic alterations at specific local geographical zone, is a local seismic precursor
alerting a proximity of an earthquake with a margin of error of approximately 10%. The
electromagnetic noise from background is very confusing, but that reason was necessary to
identify these electromagnetic signal precursors by filtering a large amount of noise. To
isolate the electromagnetic noise, was implemented a Magnetic North deflection detection
in Smart Phones Magnetometers. Using it technology, was developed a mathematical
algorithm that work in combination with the Smart Phones magnetometers. This research
was based on the study carried out by the Department of Physics of the Faculty of Physical
Sciences and Mathematics (FCFM) of the University of Chile directed by the eminent Enrique
Cordado, in his paper called “Latitudinal variation rate of geomagnetic cutoff rigidity in the
active Chilean convergent margin”.

1.Introduction
In principle, this study is based on the early detection of seismic
events for highly seismic zones and where there are tectonic faults in
their vicinity. It is proposed as a theory to prove that before an
earthquake event occurs in a seismic zone, a series of disturbances
occur in the earth's magnetic field. Currently there are research works
that have managed to prove the existence of such a seismic precursor
(Cordaro, 2018)[1], but there is currently no way to estimate the place,
magnitude, and time in which the event may occur for a highly
seismic zone.
According to Professor Friedemann Freund of NASA, he expressed in
a press release published in 2001 (Freund, NASA, 2001)[2], that the
Earth's Magnetic Field shows alterations produced at the local level,
and that it is highly probable that soon it would be possible to
interpret the signals with technological equipment. electrics that our
restless planet emits when the earth's crust breaks with devastating
force.
The study and observations of the fluctuations in Earth's magnetic
field behavior was performed for Puerto Rico, its fluctuations were
identified as an earthquakes precursor. The observed precursor is
based on the study carried out by Friedemann Freund presented in
his Publication (Freund, Pre-earthquake signals: Underlying physical
processes, 2011)[3]. During the Research process of this Study, using
the magnetometer provided in smart phones, it allows, in a vector
way, to identify the area where this event could manifest itself, its
magnitude and the approximate time in which a seismic event could
occur. Magnetic alterations are produced when, at the beginning of a
fracture process in the rocks located in the tectonic faults, they
confront an increase in pressure and friction due to the contact
between the said tectonic plates, as explained by Dr. Freund in his
publication (Freund, 2011) [3].

With the available technology, it is possible to study in more detail the
behavior of the tectonic plates of a geographical area, which is why
with this study, not only the alterations of the magnetic field have
been observed, but also have been identified as a real seismic
precursor.
This is because it is bases on vectors orientation that it is possible to
identify the proximity of an earthquake event with a margin of error
of approximately 10%. It is true that on our planet there is a lot of
electromagnetic noise that can be very confusing. However, this
research has managed to identify in a serious way that within said
electromagnetic noises it is possible to identify the alteration of the
earth's magnetic field by means of a vector deviation which has been
identified as a seismic precursor by means of a process of filtering
electromagnetic noise by means of the implement of a compass to
measure geomagnetic disturbance.
With the implementation of smart phones, it has been possible to
increase the study by means of an application in the Android
operating system that allows downloading and installing a data
collector and generating a local analysis of the seismic trend for a
specific geographical area.
7.

Methodology

2.1. Data Collection through Mobile Application
To carry out this research, it was necessary to develop an application
on the Android programming platform. This environment made it
possible to use the magnetometer provided in today's smart phones.
The application required the development of a programming
algorithm with which the fluctuations of the magnetic field for the
study area are monitored in real time. With the application it was
possible to obtain a data record of which, by observation, they allow to
study the local magnetic field for different points of the Island of
Puerto Rico. Being an application for smart phones, a call was made to
a group of volunteers and collaborators from the community to install
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the program and be able to collect data in different areas of the Island
of Puerto Rico. Through the observation of the data of the magnetic
field obtained by the different smartphones of the group of
volunteers, a network of daily sampling data was developed. Each
volunteer in the group places the smartphone on a flat surface and,
using a compass, orients it towards the magnetic north. This allows
that when the phone is just oriented towards the magnetic north the
magnetometer is aligned within a Cartesian plane. Once the data
obtained is aligned, they are recorded with a graphic reference to then
study the data obtained from each device through a central data bank
that receives the information from the collected sample.

by the empirical formula of Eq. (1) varies depending on the location of
the mobile phone. Experimentally it has been observed that on
average the real magnitude of the earthquake predicted by the mobile
application will increase at the rate of 0.008 Mw per kilometer
approximately.

2.6. Earthquake Detection Process

L = 0.162 (Puerto Rico Geographical localization)

Through the information obtained by the application developed and
installed in various smart phones, data were obtained that allowed us
to observe and study the fluctuations in the magnetic field locally for
Puerto Rico. It was possible to verify that during a time before an
earthquake occurs, a geomagnetic alteration occurs locally. This
geomagnetic alteration occurs because of the initial process in the
process of fracturing the rocks and minerals that make up the
interaction zones between the tectonic plates of the studied area.

The estimated time until the possible seismic event is determined in
estimated hours. To determine the time, it is required to obtain
through experimental data the value of the constant L. The constant
L depends on the geographical location of the study, this constant L
for Puerto Rico has an approximate value of 0.162. Finally, the
location constant L is divided by the translation speed Vp,
experimentally it is estimated for the fault zone between the tectonic
plates located in the perimeter of the geographic zone under study.
The speed variable is determined in mm / hour for mathematical
calculation. Fig. 1 shows the velocity map Vp in one-year tectonic
Plates displacement per year for the zone of interaction between
tectonic plates where Puerto Rico is geographically located.

This anomalous behavior can be observed in compasses, indicating
that when an area is prone to a major seismic event, it tends to have
marked deflections. This occurs because the needle that marks the
magnetic north begins to deflect in the direction of the zone in process
of fracture between tectonic plates where the future seismic event
could occur. This anomalous behavior is also verified in the readings
obtained by the application running on smart mobile phone devices.

To determine the approximate time in which the seismic event
predicted by the mobile application could occur, an empirical formula
for time was developed experimentally using Eq. (2).
𝑇𝑖𝑚𝑒

(2)

Once the data are registered in the central data bank, they are
collected by means of numerical values of the magnetic field referred
to the three main axes x, y, and z. These values begin to have
abnormal values in the three reference axes, which allows us to
coordinate where is the place where the event could occur and its
possible magnitude.
The magnetometer provided by smart phones allows the information
to be recorded continuously for the study area, allowing to compare
the values obtained through an analysis algorithm that contains a
series of mathematical formulas to determine the possible magnitude,
location, and approximate time for the possible future seismic event.
The application collects data on the value of the x, y, and z axes,
allowing it to be studied as a seismic precursor, determining the exact
moment of the magnetic variation, thus allowing to forecast the
future seismic event.
2.7. Mathematical Equations Implemented in the Algorithm of
the Smart Phone Application
The programming algorithm for the mobile application was developed
with a series of empirical formulas that were developed through this
study. The empirical formula to determine the estimated magnitude
given by Eq. (1) of the possible future seismic event was developed as
part of this research work as a function of Y and cte.
𝑀

(1)

Where Y is the magnetic field at the magnetic field anomaly detection.
The Constant cte value depends on the geological composition of the
rocks and their characteristic minerals of each zone in the local
tectonic fault closest to the magnetometer. This is important since the
geological and mineral composition of the earth's crust where the
tectonic plates act, influences the form of energy propagation. Based
on the studies carried out in this investigation, it was determined by
experimentation that the value of the constant cte is approximately
32 for Puerto Rico Geographical location.
As for the mathematical computation of the magnitude M, it is
necessary to mention that this will be the magnitude determined for
the area where the mobile phone device is located. Therefore, it does
not represent the total magnitude of the earthquake at its initial
epicenter. To determine the estimated magnitude of the possible
earthquake based on its estimated epicenter, the implementation of
more mobile phone devices located in different areas is required to
perform a triangulation based on the position of the possible epicenter
of the predicted earthquake event. Based on observation and
experimental data, it has been found that the magnitude determined

Figure 1. Estimated Vp Velocity in mm / year of the Tectonic Plates
in the Puerto Rico Zone
The location of the possible seismic event is estimated by observing
the momentary deflection of the earth's magnetic field, just as the
earth's magnetic field is observed when using a compass. When a
significant anomaly occurs in the earth's magnetic field, it has been
observed that it is possible to estimate the orientation of the possible
hypocenter of the predicted seismic event based on the momentary
signal rotation with respect to the real magnetic north. With the
application developed for smartphones it is possible to obtain the data
from the magnetometer in the x, y, and z coordinates. This
information is mathematically transformed to rotation and thus the
angle of rotation towards which the earth's magnetic north deflected
is momentarily deflected with respect to the true magnetic north. As
more mobile phones are implemented for data collection with the
developed application, it is possible through triangulation of rotations
obtain a more accurate estimate of the place where the possible
seismic event could occur.
3.

Data Collection and Results Analysis

With the data obtained by smart phones, the captured magnetic field
signals allow us to mathematically estimate the magnitude according
to Eq. (1) and the time according to Eq. (2) until the possible
manifestation of the seismic event. The Table 1 shows the data
collected by the mobile devices used for this data collection
experiment. Then the data of the magnetic field are shown in
microtesla as time passes in Spanish reference local time. With the
data, the rotation data due to the momentary deflection of the
magnetic north are also obtained. With the data collected the
algorithm of smartphone application forecast of the possible
magnitude and estimated time of the seismic event is obtained.
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In Table 2 the results obtained from the experiment can be observed
referring to the detection time. The day and time forecast of the
forecasted seismic event is indicated and followed by the record of the
events handled with their corresponding magnitude, rotation, and
distance in kilometers with respect to the monitoring device used in
this experiment.
Table 1. Data Collected by Smart Phones and Prognosticated
Earthquake Event
DETECTION Phone
TIME
Device
(Spain)
Zone

X
(µT)

Y
(µT)

Z
(µT)

Degrees of
Deflection

Predicted
Magnitude
(Mw)

Estimate
Time
(Hr)

1/03/2021
22:39:04

TOA
N1

0

76

76

280

2.6

90.0

13/03/2021
23:22:49

TOA

1

76

3

360

2.6

95.3

15/03/2021
18:37:02

TOA
N1

1

70

118

359

2.4

22/03/2021
20:20:01

TOA
N1

1

63

91

295

24/03/2021
14:33:51

TOA
N1

3

87

100

27/03/2021
3:35:21

TOA
N1

1

53

35

2/04/2021
17:24:10

PONCE
N

13/04/2021
15:57:04
17/04/2021
22:09:12

TOA 2
TOA 2

24/04/2021
17:49:55
PONCE
24/04/2021
22:54:54
PONCE

1
1
2
63
3

73
61
62
173
171

4
75
82
18
21

Figure 2. Graph of the Data Recorded During the Days of Anomaly
Occurred on April 24, 2021, at Ponce smartphone.
The Table 1 shows that the predicted magnitude was 5.4 and 5.3 Mw
while the actual magnitude was divided into four events between 2
and 2.9 Mw. This result occurred in a time relatively close time to the
predicted occurrence time. Taking this result into account, it was
possible to directly observe that the events that occurred were divided
into several events of reduced magnitude. It was also observed in this
experiment that the time that occurred until the occurrence of the
events, fluctuated in approximately 20 minutes of difference between
the predicted time and the manifested seismic event time.
Table 2. Estimated Event Date, Dates of occurrence of events,
Magnitude of Event and Distance
DETECTION
TIME
(Spain)

Predicted
Time to
Event

Real
Real Time to Magnitude
Real
Event
Rotation
(Mw)

95.3

1/03/2021
22:39:04

5/03/2021
16:39:04

05-03-2021
19:28:52

3.0

200

51

2.0

73.6

13/03/2021
23:22:49

17/03/2021
22:40:28

17-03-2021
21:43:28

3.4

280

118

70

2.7

70.4

15/03/2021
18:37:02

19/03/2021
17:54:41

19-03-2021
20:37:13

3.8

260

70

340

1.7

70.4

22/03/2021
20:20:01

25/03/2021
21:58:12

25-03-2021
22:18:34

2.5

290

40

81.0

24/03/2021
14:33:51

27/03/2021
12:59:57

27-03-2021
12:13:33

3.2

340

84

73.6

27/03/2021
3:35:21

30/03/2021
2:01:26

30/03/2021
3:07:23

3.8

120

72

77.1

2/04/2021
17:24:10

6/04/2021
2:24:10

6/04/2021
2:40:40

2.5

260

72

77.1

13/04/2021
15:57:04

16/04/2021
17:35:15

16/04/2021
19:10:05

2.0

150

35

77.1

17/04/2021
22:09:12

21/04/2021
3:17:46

21/04/2021
3:07:25

2.8

200

60

24/04/2021
17:49:55

27/04/2021
22:58:29

27/04/2021
23:23:23

360
75
120
155
168

2.3
1.9
1.9
5.4
5.3

Real
Distance
(km)

3/05/2021
0:15:43

SAN
SEBAS
-TIÁN

2.6 - 2

270

65

158

323

13

119

10.1

85.3

19/05/2021
2:53:15

24/04/2021
22:54:54

28/04/2021
4:03:28

28/04/2021
4:24:00

2.9, 2.9

260

115

TOA 2

26

69

2

67

2.2

90.0

25/05/2021 SANTA
19:52:52
ISABEL

3/05/2021
0:15:43

6/05/2021
13:31:30

6/05/2021
13:01:20

2.7, 2.6,
3.4...

150

100

95

80

45

50

2.5

73.6

25/05/2021 SANTA
19:30:54
ISABEL

19/05/2021
2:53:15

22/05/2021
20:53:15

22-05-2021
23:49:35

3.2

330

84

67

49

51

18

1.5

95.3

25/05/2021
19:52:52

28/05/2021
21:31:03

28-05-2021
20:48:19

2.9

150

30

25/05/2021
19:30:54

29/05/2021
18:48:33

29-05-2021
17:33:00

2.6

270

50

During the days of April 24, 2021, an important anomaly was
registered in the magnetic field captured by one of the mobile devices.
This anomaly was presented in bold text for Tables 1 and 2. The data
was collected by the mobile device located in the location of Ponce at
south side of the Puerto Rico Island. The Figure 2 shows the graph
generated by the central data collection bank for all the devices in
operation during that day.

On May 3, information from San Sebastián detection smartphone was
registered as a new anomaly in the magnetic field. The predicted
information was received, and the seismic event was manifested on
May 22, 2021, with a difference in time of approximately 20 minutes.
In Fig. 3 we can see the graph generated by the information received
in the table of data collected by the central data bank in which a
notable change is observed in the records of magnetic fields during
that day.
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Electromagnetic Noise: Noise caused by the different sources of space,
natural and artificial energy occurring in the external or internal
environment of the Earth.

Magnetic North Deflection: Momentary deviation of the true
terrestrial magnetic field, caused by a significant change in
energy in a certain geographical area because of the natural
interaction between Tectonic Plates.
Algorithm: Programming logic expression developed in a specific
programming language for a particular operating system, in this
study the Android programming language was used.
M: Magnitude of the earthquake in units Mw or seismic moment.
Time: Approximate time in which the seismic event could occur
according to the empirical equation developed for this study.

Declaration of Conflict of Interests
Figure 3. Graph of the Data Recorded During the Anomaly Occurred
on May 5, 2021, at San Sebastián Smartphone
4.

The authors declares that there is no conflict of interest. They have
no known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

Summary and Conclusion

There are several studies that demonstrate the direct relationship
between anomalies in the terrestrial magnetic field and their
relationship to future seismic eventualities (Included in the Reference
Section). This work focused on developing a network technology
through an application for smart phones. Through the magnetometer
provided in the smart phones, it was possible to study specific areas
of the Island of Puerto Rico where seismic activity is high risk.
Also, its investigation implements as a theory, the empirical
equations which was presented in Equations (1) and (2), because have
been experimentally developed and demonstrated as initial formulas
for the seismic forecast.
Because there is a lot of electromagnetic noise in the environment,
with the development of the application for smart phones, much of
the noise could be removed and it was filtered accurately. In order to
isolate electromagnetic noise, the application also incorporated the
use of the digital compass. This allowed us to observe that when the
magnetic north was deflected, the seismic events tended to occur in
the direction of the deflection with respect to the magnetic north. The
deflection of the magnetic north occurred for short intervals of time
and the more the magnetic north was deflected, the magnitude of the
seismic events tended to increase in the study area.
In this research it is proposed as a theory the fact that by using the
technology provided by smart phones it is possible to study a seismic
region and achieve an early warning of an important seismic event
days before the earthquake event. Also, it was demonstrated that
through this initiative it is possible to study more regions around the
planet in order to save lives and property by being prevented from a
dangerous seismic event. This technology in the future could be
complemented with specialized laboratory magnetometers that, in
combination with smart phones, will increase the accuracy of early
detection of earthquakes in a specific geographical area of the planet.
With this work we have begun the initial part of research and
implementation of a network monitoring system, now we are working
to strengthen the network with more intelligent devices in different
parts of the Planet in order to achieve the most important thing, save
Lives in the future.
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In this paper, oblique wave trapping by a poroelastic floating plate is analyzed. The
poroelastic horizontal plate is floating over an uniform bottom bed, finitely extended and
positioned at a finite distance away from an existing rigid seawall. Due to the presence of
the poroelastic plate, a major amount of incoming wave energy will be dissipated, and there
will form a calm region in the lee side of the plate. The wave reflection and dissipation
coefficients associated with the wave scattering will be analyzed for a variety of wave and
structural parameters. It is observed that the poroelastic plate can act as an effective wave
energy dissipator.

1.Introduction
In the recent decade, poroelastic plates and membranes are widely
used to trap and dissipate incoming ocean waves to create a
tranquility zone in harbor and marinas. These clam zones are used for
loading and unloading marine vehicles in terminals, safe anchorage
of small boats and ferries, etc. The use of flexible plate as VLFS (very
large floating structure) and temporary wave barriers started in the
1990s, and various technologies are used further to improve the
working mechanisms of these flexible floating plate, such as to use
anti-motion devices to create stability in the floating structure, use of
various types of mooring cables to fix these floating flexible
structures in suitable locations (see Lamas et al. (2015) [1] for details).
To model the structural deflection of these floating flexible structures
due to the interaction of incident ocean waves, the Euler-Bernoulli
beam equation is widely used. The complexity lies to mathematically
model these flexible plates is the higher-order (fourth-order)
boundary conditions that hold on the plate-covered region. To solve
the associated boundary value problems, often numerical solutions
tools are used, such as the finite element method, boundary element
method, etc. Now, the flexibility is not much useful to dissipate the
incoming wave energy and to create a relatively calm region in the
lee side of the plate (see Koley et al. (2015) [2], Kaligatla et al. (2015) [3]
for details). To overcome this problem, the poroelastic plate can be
used. The porosity of this poroelastic plate is effective in dissipating a
major amount of incoming wave energy, and as a result, less wave
energy can pass on the rear side of these structures. This helps to
create a tranquility region in the lee side of these poroelastic
structures. Although model tests were conducted to investigate the
effect of the poroelastic plate to dissipate incoming wave energy,
however, limited research was done to study the working mechanisms
and functionality of these poroelastic plates theoretically.
Theodorakopoulos and Beskos (1994) [4] made a theoretical model
study the flexural vibrations of poroelastic plates. They found that the
material of the plate obeys Biot's theory of poroelasticity along with
the Kirchhoff plate theory for the flexibility part. Recently, Smith et

al. (2020) [5] demonstrate that a poroelastic plate can be constructed
by drilling a large number of small holes in a thin uniform flexible
plate which is modeled by the Kirchhoff-Love plate theory with
modifications in stiffness and plate density with the introduction of
structural porosity. Further, the porous flow behavior is modeled
using Darcy's law of fine pore theory (Koley et al. (2018) [6], Koley and
Sahoo (2017) [7], Koley and Sahoo (2020) [8]).
In the present study, the plate flexibility is modeled using the EulerBernoulli beam equation with appropriate modifications in flexural
rigidity and plate mass density terms along with the flow through the
porous structure is modeled using the well-known Darcy’s law of fine
pore theory. The poroelastic plate is placed near the vertical rigid wall
to create a tranquility zone in the confined region between the plate
and the rigid wall. The associated mathematical formulation is
provided in Section 2. The brief solution methodology is provided in
Section 3, and Section 4 contains various results and associated
discussions. Finally, the summary of this present study is provided in
Section 5.

8.

Mathematical Formulation

2.1. Physical problem and boundary value problem formulation
The schematic diagram of the physical problem is provided in Fig. 1.
The same figure was available in Koley (2020) [9] (See Fig. 12). The
poroelastic plate is finitely extended and floating over the undulated
seabed, which is also finitely extended. Further, the plate is placed at
a finite distance apart from the existing vertical rigid seawall, as
shown in Fig. 1. The governing equation and boundary conditions
associated with the aforementioned physical problem are the same as
provided in Koley (2020) [9] except for the plate boundary conditions.
It is to be noted that in Koley et al. (2020) [9], the flexible porous plate
is considered, whereas, in the present study, a poroelastic plate is
considered. Due to the presence of the poroelastic plate, the following
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where m and a are the number of ripples and ripple amplitude
respectively. This type of bed profile often formed due to sediment
transport near the shoreline areas.

effect of poroelasticity property with E being the Young’s modulus.
Here,  is the plate porosity and  is the Poisson’s ratio. Further,





EI  Ed p3 12 1  2  with d p being the thickness of the poroelastic
plate. Moreover, m p  1     p d p is the modified uniform mass of the
plate per unit length with p being the plate density. Now, the
linearized kinematic boundary condition on the poroelastic plate is
given by

3
 i  ik0(1)G03
n
where G0 is the porous-effect parameter which is a complex number
(see Koley and Sahoo (2017) [10] for detailed derivations). This complex
porous-effect parameter G0 consists of two parts: resistance
component which corresponds to the real part of G0 and inertia
component which corresponds to the imaginary part of G0 .
Now, to solve the physical problem as stated above, a coupled
eigenfunction expansion and boundary element method can be used.
Further, for the plate boundary discretization, a finite difference
formula is applicable. The details are available in Koley (2020) [9], and
the same is deferred here to avoid mere repetitions.

Figure 1. Schematic diagram of the vertical cross-section of the
physical domain
3. Results
The main aim of this study is to analyze the effectiveness of floating
poroelastic plates to create a tranquility zone in the lee side of the
plate region. In this regard, the three physical parameters associated
with the wave scattering, such as reflection coefficient, transmission
coefficient, and dissipation coefficient, are important to analyze. The
values of the parameters are taken as follows: time period of the
incident wave T  8 sec, water depth of the left side uniform region

h1  20 m, water depth of the right side uniform region h2  10 m,
angle of incidence   30o , gravitational acceleration g  9.81 m/s2,
water density   1025 kg/m3, Plate Young’s modulus E  5 GPA,

 p   0.9 , Poisson ratio   0.3 , plate length l h1  2.5 , plate

  0.3

porosity
G0 



k0(1) d p  f  is 

 0.5  0.5i

,

porous-effect
with

k

(1)
0

being

parameter
the

incident

wavenumber, f and s are the friction and inertial coefficients
respectively. The bottom profile for the present study is taken as
sinusoidal in nature with the bottom profile as

Figure 2. Variation of (a) Kr vs  L1  L  /  for various G 0 and (b)

 h1 for various G 0 with a  2, m  5 .
In Fig. 2(a), the variation in the reflection coefficient K r versus

 L1  L / 

is plotted for various values of the porous-effect parameter

G 0 . It is seen that the pattern of K r as a function of  L1  L /  is
oscillatory and periodic in nature. Further, it is observed that increase
in the absolute value of the porous-effect parameter G 0 does not
necessarily imply that wave reflection will increase or decrease. This
is so as it depends on the wave energy dissipation as stated before. In
Fig. 2(b), the surface elevation  h1 is plotted for various values of
the porous-effect parameter G 0 . It is seen that the amplitude of the
free surface elevation drastically reduces with an increase in absolute
values of the porous-effect parameter on both the rear and sea sides
of the poroelastic plate. These observations demonstrate that with the
suitable placing of a floating poroelastic plate, a calm zone can be
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4. Summary
The wave scattering due to the presence of floating poroelastic plate
over undulated seabed is analyzed. The results demonstrate that with
the appropriate positioning of the poroelastic plate, the wave
reflection can be reduced drastically. Further, with proper values of
the porous-effect parameter, the free surface elevation in the lee side
of the poroelastic plate can be reduced significantly. Moreover, the
variation in ripple amplitude and ripples number have a significant
effect on the wave reflection. In summary, it can be concluded that
proper positioning of the poroelastic plate with appropriate structural
configuration can create a tranquility zone in the lee side of the plate
region.
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Today, much of the world’s waste, in particular used tires, is accumulating as a potential
source of major environmental and economic problems. In order to better preserve the
environment, and in the face of changes in the legislation in force, many recovery actions
have been carried out especially in the field of building materials. The present research aims
to contribute to the study of the mechanical properties and durability of concretes based on
rubber aggregates. To achieve this objective, we have contemplated incorporating therein
amounts of rubber granules according to different volume substitution percentages being
10%, 17.5%, and 25%. A comparison of the results with a control concrete has been
established. The obtained results make it possible to demonstrate that the substitution of a
percentage of sand by rubber granules decreases the mechanical strengths and increases the
expansion in water. On the other hand, it improves the resistance to attack from H2SO4,
Na2SO4, and seawater. The latter is evaluated by the loss and gain in mass as well as the loss
in mechanical resistance, especially in the long term (more than 90 days), decreases drying
shrinkage, thus decreasing microscopic cracks and providing better durability.

1.Introduction
In recent years in Algeria, the demand for aggregates has
progressively increased to meet the needs of major projects being
implemented. With the prohibition on the extraction of alluvial
materials, the depletion of certain natural deposits of aggregates, and
the difficulties in setting up new quarry operations, the search for
new sources for the supply of aggregates is imposed [1].
The use of waste and other by-products in the building sector
simultaneously responds to the need to save natural resources in
aggregates as well as the obligation to limit the disposal of ultimate
waste. Among these wastes, there is a distinction between rubber
waste, which represents an important recoverable waste in both
volume and mass, estimated at 45.65 thousand tons per year in
ALGERIA [2,3].
Today, these wastes are accumulating and are a potential source of
major environmental and economic problems. In order to better
preserve the environment, and in the face of changes in the
legislation in force, several valorization actions have been carried out,
particularly in the domain of building materials [2].
Various research has been done to study the properties of concrete
incorporating rubber aggregates. The researchers found that a
mixture of concrete containing granular rubber can improve
toughness [4], reduces the unit weight [5], improves ductility and
resistance to thermal changes[6], improve sound absorption [7], and
provides better durability when compared to ordinary concrete
[8,9,10]. However, there are few studies on the behavior of cementbased materials containing rubber granules exposed to aggressive
environments.

The present research aims to understand the influence of the
incorporation of rubber granulate on the mechanical properties as
well as the durability properties of concrete in which a certain
percentage of natural sand has been substituted by this waste. The
substitution rates used are 0% (OC), 10% (RC10%), 17.5% (RC17.5%) and
25% (RC25%) of the volume of natural sand used. The concretes
studied were characterized by their mechanical resistance to
compression, flexural tensile, resistance to chemical attack, and
expansion and shrinkage.

2.

Materials And Experimental Procedures

2.1. Materials
For the creation of the concrete mixtures, a CPJ-CEM II/42.5A Portland
cement was used, originating from the HADJAR ESSOUD factory
located in Skikda (Algeria), manufactured according to the Algerian
standard NA 442-2008, and with the chemical composition as
presented in Table 1. A class 0/3 of natural sand from the Tebessa
region and two class 3/8 and 8/15 limestone crushed gravels from the
EL-Fedjoudj and Heliopolis quarries, respectively were used.
The rubber granulate comes from the mechanical grinding of used
tires, the maximum dimension of which is 2mm (Figure 1 and 2).
The physical and mechanical properties of the materials used are
presented in Table 1.
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Table 1. Physical and mechanical characteristics of the materials
used.
Absolute density
(g/cm3)
Apparent density
(g/cm3)
Specific surface
(cm²/g)
Fineness modulus
Water absorption (%)
Los Angeles
Coefficient (%)

Cement

Sand

G3/8

G8/15

Rubber

3.11

2.56

2.6

2.6

0.87

1.09

1.6

1.39

1.41

0.47

3371

--

--

--

--

---

2.26

-1.27

-1.27

--

--

--

34

27

--

3. Results and discussions:
3.1. Mechanical resistances
The variation of compressive strength as a function of time is
presented in figure 2. It is noted that the substitution of a portion of
the sand by rubber granules is accompanied by a decrease in
compressive strength and this decline increases with the increase in
the substitution rate. At the age of 28 days, a compressive strength of
29.15 MPa was found for the reference concrete (OC) against a strength
of 19.14 MPa for concrete RC25%, which is equivalent to a decrease of
34 %. At the age of 210 days, the compressive strength was 36.98 MPa
for the reference concrete (OC) and 28.76 MPa for the concrete RC25%,
thus, a decrease of resistance of 22%.

OC
RC17,5%

Compressive strength (MPa)

40

Figure 1. Rubber granulate
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35
30
25
20
15
10

Rubber

14

90
% Passing cumulative

RC10%
RC25%

80

28

42

56
71
Age (days)

120

210

Figure 3. Compressive strength of the mixtures as a function of
curing time.

70
60

For flexural tensile strength, their evolution over time is presented in
figure 3. The observation is the same as for compressive strength; a
decrease in the flexurl tensile strength of the rubber concretes with
respect to reference concrete. This decline continues with the increase
in rubber dosage.

50
40
30
20
10
0
0,01

0,1
1
Sieve size in mm (log scale)

10

Figure 2. Sieve analysis for sand and rubber used.
2.2. Mix design

At the age of 28 days, a resistance of 5.70 MPa was found for the
reference concrete (OC) against a resistance of 3.79 MPa for the rubber
concrete (RC25%), thus a decrease of 33.6%. At the age of 210 days, a
flexural tensile strength of 8.34 MPa was found for the reference
concrete (OC) compared to a strength of 6.40 MPa for rubber concrete
(RC25%), which equates to a decrease of 23.3 %.

For our experimental approach, we prepared four types of concrete
containing substitution percentages varying from 0 to 25% of rubber
granules, with a W/ C ratio of 0.6, fixed for the four formulations.
The different compositions of the concretes are grouped together in
Table 2.
Table 2. Concrete mix constituents.

OC
RC10%
RC17,5%
RC25%

Cement
(kg/m3)

Water
(kg/m3)

Gravel
8/15
(kg/m3)

Gravel
3/8
(kg/m3)

Sand
(kg/m3)

Rubber
(kg/m3)

400.00
400.00
400.00
400.00

242.00
242.00
242.00
242.00

834.00
834.00
834.00
834.00

337.00
337.00
337.00
337.00

591.00
531.90
487.60
443.25

-20.60
36.00
51.42

Figure 4. Flexural tensile strength of the mixtures as a function of
curing time.
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The results confirm previous sudies on mechanical properties by
Ramdani et Al. (2019) [11], Hanbing et al. (2018) [12] and Gupta et al.
(2014) [13]. Some authors have explained this decline in strength as
being due to the low rigidity of rubber aggregates compared to that of
natural aggregates [14]. Others have explained it by the fragile
adhesion between the cement matrix and the rubber granulates [15].
Figure 5 (a) shows the micro-cavities present in the rubber concrete
(RC25%) compared to the reference concrete, shown in Figure 5 (b).

After 180 days of immersion in the solution, there was a loss of mass
of 17.37% for the OC against a mass loss of 14.45%, 11.76%, and 9.37%
for rubber concrete RC10%, RC17.5%, and RC25%, respectively.
This decrease in loss of mass for concretes containing rubber particles
is justified by the chemically resistant nature to the acid penetration
of these particles. The hydrophobic character of the rubber particles
also provides a support factor to resist the corrosive nature of sulfuric
acid. On the other hand, the presence of voids and micro-cracks
around the rubber particles is a delay factor in the destruction of
calcium silicate hydrate (C-S-H), as ettringite first develops in the
voids and cracks of the concrete matrix [19].
2.00

Loss in weight (%)

0.00
-2.00
-4.00
-6.00
-8.00

-10.00

a)

RC25%

14 days

-12.00

28 days

-14.00

45 days

-16.00
-18.00
0

10
17.5
Replacement ratio(%)

25

Figure 6. Weight loss of specimens after different age of immersion
in sulfuric acid
3.2.2. Compressive strength

b)

OC

Figure 5. SEM observation of the internal microstructure of the
concretes OC and RC25%.
The presence of these micro-cavities in the cement paste indicates
feeble adhesion between the matrix and the rubber particles. This
feeble inter-facial zone could play the role of micro-cracks leading to
the formation of cracks at the interface of the materials, accelerating
the breaking-up of the matrix of the concrete, which could explain the
evolution of the decreases of compressive strengths and the flexural
traction.
3.2. Attack with sulfuric acid H2SO4

3.2.1. Loss of mass
According to the results of the mass loss test presented in Figure 6, it
is noted that after 14 days of storage in the solution, the four concretes
underwent a greater weight gain in the rubberized concretes than in
the ordinary concrete. This gain reflects the onset of swelling of the
concretes as a result of chemical reactions occurring between the
hydrates and the sulfuric acid, causing the formation of ettringite.
This gain is due to the deposit of gypsum, which is formed by the
reaction between portlandite and sulfuric acid. These results confirm
the results found by Bisht and Ramana (2019) [16].
From 28 days of immersion, there was a significant loss of mass for
the OC of 2.21% compared to the rubber concretes, which underwent a
weight gain of 0.6% for RC10%, 0.79% for RC17.5 % and 1.2% for RC25%.
After 90 days of immersion in the acid, we noticed a loss of mass for
the four concretes, this loss decreases with the increase of the rate of
substitution of rubber. Other researchers such as Gupta et al. (2019)
[17] and Thomas et al. (2016) [18] have also observed this trend.

Absolute values and percentage variations in the compressive
strength of rubberized concrete mixtures after 14, 28, 45, 90, and 180
days of immersion in H2SO4 acid at 5% concentration are given in
Figures 7 and 8.
The percentage variations in each mixture were determined by
comparing the compressive strength of the samples after 14, 28, 45,
90, and 180 days of exposure to the H2SO4 solution with that of the
samples kept in water at the same ages as previously mentioned.
As shown in Figure 7, the compressive strength of all concrete
mixtures exposed to the H2SO4 solution decreases. However, the rate
of decrease depends on the exposure time. Rubber-containing
samples are also found to have the highest compressive strength from
28 days of exposure to H2SO4.
As expected, the maximum loss of compressive strength of all
concrete mixtures was observed after 180 days of exposure to the
H2SO4 solution. This loss accounted for more than 43.2% for all
concrete mixes.
This decrease in compressive strength may be due to the
depolymerization of hydration products C-A-S-H (calcium aluminate
silicate hydrate) and C-S-H (calcium silicate hydrate), resulting in
cracks as well as erosion of the superficial layers [16].
Samples containing 25% of rubber aggregates had a compressive
strength loss of less than 89.9%, 70.6%, 62.8%, 46.5%, and 45.0%,
respectively after 14, 28, 45, 90, and 180 days of exposure to H2SO4
solution compared to the control mixture. This could be justified by
the presence of rubber aggregates which delay the propagation of
cracks by preventing the concrete particles from moving and thus
offer better resistance to compression.
The durable nature of the rubber particles resists the corrosive nature
of sulfuric acid by maintaining their structure intact, which helps to
limit the propagation of cracks through the concrete matrix. In
addition, the presence of rubber granulates adds some tortuosity to
the concrete matrix, which limits the penetration of the acid solution.
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Similar results have been observed by : Bisht and Ramana (2019) [16],
Gupta et al. (2019) [17] and Thomas et al. (2016) [18].

Figure 9. Gain in mass of specimens after different ages of
immersion in sodium sulfate.

Figure 7. Compressive strength of the mixtures in sulfuric acid.

Loss in compressive strength (%)
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90 days

180 days
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80
70
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50
40
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0
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17.5
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25

3.3.2. Compressive strength

Figure 10 shows the variation of the compressive strength as a
function of immersion time. It is noted that until the age of 45 days,
the compressive strength continues to increase, and this is the case
for the four concretes. After the age of 45 days, the compressive
strength begins to decrease for the reference concrete; there is a loss
of 15.57% between the age of 45 and 180 days, against a continued
increase for rubberized concretes. The decrease starts from the age of
90 days for the RC10% and RC17.5% concretes where the decrease is
2.96% between the ages of 90 and 180 days. For concrete RC25%, the
compressive strength continues to increase. This increase in strength
in rubberized concretes is justified by the elastic nature of the rubber.
Indeed, it can absorb the expansion energy caused by ettringite and,
in this way, avoid the failure of the structure.

Figure 8. Compressive strength loss of acid attacked specimens.

3.3.1. Mass gain

From Figure 9, it is noted that the conservation of the concrete in the
solution containing 5% Na2SO4 leads to an increase in mass. This gain
in mass decreases with the increase in the rate of sand substitution
by rubber. This same trend was observed by Medine et al. (2018) [20]
and Boukour and Benmalek (2017) [21].
After 28 days of storage in the solution, there was a mass gain of 0.14%
for the reference concrete against a mass gain of between 0.16% and
0.09% for concretes containing 10% to 25% rubber. As well as a mass
gain of 0.28% for the reference concrete against a gain of between
0.22% and 0.19% for rubberized concretes after 90 days of storage.
After 180 days, a mass gain of 0.82% was noted for the reference
concrete against a gain of between 0.24% and 0.49% for rubberized
concretes. In general, this mass gain is attributed to the absorption of
the solution and the formation of gypsum and ettringite following the
reaction of the sulfate with hydrated calcium aluminates to form
calcium sulfo|-aluminates, and the hydroxides of free calcium in the
cement to form calcium sulfate.

OC
RC 17,5 %

RC 10 %
RC 25 %

39
37
35
33
31
29
27
25
23
21
19
17
15

Compressive strength (MPa)

3.3. Attack with sodium sulfate (Na2SO4)

0

14

28
45
Age (days)

90

180

Figure 10. Compressive strength of the mixtures in sodium sulfate.

3.3.3. Flexural tensile strength

Fig 11 shows the variation of the flexural tensile strength as a
function of immersion time. The same observations are evident as
those made for compressive strength; the flexural tensile strength
continues to increase for the four types of concrete until the age of 90
days. After the age of 90 days, the reference concrete starts to lose
resistance, which is equivalent to a 27% loss of strength between the
age of 90 and 180 days, while the resistance continues to increase for
rubberized concretes.
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Figure 11. Flexural tensile strength of the mixtures immersed in
sodium sulfate as a function of curing time.
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Figure 13. Compressive strength of the mixtures in seawater.
3.4.3. Flexural tensile strength

The same was observed during storage in the Na2SO4 solution; the
concretes immersed in the seawater gained in mass but at different
speeds, increasing with the increase of the duration of immersion and
decreasing with increasing rubber percentage. For example, at the age
of 28 days, a mass gain of 0.44% was noted for the reference concrete
against a mass gain of between 0.31% and 0.14% for rubberized
concretes, while at the age of 180 days, 0.97% was noted for the
reference concrete against a gain of between 0.87% and 0.69% for
rubberized concrete, as shown in Figure 12. Generally, this mass gain
is attributed to the absorption of water and the formation of gypsum
and ettringite following the reaction between hydrates, in particular,
portlandite and magnesium sulfates contained in seawater.

1.20

14 days 28 days

45 days

90 days

180 days

Gain in mass (%)

1.00
0.80
0.60
0.40

The curves presented in figure 14 represent the variation of the
flexural tensile strength as a function of the immersion time in
seawater. The same is observed for the compressive strength; the
resistance to Flexural traction continues to increase for the four types
of concrete until the age of 90 days. After the age of 90 days, the
reference concrete starts to lose resistance, in fact, there is a loss of
21.7% of resistance between the age of 90 and 180 days, while the
resistance continues to increase for rubber concretes.
OC

0

0.20
0.00
0

10
17.5
Replecement ratio (%)

25

Figure 12. Gain in mass of specimens after different ages of
immersion in seawater.
3.4.2. Compressive Strength

Figure 13 shows the variation of compressive strength as a function
of immersion time. It is noted that until the age of 45 days, the
compressive strength continues to increase, and this is the case for
the four concretes. After the age of 45 days, compressive strength
begins to decrease for the reference concrete and concrete RC10%,
there is a loss of 10.7% for the reference concrete against a loss of 7.6%
for concrete RC10%, and between the ages of 45 and 180 days. Boukour
and Benmalek (2017) [21] and Abdelmonem et al. (2019) [23] noted
similar results in similar works.
On the other hand, for RC17.5% and RC25% rubber concretes, the
compressive strength continues to increase. So, as previously stated,
this increase in resistance in the rubber concrete is justified by the
elasticity of rubber; it can absorb the expansion energy caused by
ettringite and, in this way, avoid the failure of the structure.
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28
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Figure 14. Flexural tensile strength of the mixtures immersed in
seawater as a function of curing time.
4. Conclusion
This article presents the results of an experimental study carried out
to evaluate the properties of a rubberized concrete as a partial
replacement for a fine aggregate, the rubber granulate serving to
partially replace the sand at 0%, 10%, 17.5%, and 25% of the volume.
From the results obtained, the following conclusions can be drawn:
- The incorporation of rubber granules decreases compressive
strength and flexural tensile strength. The higher the rate of
substitution of rubber granules, the lower the values of the
mechanical properties. A rubber granules substitution rate of 10%
gave acceptable mechanical characteristics.
- The rubber content plays an important role in the resistance to
chemical attacks by sulfuric acid, sodium sulfate, and seawater. It
reduces the loss and gain of mass of the concrete and increases the
mechanical characteristics, especially at longer durations (more than
three months).
According to these results, we can suggest the use of rubberized
concrete in the construction of foundations in very aggressive
environments, and in the construction of industrial buildings, which
manufacture chemical products.
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The design of many structural elements requires the use of deep concrete beams. However,
their geometrical proportions make these beams viable to total shear failure without ample
warning. Available researches have shown that the employment of steel fibers in concrete
improves the structural performance of deep beams. However, validated capacity prediction
models that facilitate the design for these beams are scarce in the approachable references.
Several investigators have been suggesting predictive formulae for the evaluation of the
shear strength of steel fiber reinforced concrete (SFRC) beams. In the current study, an
equation that can predict the shear capacity of SFRC deep beams was derived in terms of
compressive strength of concrete, shear span, beam sectional dimensions, and fiber factor.
The derived equation compares fairly well with the authors’ experimental data and the data
available in the literature.

against shear failure is not studied much in the approachable
references.

1.Introduction
At present, the architectural design requires sizeable free space for
many multi-story buildings, which mandates the use of deep beams
as load transfer mediums. In addition, various structural elements
can be classified as “deep beams”, such as laterally loaded slabs, shear
walls, and pile caps [1]. There is no unique definition for a
deep/shallow beam. The ACI Committee 318 [2] defines the deep beam
as that having a clear span-to-depth ratio of less than four 𝐿⁄𝑑 4
and shear-span to depth ratio 𝑎⁄𝑑 2 . However, ACI-ASCE
Committee 426 [3] classifies a beam having 𝑎⁄𝑑 1 as “deep beam”,
and the beam having 𝑎⁄𝑑 2.5 as “an ordinary or shallow beam”.
Any beam in between these two limits is categorized as a “moderate
deep beam”. Moderate deep and deep beams are predominant sheardeficient (i.e. having insufficent web reinforcement) members and
generally fail in brittle or catastrophic shear mode [4].
For the last three decades, research efforts have been devoted to
investigating experimentally and numerically the influence of steel
fibers on the structural behavior of RC deep beams. Various
researchers [5-11] have reported that the load capacity, resistance to
spalling, and ductility of the beams, with or without openings,
subjected to monotonic loading increases as the content of the fiber
increases and 𝒂⁄𝒅 decreases. This favorable effect of steel fibers has
been attributed to their bridging actions across main and secondary
cracks [12]. It is worth noting that there is a general agreement
between researchers that the strut-tie-model is an appropriate
method for simulating the mechanical performance of deep beams [13,
14].
The review of the literature shows that the design of many structural
elements requires the use of deep concrete beams. However, their
geometrical proportions make these beams viable to total shear
failure without ample warning (brittle failure). Available researches
have shown that the employment of steel fibers in concrete improves
the structural performance of deep beams. However, the influence of
steel fibers in improving the deformability and capacity of deep beams

In the present study, the popular existing predictive formulas are first
reviewed, and then a new equation is proposed for predicting the
shear capacity of SFRC deep beams in terms of major design variables
such as compressive strength of concrete, shear span, beam sectional
dimensions, and fiber factor. The proposed equation is compared with
the other existing equations and the data generated in our funded
project [15].
2. Existing Predictive Formulas
Since 1970, various researchers have been proposing predictive
models for the evaluation of the shear strength of steel fiber
reinforced concrete (SFRC) beams. Most of these models include the
fiber factor (𝐹), which combines the fiber aspect ratio and volume, and
𝑎⁄𝑑 ratio in shear strength prediction model. There is a wide
diversity in the results of the predicted shear strength of SFRC beams.
Slater et al. [8] and Arslan [9] have presented a comprehensive review
of the available predictive models for the ultimate shear strength of
SFRC beams. Most of these models were developed based on 1)
linear/nonlinear regression analysis of experimental results, 2)
modification of the ACI code model, 3) genetic algorithms, and 4)
analytical approach using the principles of mechanics. Some of the
predictive equations based on the principles of mechanics are
presented in [9, 10, 16-18]. However, the semi-empirical-based models
could be retrieved from [19-24]. It is worth noting that some of these
predictive models are available for high strength [18, 22] and
lightweight fiber reinforced concrete beams [17]. Out of these models,
the ones proposed by ACI 318 [2] and Khuntia et al. [18] are employed
to compare with the model of the proposed study.
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2.1 ACI 318 [2]

𝑉

0.83 𝑓 𝑏 𝑑

(1)

where,𝑓 is the compressive strength of concrete (MPa), 𝑏 is the width
of the beam (mm), and 𝑑 is the effective depth of the beam (mm).
The above conservative ACI 318 equation is essentially proposed for
selecting the dimensions of the deep beams. The effect of fibers was
neglected in this expression.
2.2 Khuntia et al. model[18]
In the model of Khuntia et al. [18], the contribution of the compression
region, aggregate interlock, and dowel action were lumped into a
single term:
𝑉

0.167𝛼

0.25𝐹 𝑓 𝑏 𝑑

(2)

In the above equation,
𝛼

1 for

𝛼

2.5

(3)
2.5

(4)

where, 𝑓 is compressive strength of concrete (MPa), 𝐹 is fiber factor,
𝑏 is width of the beam (mm), 𝑑 is effective depth of the beam (mm),
and 𝑎 is shear span (mm).
The expression of Khuntia et al. [18] was validated against tested
beams with a wide range of variables and was shown to be
conservative.
3. Proposed Analytical model
In the current research, a data set was prepared to contain the shear
strength test results of control and SFRC deep beams available in the
literature, and that tested in our funded project supported by the
Deanship of Scientific Research, King Saud University, Riyadh, Saudi
Arabia. Eq.(5) was then derived for estimating the shear capacity of
control and SFRC deep beams. The equation was obtained by
minimizing the error between the predicted and experimentally
observed shear strength values.
𝑉

0.41 𝑓
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Figure 1. Error analysis for various prediction models
4. Discussion of Results

2.5
for

Data points (%)

Section 9.9.2.1 of ACI 318-2014 [2] proposes the following simple shear
strength equation for deep beams:

exp 𝛼√𝑅𝐼 𝑏 𝑑

The performance of the prediction model (Eq. 5) is presented in Table
1 and summarized in Figure 1. A total of nine data sets were used to
show the performance of the proposed equation. Eight data sets were
taken from the literature, and one data set was that of the authors
themselves [15]. Table 1 clearly shows that the proposed model is
performing very well for all nine data sets. The ratio of predicted
versus experimentally observed values is fairly close to the unity. The
average ratio is, in fact, 1.0 with the standard deviation = 0.41.
The proposed model also compares fairly well with the ACI 318 and
Khuntia et al. [18] models. Figure 1 clearly shows that more than 50%
of the data predict the experimentally observed values very well, as
the error in these predictions is less than or equals to 15%. Figure 1
also illustrates that the proposed model performs better than the ACI
318 [2] model and Khuntia et al. [18] models. This concludes that the
proposed equation can be employed to estimate the nominal shear
capacity of the control and SFRC deep beams with reasonable
accuracy.

(5)

Where,
𝑅𝐼 = reinforcing index = 𝑉 𝐿 /𝑑

(6)

𝛼 = 0.018 (an empirical constant)
It should be noted that the compressive strength of SFRC (𝑓 ) was
estimated using the model proposed by Abadel et al. [25] as given by
Eq.(7):
𝑓

𝑓

5.222 𝑅𝐼

(7)

In these expressions, 𝑓 is the compressive strength of concrete
(MPa),𝑓 is the compressive strength of SFRC (MPa), ℎ is the overall
depth of the beam (mm), 𝑉 is the volume fraction of fiber (in %), 𝐿 is
the length of fiber (mm), 𝑑 is the diameter of fiber (mm), 𝑏 is the
width of the beam (mm), 𝑑 is the effective depth of the beam (mm),
and 𝑎 is the shear span (mm).
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Table 1. Observed vs. predicted ultimate load for various SFRC beams

Ref

Authors

[26]
[22]
[19]
[10]
[27]
[20]
[17]

[16]

Beam

𝑎/𝑑

𝑏 (mm)

𝑑
(mm)

Beam-1
Beam-2
Beam-3
Beam-4
Beam-5
Beam-6
Beam-7
Beam-8
FC2
FC3
FC11
B-1-0.5-A
B-1-1.0-A
B-1-1.5-A
B10
B20
A10
4/0.5/1.5
4/1.0/1.5
2.2/2
2.2/3
S3F
1TLF-1
2TLF-1
3TLF-1
2
3
4
6

0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
1.6
1.6
1.6
1.0
1.0
1.0
2.0
2.0
2.0
1.5
1.5
1.5
1.5
1.8
2.0
2.0
2.0
2.0
2.0
2.0
1.5

200
200
200
200
200
200
200
200
152
152
152
125
125
125
150
150
150
152
152
200
200
150
55
55
55
60
60
60
60

520
520
520
520
520
520
520
520
558
558
558
215
215
215
219
219
219
221
221
260
260
267
265
265
265
340
340
340
340

𝑓
(MPa)

𝑉
(%)

Observed

38.9
38.9
42.1
42.1
46.2
46.2
50.9
50.9
54.1
49.9
40.8
99.0
95.3
96.4
40.9
43.2
40.9
34.0
34.0
41.2
40.3
48.6
35.6
37.8
35.7
35.0
33.0
36.0
36.0

0.00
0.00
0.50
0.50
1.00
1.00
2.00
2.00
0.75
1.50
0.60
0.50
1.00
1.50
1.00
2.00
1.00
0.50
1.00
0.25
0.76
0.90
1.00
1.00
1.00
0.50
0.75
1.00
1.00

1247.2
1248.2
1383.1
1384.1
1467.6
1468.6
1342.1
1343.1
549.6
646.3
473.3
244.3
342.4
374.9
230.0
231.3
192.5
268.7
294.3
559.5
599.0
235.5
159.7
143.1
135.0
108.9
90.4
105.1
153.4

Ultimate Load (kN)
Predicted
Proposed
Khuntia
Eq.
et al. [18]
1063.8
1083.2
1063.8
1083.2
1378.0
1234.2
1378.0
1234.2
1672.8
1405.3
1672.8
1405.3
2236.1
1711.0
2236.1
1711.0
526.7
233.0
881.5
291.1
404.7
222.6
181.5
131.7
247.3
148.9
320.8
169.5
247.6
75.4
485.2
109.8
247.6
75.4
125.6
69.2
200.0
83.9
153.4
106.9
278.0
133.9
149.9
69.2
291.0
116.9
106.7
39.9
110.0
41.1
106.9
40.0
81.9
34.2
108.4
37.6
144.2
43.9

Error (%)
ACI-318
[2]
1076.8
1076.8
1120.2
1120.2
1173.4
1173.4
1231.7
1231.7
517.8
497.3
449.7
221.9
217.8
219.0
174.4
179.2
174.4
162.6
162.6
277.0
274.0
231.7
72.2
74.4
72.3
100.2
97.3
101.6
101.6

Mean
Standard deviation
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Proposed
Eq.
14.70
14.77
0.36
0.44
13.98
13.90
66.61
66.48
4.17
36.38
14.48
25.71
27.77
14.42
7.66
109.80
28.60
53.28
32.02
72.58
53.59
36.34
82.15
25.44
18.52
1.90
9.36
3.21
5.98
29.47
27.91
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Khuntia et
al. [18]
13.14
13.21
10.76
10.83
4.25
4.31
27.48
27.39
57.61
54.95
52.96
46.09
56.51
54.78
67.22
52.50
60.85
74.25
71.49
80.90
77.65
70.61
26.82
72.13
69.54
63.33
62.11
64.17
71.38
48.94
24.73

Pred/Exp
ACI318 [2]
13.66
13.73
19.01
19.07
20.05
20.10
8.23
8.30
5.79
23.06
4.99
9.15
36.40
41.58
24.17
22.51
9.42
39.50
44.75
50.49
54.26
1.59
54.82
48.03
46.44
8.05
7.63
3.30
33.78
23.86
17.16

Proposed
Eq.
0.85
0.85
1.00
1.00
1.14
1.14
1.67
1.66
0.96
1.36
0.86
0.74
0.72
0.86
1.08
2.10
1.29
0.47
0.68
0.27
0.46
0.64
1.82
0.75
0.81
0.98
0.91
1.03
0.94
1.00
0.41

Khuntia et
al. [18]
0.87
0.87
0.89
0.89
0.96
0.96
1.27
1.27
0.42
0.45
0.47
0.54
0.43
0.45
0.33
0.47
0.39
0.26
0.29
0.19
0.22
0.29
0.73
0.28
0.30
0.37
0.38
0.36
0.29
0.55
0.31

ACI318 [2]
0.86
0.86
0.81
0.81
0.80
0.80
0.92
0.92
0.94
0.77
0.95
0.91
0.64
0.58
0.76
0.77
0.91
0.60
0.55
0.50
0.46
0.98
0.45
0.52
0.54
0.92
1.08
0.97
0.66
0.77
0.18

Abbas et al.

5. Conclusions

[10.] Lim T, Paramasivam P, Lee S. Shear and moment capacity of
reinforced steel-fibre-concrete beams. Magazine of Concrete
Research. 1987;39:148-60.

In the present study, an equation that can predict the nominal shear
capacity of SFRC deep beams was derived in terms of the compressive
strength of concrete 𝑓 , shear span 𝑎 , beam sectional dimensions
(𝑏 , 𝑑, ℎ) and reinforcing index 𝑅𝐼. This equation compares well with
the authors’ experimental data and the data available in the
literature.

[11.] Abbas YM, Iqbal Khan M. Influence of Fiber Properties on Shear
Failure of Steel Fiber Reinforced Beams Without Web
Reinforcement: ANN Modeling. Latin American Journal of Solids
and Structures. 2016;13:1483-98.
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Nomenclature
𝐹 : fiber factor
𝑓 : compressive strength of concrete (MPa)
𝑓 : compressive strength of SFRC (MPa)
𝑏 : width of the beam (mm)
ℎ : overall depth of the beam (mm)
𝑎 : shear span (mm)
𝑑 : effective depth of the beam (mm)
𝑅𝐼 : reinforcing index = 𝑉 𝐿 /𝑑
𝑉 : volume fraction of fiber (in %)
𝐿 : length of fiber (mm)
𝑑 : diameter of fiber (mm)
𝛼 : an empirical constant
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The relationship between climate change and cities is quite complex. According to the
reports of the International Panel on Climate Change (IPCC), it is clearly foreseen that the
global climate is constantly warming and will increase further in the future. The rapid
interaction in the microclimate resulting from the change in land uses (LULC) in urban
spaces affects the thermal comfort and health of the residents, and emerges as the main
reasons for the temperature change. Compared to rural areas, urban areas are generally
warmer. This phenomenon, called the Urban Heat Island (UHI), will become even more
intense with the development of cities. Within the scope of this study, the effects of land use
land cover (LULC) change on the urban heat island have been investigated by remote sensing
techniques in the province of Elazığ in Turkey in 2014, 2017 and 2020. Landsat 8 thermal
bands have been used in these analyzes using ArcGIS 10.4.1.

1.Introduction
Urbanization, one of the most important problems of the twenty-first
century, has become a problem that exists all over the world. There
are constant migrations to cities for reasons such as the
attractiveness of cities, a better life expectancy, and raising living
standards.
Rapid urbanization has brought about many unknown changes in
humans, animals, plants and the physical environment (Emmanuel,
2005). The current global population growth and urbanization trend
are causing significant environmental impacts on the atmosphere,
biosphere, lithosphere, pedosphere and hydrosphere (Oke et al., 2017).
The rapid development of urban areas as a result of unplanned urban
planning has created an imbalance between natural and artificial
structures, which has led to unhealthy environmental conditions
(Enteria et al., 2021).
Concerns about the negative effects of urbanization on the
environment make the characteristics of urban areas increasingly
important, especially in dense cities (Georgatou and Kolokotsa, 2016).
While urban environmental changes have been intuitively known for
centuries, empirical evidence to support this intuition has only been
available in the last 50 years (Emmanuel, 2005). Modern cities are not
sustainable because they depend heavily on fossil resources and a
global economic network. Making cities more resilient formally and
functionally and using local resources more efficiently is one of the
most challenging tasks of the twenty-first century (Oke vd., 2017).
Climate change has undoubtedly emerged as a vital problem since the
beginning of the twenty-first century. In the last decade, urban areas
have become the center of international debate on climate issues
(Musco, 2016). According to UN data, it is estimated that 70% of the
world's population will live in cities in 2050 (UN, 2017). It is well
known that the local climate changes as cities grow. As the urban

population continues to grow, so do the challenges of life in densely
populated cities. One of the most prominent environmental features
of urban areas is the local climate phenomenon known as the urban
heat island (UHI), which is characterized by higher temperatures
within the city than in the rural environments (Saaroni et al., 2018).
According to Enteria et al (2021), the UHI phenomenon is a type of
urban thermal pollution caused by the absorption and reflective
properties of urban materials in the densely built environment.
According to Musco (2016), this phenomenon has been shown to be
directly related to the size of urban areas and the population living
inside. The cities most affected by the heat islands are the ones with
dense population density.
This phenomenon, which is considered a serious problem all over the
world (Takebayashi, 2015), describes a micro-climatic phenomenon
that occurs in urban environments. Although not a direct result of
climate change, the phenomenon of UHI is expected to intensify due
to the general warming projected under the climate change scenario
for the second half of this century, when the average temperature is
likely to increase overall (Musco, 2016).
Urban heat island formation, change and technologies that reveal this
change with up-to-date healthy data are used. There are many
academic studies on the urban heat island (UHI). Guha and Govil
analyzed the seasonal variability of the relationship between land
surface temperature (LST) and normalized difference nudity index
(NDBaI) on different land use/land cover (LULC) in Raipur City, India,
using Landsat imagery (Guha and Govil, 2020). Liu et al., in their study
in the city of Nanjing, China in 2016, carried out thematic mapping
using the thermal infrared band of Landsat 5. In their study, it was
determined that the average land temperature belonged to the city
center with the highest (29.1 °C), while the temperature gradually
decreased as it moved away from the city center. They determined
that the surface temperature on and near the waterfront is the lowest
temperature in the region with 24.3 °C (Liu et al., 2016). Ayanlade
evaluated various land use/land cover change (LUCC) methods and
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tested the accuracy of leading classification methods and their effects
on land surface temperature (LST) change prediction in a 2016 study
in Nigeria's Niger Delta. In the study, it was concluded that there are
some factors that determine the remote sensing methods to be used
in both LST and LUCC change analysis (Ayanlade, 2016).
The urban heat island phenomenon is an important factor to consider
to promote sustainability in urban areas. However, in order to reduce
the effects of the heat island, it is necessary to examine its causes
first. It is very important to reveal the effects such as socio-economic,
geographical and climatic factors involved in the formation of UHI.
Increasing population in urban areas causes significant changes in
land use / land cover (LULC). This situation causes various negativities
in the city center and its surroundings (Atak and Tonyaloğlu, 2020).
It is possible to correlate LULC changes with changes in land surface
temperatures (LST) by utilizing the characteristics of land surfaces (Pal
and Ziaul, 2017). In this study, the effect of LULC changes on land
surface temperature (LST) have been examined and their effects on
UHI have been evaluated Elazığ province in Turkey in 2014, 2017 and
2020.
2. Material and Method
2.1 Material
The province of Elazığ, located in the Eastern Anatolia Region of
Turkey, consists of 11 districts, including the central district. It is
located between 38°30' and 40°0'21'' E longitudes, and 38°0'17'' and
39°0'11'' N latitudes. Due to its location; The province is surrounded
by Bingöl from the east, Tunceli from the north, and Malatya from the
west and southwest (Figure 1). The borders of the province cover a
total area of 9153 km², of which 8,327 km² is land, 826 km² is dam and
natural lake. In terms of population density, it is the fourth largest
province of the Eastern Anatolia Region after Van, Erzurum and
Malatya provinces (WIKIPEDIA, 2021).

The climate is continental in Elazığ. The summer months are hot and
dry, and the winter months are cold and harsh. Compared to other
provinces in the Eastern Anatolia Region, winters are much milder.
Due to the dams built around Elazığ, changes in the climate have been
observed recently. Elazığ is at an altitude of 1067 m above sea level.
In winter, there is much more rainfall in Elazığ than in summer
(Anonim, 2021a). The average temperature between 1938 and 2020 is

13.1 °C. Average annual precipitation: 416.1 mm (MGM, 2020).
According to the climate classification made by Köppen and Geiger, it
is included in the "Csa" group. (Köppen and Geiger, 1954).

Population of Elazığ province: 587960. The urban/rural population
values of Elazığ province are given in Table 1 at 10-year intervals.
Table 1. Urban/rural population values of Elazığ province
between 1927-2020 (TUIK, 2020)
Years

Total
populatio
n

Urban
Populatio
n

Rural
Populatio
n

Urban
Populatio
n Ratio

1927
1940
1950
1960
1970
1980
1990
2000
2010
2020

213531
190366
213330
278332
376915
440808
498225
569616
552646
587960

34417
36311
42186
81223
151555
187025
272790
364274
400675
455220

179114
154055
171144
197109
225360
253783
225435
205342
151971
132740

16.1
19.1
19.8
29.2
40.2
42.4
54.8
64
72.5
77.4

Rural
Populatio
n
Ratio
83.9
80.9
80.2
70.8
59.8
57.6
45.2
36
27.5
22.6

According to the first census conducted in 1927, 83.9% of the
population of Elazığ city lived in rural areas, while the rate of
population living in urban areas was 16.1%. However, the rural
population decreased continuously in the following years. In 1990, the
urban population rate (54.8%) exceeded the rural population rate
(45.2%). In 2020, 77.4% of the population started to live in urban areas
(Table 1).
Population movements between urban and rural areas in Elazığ have
a very dynamic structure. The rate of urban population is in an
increasing trend and this rate will continue to increase (Figure 2).

Figure 2. Urban/rural population distribution of Elazığ
Province between 1927-2020
2.2. Method
Remote sensing techniques are widely used in monitoring the urban
heat island. Remote sensing studies with satellite images are largescale studies. Studies carried out in this context can cover the entire
city or its immediate surroundings.
Within the scope of the study, Landsat 8 satellite images downloaded
from the USGS website were used to calculate the LULC and land
surface temperature (LST) values of Elazığ province. Landsat satellite
images of Elazığ province for the years 2014, 2017 and 2020 were
downloaded. The month of July, when there were cloudless days and
clear images, was preferred for downloading the data (Table 2).

Figure 1. Elazığ city study area location map

Although the heat island phenomenon is more conspicuous in winter,
the environmental problems it causes occur mostly in summer (Sasaki
et al., 2008). The cloudiness of downloaded satellite images is below
10%. ArcGIS 10.4.1 software has been used during the preparation and
evaluation of LULC and LST maps.
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Years
2014
2017
2020

Table 2. Landsat application images used in the research
Satellite image
Date
Path/Row
Landsat 8
09.07.2014
172/33
16.07.2014
173/34
Landsat 8
17.07.2017
172/33
24.07.2017
173/33
Landsat 8
16.07.2020
173/33
25.07.2020
172/34

Performing LULC analysis
Firstly, Geometric and Radiometric corrections were made on Landsat
8 satellite images downloaded from the USGS website. The bands in
the satellite images have been combined with the "Composite bands"
process and turned into a single piece with “Arcmap 10.4.” program.
Since the Elazığ province area consists of 2 satellite layers, these two
layers have been combine and it has been made into a single layer
according to the provincial border. Supervised Classification method
has been used in LULC Classification.
Performing LST analysis
Band 10 (Thermal-1), Band 4 (red) and Band 5 (near infrared) are used
to calculate the LST for Landsat 8 satellite images. To determine the
UHI effect in Elazığ province, Chen et al. (2014), Avdan and
Jovanovska (2016) and Du et al. (2017) calculated LST values using
Landsat images. The steps of this method are given below:

a. Conversion to Top of Atmosphere (TOA) Radiance

Using to radiance rescaling factor, Thermal Infra-red Digital
Numbers can be converted to TOA spectral radiance
𝐿𝜆=𝑀𝐿∗𝑄𝐶𝑎𝑙+𝐴𝐿- 𝑂𝑖

(1)

L = TOA spectral radiance (Watts/( m2 * srad * m))
ML =Band-specific multiplicative rescaling factor from the metadata
(RADIANCE_MULT_BAND_x, where x is the band number)
AL=Band-specific additive rescaling factor from the metadata
(RADIANCE_ADD_BAND_x, where x is the band number)
Qcal = Quantized and calibrated standard product pixel values (DN)
𝑂𝑖 : Correction value for band 10.

b. Conversion to Top of Atmosphere (TOA) Brightness Temperature (BT)

Spectral radiance data can be converted to top of atmosphere
brightness temperature using the thermal constant Values in Meta
data file.
𝐵𝑇

1

273,15

(2)

BT=Top of atmosphere brightness temperature (℃)
L = TOA spectral radiance (Watts/( m2 * srad * m))
K1=K1 Constant Band (No.)
K2=K2 Constant Band (No.)

c. Normalized Difference Vegetation Index (NDVI)

Normalized Difference Vegetation Index (NDVI) is a standardized
vegetation index which Calculated using Near Infra-red (Band 5) and
Red (Band 4) bands.
𝑁𝐷𝑉𝐼

(3)

NIR= DN values from Near-Infrared band
R= DN values from the RED band

d. Land surface emissivity (LSE)

Land surface emissivity (LSE) is average emissivity of an element of
the surface of the Earth calculated from NDVI values
𝑃𝑣

²

Pv= Proportion of Vegetation
NDVI= Dn values from NDVI Image
𝑁𝐷𝑉𝐼𝑚𝑖𝑛: Minimum Dn values from NDVI Image
𝑁𝐷𝑉𝐼𝑚𝑎𝑥: Maximum Dn values from NDVI Image

(4)

=0,004∗𝑃𝑣+0,986

(5)

=Land surface emissivity
Pv= Proportion of Vegetation
0.986 corresponds to a correction value of the equation

e. Land Surface Temperature (LST)

Land Surface Temperature (LST) is the radiative temperature Which
calculated using Top of atmosphere brightness temperature,
Wavelength of emitted radiance, Land Surface Emissivity.
𝐿𝑆𝑇

.

(6)

.

BT=Top of atmosphere brightness temperature (℃)
λ =Wavelength of emitted radiance
=Land surface emissivity
c2= h*c/s= 14380 Mk
h=Planck’s constant= 6,626*10-34 Js
s= Boltzmann constant= 1.38*10-23 J/K
c= Velocity of light= 2,998*108 m/s
After LULC and LST analyzes were made, maps and charts of these
analyzes were created and the urban heat island profile of Elazığ
province was revealed.
3. Results and discussion
Quantitative analyzes of the effects of land use/land cover (LULC)
types on urban heat island (UHI) formation are of great importance in
urban planning studies. Various methods are used to classify land
cover by using remote sensing. In this study, Supervised
Classification method has been used in LULC Classification.
Controlled classification is a method applied under the control of the
user. In this classification, the user determines the sample classes
(information classes) that are already known on the image. Landsat 8
Band combinations have been used in controlled classification (Table
3).
Table 3. Band Combinations for Landsat 8 (Anonymous, 2021b)
Bands
Composite Name
Natural Color

432

False Color (urban)

764

Color Infrared (vegetation)

543

Agriculture

652

Atmospheric Penetration

765

Healthy Vegetation

562

Land/Water

564

Natural With Atmospheric Removal

753

Shortwave Infrared

754

Vegetation Analysis

654

Each of these bands corresponds to different wavelengths. It is not
necessary to use all band sets in this classification process. Band 1
(Shore/Aerosol), band 2 (Blue), band 3 (Green), band 4 (Red), band 5 (Near
Infrared), band 6 (Short Wave Infrared) and band 7 (Short Wave
Infrared) are used. Of these bands, 432 refers to the natural color
combination. Because the colors we can see from this group
combination are equivalent to the real colors we see outside. The bestknown band combination for making a precise distinction between
land areas and bodies of water is 564. When this band is used, bodies
of water appear dark blue, and land areas with nothing but soil appear
dark yellow. Using this combination of bands, such areas can be
distinguished very easily. The 543 band combination, also known as
the color infrared band combination, can be used to identify
vegetation. When this band combination is set, the darker spots that
appear indicate very dense or healthy vegetation. If urban areas are
to be defined, it can be seen that urban areas are whitish blue in color.
The LULC classes obtained by the controlled classification method are
shown in Table 4.
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Table 4. LULC classes used in the study
LULC classes
Urban/Built
Areas

Description
Residential
areas,
industrial
areas,
transportation networks, asphalt and
concrete covered areas, construction sites,
etc.
Bare Lands
Open, bare, rocky areas with no vegetation,
etc.
Orchards,
vineyards,
pasture
areas,
Agricultural
Lands
cultivated and planted areas, fallow areas,
stubble areas, etc.
Forest Lands
Wide and coniferous forest areas
Water surfaces
Lake, dam lake, pond, waterways etc.
LULC maps of Elazığ province for the years 2014, 2017 and 2020 are
shown in Figures 1, 2 and 3, respectively.
up

Figure 5. Elazığ province 2020 LULC Classes
Table 5. Area and percentage distribution of LULC classes
in Elazığ province
Years

LULC Classes

2014

Urban/Built up Areas
Bare Lands
Agricultural Lands
Forest Lands
Water surfaces
Total
Urban/Built up Areas
Bare Lands
Agricultural Lands
Forest Lands
Water surfaces
Total
Urban/Built up Areas
Bare Lands
Agricultural Lands
Forest Lands
Water surfaces
Total

2017

Figure 3. Elazığ province 2014 LULC Classes
2020

Area (Ha)
22840.85
514926.30
199776.92
136472.97
63646.97
937664
23690.33
511138.78
202190.48
138470.82
62173.09
937664
24520.36
505411.26
206536.72
142518.73
58677.43
937664

Percent Value
(%)
2.44
54.91
21.30
14.55
6.79
100
2.53
54.51
21.56
14.77
6.63
100
2.61
53.90
22.03
15.20
6.26
100

The land surface temperature map of Elazığ province for the years
2014, 2017 and 2020 (July) is shown in Figures 6, 7 and 8.

Figure 4. Elazığ province 2017 LULC Classes
Looking at the LULC classification of Elazığ province, it is seen that
open/bare areas occupy a large place. This is followed by agricultural
areas, forest areas, water surfaces and urban/built areas, respectively.
Urban/built up areas are the least dispersed areas. However, when
compared to 2014, an increase has been observed in 2017 and 2020.
There is a decrease in the areas of water surfaces. The water surface
area, which was 6.79% in 2014, decreased to 6.63% in 2017 and 6.26%
in 2020. Agricultural areas are generally concentrated in Uluova,
Kuzova and Kanatlı Plains (Fig. 3,4,5). There is no significant change
in the distribution of agricultural areas by years (Table 5).

Figure 6. Elazığ province LST (°C) values in 2014 (July)
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areas was 35.4 °C, while it increased to 36.9 °C in 2017 and 36.3 °C in
2020 (Table 8).
Table 7. LULC classes and LST values for 2014, 2017, 2020
Years
2014

2017

Figure 7. Elazığ province LST (°C) values in 2017 (July)

2020

LULC Classes
Sınıfları
Urban/Built
up
Areas
Bare Lands
Agricultural Lands
Forest Lands
Water surfaces
Urban/Built
up
Areas
Bare Lands
Agricultural Lands
Forest Lands
Water surfaces
Urban/Built
up
Areas
Bare Lands
Agricultural Lands
Forest Lands
Water surfaces

Maximum
51.5

LST (°C)
Minimum
23.1

Mean
38.3

52.8
51.4
48.4
36.2
52.9

15.8
22.9
12.2
16.6
24.2

41.0
41.4
36.3
23.0
39.9

53.5
50.4
50.2
36.1
54.4

16.8
24.0
13.9
16.9
25.9

41.8
42.0
38.4
25.3
40.4

52.6
51.6
50.9
36.0

17.1
25.9
14.3
16.2

41.4
43.1
35.7
24.8

Table 8. Urban/rural area LST values for 2014, 2017, 2020
LULC Classes Sınıfları
Urban Areas
Rural Areas
(Bare Lands, Agricultural
Lands, Forest Lands,
Water surfaces)

Figure 8. Elazığ province LST (°C) values in 2020 (July)
While the average LST value was 39.1 °C in 2014, it increased to 40.0
°C in 2017 and 40.8 °C in 2020. In parallel, it is observed that there is
an increase in maximum and minimum temperatures (Table 6).
Table 6. LST values for 2014, 2017, 2020
Years
2014
2017
2020

Maximum
50.8
51.5
52.6

LST (°C)
Minimum
12.2
13.8
14.3

Mean
39.1
40.0
40.8

LULC classes and LST values for 2014, 2017 and 2020 are shown in
Table 8. Accordingly, the lowest LST average belongs to the water
surfaces. This is followed by forest areas. Since open/bare areas are
directly exposed to sunlight, the LST values of these areas are also
high (Table 7).
Since Elazığ has a hot and arid climate, the dry farming system is
dominant. Most of the agricultural lands are cereals (barley, wheat)
and fallow fields. Since the grain fields were harvested in July, it can
be seen that the LST values of these fields are not different from the
open/bare fields (Table 7).
Finally, in order to examine the UHI effect in Elazığ province between
2014-2020, the existing LULC classes have been divided into 2 groups
as urban and rural areas. For this purpose, urban and built areas have
classified as urban areas; open/bare areas, agricultural areas, forest
areas and water surface areas have included in the rural areas group
(Table 8).
Accordingly, while the average LST value for urban areas was 38.3 °C
in July 2014, it increased to 39.9 °C in 2017 and 40.4 °C in 2020. Again,
according to the July 2014 images, the average LST value for rural

LST mean (°C)
2014

2017

2020

38.3
35.4

39.9
36.9

40.4
36.3

In 2014 the temperature difference between urban and rural areas
was 2.9 °C, in 2017 the temperature difference between urban and
rural areas was 3.0 °C, and in 2020 the temperature difference
between urban and rural areas was 4.1 °C.
Adopting UHI mitigation strategies can help reduce urban warming
trends that are already occurring in cities. The urban heat island
effect could cause some cities to struggle more manageably with the
up to 5°C increase currently projected for them (Sharifi et al., 2021).
Conclusions
Although different climatic features are seen in different parts of the
world, the problems and challenges associated with climate change
are almost the same. Reducing urban heat island effects is an
important task not only for scientists but also for planners and
designers. In the last few years, various suggestions have been
presented and different strategies have been applied to reduce the
effect of UHI in various cities of the world.
In this study conducted in the city of Elazığ between 2014 and 2020,
the temperature difference between urban areas and rural areas was
analyzed as 4.1 °C. This difference is a clear indication of the UHI
effect in the city of Elazığ. This danger will continue to increase as the
urban population and anthropogenic activities increase.
Adopting UHI mitigation strategies can make urban areas more
livable. Studies with remote sensing techniques are large-scale
studies. Micro-scale studies are needed in the implementation of UHI
reduction strategies.
Measuring regional climate effects on an area allows us to collect only
climatic information about that area. However, it does not tell us how
effective mitigation measures can be taken to reduce the effects of a
heat island. Considering the potential effects of climate change and
the need to develop cities in a sustainable way, reliable data and
modeling and simulation tools are needed. It has been seen that there
are very important studies in obtaining the base data to be used in
urban planning and designs.
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In this article, linear elastic static and linear elastic dynamic analysis of two-dimensional
structure-foundation-reservoir problem is discussed. Mechanical interaction between
structure-foundation-reservoir and discretization of these regions are simulated by reliable
numerical Finite Element Method. The reservoir region which incorporates the
compressibility effect and surface sloshing motion of water is formulated by twodimensional Lagrangian fluid finite elements. The dynamic responses of the structure under
a given ground motions are obtained in three conditions: structure-reservoir interaction
with rigid foundation, structure-reservoir interaction with finite region of flexible
foundation and structure-reservoir interaction with including the infinite region of flexible
foundation. During dynamic analysis, only the radiation conditions toward infinity and
energy dissipation in foundation is simulated considering infinite elements in the infinite
region of the flexible foundation. The results of dynamic analysis obtained from structure foundation-reservoir interaction are shown without considering the radiation conditions in
the infinite region of the constant depth reservoir. And only the static and dynamic
displacement responses of the crest are given in this paper. All steps of static and dynamic
analysis are performed using FORTRAN 90 coding language. The static and dynamic
responses are validated and compared with the results of other research papers.

1.Introduction
In civil and mechanical engineering problems, the dynamic analysis
of coupled structure-reservoir-foundation problem is challenging due
to the following factors: dynamic interaction between structurereservoir considering the hydrodynamic pressures, radiation of
waves to far end reservoir boundary and compressibility effects of
water,
dynamic
interaction
between
structure-foundation
considering the flexibility, inertia, material damping, radiation
damping and infinite region of foundation, dynamic interaction
between reservoir-foundation considering the absorption of reflected
waves at the reservoir boundary. In the past few decades, some
numerical methods like Finite Element Method [1–7], Boundary
Element Method [8] and coupled FEM-BEM Method [9–10] have been
evolved to decipher the 2D and 3D dynamic responses of this kind
coupled complex problems.
During past years, Chopra and his colleagues have implemented
outstanding works and developed some software’s to analyze the
static and dynamic responses of dam-reservoir-foundation problem
in time domain and frequency domain utilizing Finite Element
Method [1–7].
Generally, the static and dynamic responses of this type coupled
problems could be obtained using Lagrangian and Eulerian
approaches. In the Lagrangian approach, the nodal variables in
structure, foundation and water (fluid) are displacements, while in the
Eulerian approach, the nodal variables in structure and foundation
are displacements; pressures or velocity potentials are nodal variables
in water.
Many researchers have commonly utilized Eulerian approach to
analyze the structure-reservoir-foundation interaction problem.

Because the variables in water, foundation and structure are
different, interface equations required at the structure-water
interface; water-foundation interface interaction are also developed
by many investigators [11–17].
Lagrangian fluid finite element is easy to code as well as general finite
elements due to the same variables in the fluid, structure and
foundation region. And it is the advantage of this approach. But, this
approach encounters some numerical problems during analysis (e.g.
hour-glass mode or zero-energy modes). These zero energy-modes
mostly come out from zero shear modulus combined with reduced
numerical integration method in addition with finer mesh of the
numerical model [21]. In the literature, some alternatives that can
eliminate these numerical problems are presented by many
researchers [18–21]. Due to the compatibility of variables in structure,
reservoir and foundation regions, many researchers have used
Lagrangian approach to solve this kind of coupled problems [22–24].
In coupled structure-reservoir interaction problem, structurefoundation interaction problem and reservoir-foundation interaction
problem, the radiation of reflected waves to infinite medium is one of
the most important factors which can merely impact the dynamic
behavior of the coupled system. During dynamic loads, hydrodynamic
forces are reflected to infinity. If the reservoir bed and far end
reservoir boundary considered to be rigid, then the hydrodynamic
forces will be over-estimated. Therefore, this will give inappropriate
dynamic behavior of the system, which does not determine the actual
behavior of the coupled system. It is also a challenging problem need
to be developed appropriately. In the literature, many investigators
have developed some absorptive elements (infinite elements) and
absorptive boundary (artificial boundary) to soak in the reflected
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waves at the reservoir bed and at the reservoir far end boundary [25–
35]. Additionally, this condition should be considered for unbounded
foundation medium.
The objectives of this research paper are firstly, to discuss the
dynamic analysis of structure-foundation-reservoir interaction
problem using Lagrangian approach; secondly, to use an appropriate
model of absorptive boundary at the far end boundary of flexible
foundation and constant depth reservoir; thirdly, to develop a
powerful and stable FORTRAN 90 code for the static and dynamic
analysis of 2D structure-foundation-reservoir interaction problem.
All steps of static and dynamic analysis are programed in FORTRAN
90 coding language utilizing the above mentioned Lagrangian
approach for fluid domain and standard Finite Element procedure for
structure and foundation domain. The program has been individually
applied on water (fluid), structure-water interaction and structurewater-foundation interaction problems; the results were validated
and compared with results of various papers.
2.

Lagrangian Approach for Fluid and Deriving the Coupled
Equation of Motion

In this approach, because of using the same nodal variables
(displacements) in structure, water and foundation regions, there is
no need for interface equations. Therefore, the compatibility and
equilibrium equations along the interface nodes are automatically
provided [21]. In this section firstly, the basic equations for linearelastic, non-rotational, non-viscous fluid elements which make small
displacements will be given [37]. Then move on to the finite element
formulation of structure-reservoir-foundation problem. Thus, the
pressure in a fluid element can be calculated by,
P

βϵ

1

Where, P , β and ϵ represent pressure, volumetric modulus of
elasticity (bulk modulus), and volumetric strain of the fluid element
respectively. The volumetric strain in two-dimensional Cartesian
coordinates may be written,
ϵ

∂u
∂x

Where,

∂v
∂y

2

denotes the partial derivative of i displacement component

with respect to the j direction. The rotational characteristic of the fluid
element can be restricted using penalty methods [21] which
accomplish non-rotational fluid elements. By giving a large
restriction parameter to the stress-strain equation of fluid element,
the rotations of the fluid element will be constrained. A twodimensional fluid element has only one rotational equation which can
be given by,
W

1 ∂u
2 ∂y

∂v
∂x

3

Due to restriction of element rotation, the rotational stress can be
defined by,
P

αW

4

Where, P and α denote the rotational stress and constraint
parameter, respectively. Therefore, from equations 1 and 4, the stressstrain relations of the two-dimensional fluid element can be written
as,
P
P

β
0

0 ϵ
α W

or, σ

C e

5

In this equation, σ, e and C represent stress vector, strain vector and
elasticity matrix (material matrix) of fluid element, respectively.

In this section, only the equation of motion for fluid domain is derived
step by step using energy methods. Then, the same procedure can be
applied again to obtain the equation of motion for solid (structure and
foundation) domain. Thus, the total potential energy of the fluid
domain consists of strain energy which can be calculated by,
Π

1
2

e C e dA

6

And strain energy of the fluid without changing in the fluid volume.
This characteristic expresses an important behavior of fluid domain.
Generally, this behavior comes out in the form of sloshing waves or
up down movements at the free surface of fluid. This type of potential
energy of the fluid domain which comes out from surface sloshing
motion of fluid, can be calculated by,
π

1
2

U ρ g U dL

7

where, ρ , g and U represent mass density of the fluid, gravitational
acceleration and vertical displacements of the fluid free surface,
respectively. In equation 6, e and C respectively define the
displacements vector and the elasticity matrix of fluid domain.
Therefore, the total potential energy of fluid domain may be written
as,
π

π

π

8

Since the dynamic behavior of the fluid system is considered in this
paper, the kinetic energy of the fluid domain should be included
which is defined by,
T

1
2

∂u
∂t

ρ

∂v
∂t

dA

9

where ρ is mass density of the fluid, and
point in the x dirrection.

defines velocity of the

By using the fundamental concepts of finite element method, the
total strain energy of the fluid domain given in equation 6 can be
written as,
π

1
U K U
2

10

where U is the nodal displacement vector and K is the stiffness
matrix of the fluid domain. Similarly, the potential energy at the free
surface of fluid domain given in equation 7 can be written as,
π

1
U SU
2

11

where U and S respcetively represent the vertical nodal
displacement vector and stiffness matrix of the free surface of the
fluid domain. Also, the kinetic energy of the system given in equation
9 may be written as,
T

1
U M U
2

12

where U and M respectively represent the nodal velocity vector and
the mass matrix of the fluid domain.
By substituting the energy equations 10, 11, 12 into the Lagrangian
equation[38],
∂ ∂T
∂t ∂q

∂T
∂q

∂π
∂q

Q

i

1,2, … n
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and after some mathematical simplifications, the equation of motion
for fluid domain can be written as,
M U

K U

SU

K U

F

F

14

Or
M U

where K

K

S

15

In equation 15, M , K and F respectively express the mass matix of
fluid domain, stiffness matrix of fluid domain including surface
stiffness and time-varying nodal force vector for fluid domain. As
mentioned above, the same procedure can be fallowed again to gain
the equation of motion for solid medium. Consequently, the equation
of motion for damped solid (structure and foundation) medium can be
expressed as,
M U

C U

K U

F

16

Where, M , C and K express the mass matrix, damping matrix and
stiffness metrix of the solid medium, respectively. In addition to
equations 15 and 16, the coupled equation of motion for solid-fluid
system can be obtained considering boundary conditions at the
interface between solid and fluid medium. Therefore, the
displacements perpendicular to the interface should be equal. This
condition can be carried out applying penalty method [39] or using
stiff turss[18] elements between two mediums. In this research, stiff
truss elements are used at the interface between solid and fluid
medium. By applying this condition at the interface between solid and
fluid medium, the damped equation of motion for coupled solid-fluid
system can be written as,
MU

CU

KU

F

17

The damping ratio of the system is considered to be 3%. The
mathematical model of this problem is firstly prepared in the Laplace
transform domain. Then, the time domain responses of the system are
calculated using Durbin’s numerical inverse Laplace transform
technique [36]. The stiffness and mass matrices of fluid and solid
regions are respectively calculated using 2X2 reduced numerical
integration method [21] and 3X3 numerical integration method. Also,
the stiffness and mass matrices of solid infinite region are calculated
using 12 point Newton-Cotes numerical integration method [35].
3.

Numerical Examples

In this section, static and dynamic responses of three different models
are evaluated using Finite Element Method. The numerical models are
analyzed under plane strain condition. The numerical models are
written in FORTRAN 90 programming language. The validation and
accuracy of the program is firstly controlled analyzing the numerical
models presented in References [35, 37, 41]. Due to the limitation of
space, the validation results are not presented in this paper. Then, the
static and dynamic results of the models given in Figure 1, Figure 2
and Figure 3 are presented with details.

Figure 1. Structure-water interaction problem (Model 1)
In Figure 1, the structure-water interaction problem is considered to
be analyzed. In this model the foundation of structure and reservoir
region is assumed rigid. The length of reservoir and near foundation
region [23] is assumed to be three times length of the structure height.

In this equation M, C and K are the mass, damping and stiffness
matrices of the coupled system, respectively; and U, U, U represent the
relative acceleration, velocity and displacement vectors of the same
system. F is time-varing dynamic force vector of the system. The
Laplace transform of equation 17 can be written as,
1

ζs K

s M U

F s

18

In this equation of motion, K and M represent the Laplace transform
of mass and stiffness matrices of the coupled system, respectively.
And U , F s represent the Laplace transform of displacement and
dynamic force vector of the system, respectively. Also, ζ and s define
the damping ratio of the system and Laplace complex variable,
respectively. In addition, the Laplace transformation of equations 17
gives a set of linear algebraic equations 18 with complex coefficients
in Laplace domain. In this paper, the complex solutions of linear
algebraic equation 18 has been obtained using Cholesky method.
Then, the real solutions of equation 18 has been calculated using
Durbin’s numerical inverse Laplace transform technique [36].
In the numerical model of structure-foundation problem, 8 nodded
isoparametric, quadratic finite elements and 7 nodded isoparametric,
quadratic infinite elements are used. The foundation medium is
assumed to be homogeneous, isotropic and viscoelastic region. The
finite region of foundation is discretized using finite elements, while
the infinite region is discretized using infinite elements. The infinite
elements contain three different type of pressure (P) waves, shear (S)
waves and Rayleigh waves at the same element [34,35, 43, 44]. Due to
limited space, the mathematical expressions of finite and infinite
solid elements and fluid elements are not given here. The
mathematical expressions for solid and fluid medium can be found in
References [34, 35, 43, 44] and [22, 40] with details, respectively.

Figure 2. Structure-water-foundation interaction problem (Model 2)
In order to satisfy the interaction between solid and fluid regions, the
displacements along the interface nodes have to be equal. Therefore,
some rigid one-dimensional elements are embedded along the
interface nodes with the length of 1/1000 m. the constrain parameter
in fluid and the stiffness of interaction elements are selected by
testing many conditions. The rotational constraint parameter and
stiffness of interaction element is found to be 240 and 315.55E+16,
respectively.
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Table 3. Model 2 static responses

Figure 3. Structure-water-foundation interaction problem including
infinite region of foundation (Model 3)

Modulus of
Elasticity (Pa)

Mass
Density
(kg/m3)

Fluid
Structure
Foundation

2.07E+9
-

3.18E+10
2.0E+8

1000
2400
2000

4.

Results and Discussions

a.

Static Responses

Poisson
Ratio

0.2
0.35

At the points 1 and 95 of the Models 1, 2, 3, the static loads 2242kN
and 1242kN are applied in opposite x direction, respectively. The
static displacement responses of vertically selected 13 nodes inside
the structure for each model are given in Table 2, 3, 4. As seen from
Tables, the x displacement responses are getting smaller near to rigid
foundation. Also, the static displacement responses of the interface
nodes between solid and fluid regions are given. As seen in the Tables
2, 3, 4, the interface node displacements are very closed to be equal.
Therefore, the dynamic interaction between these regions is clearly
provided with Lagrangian approach.

Y DISP.

‐2.5022868E‐04
‐1.8329715E‐04
‐8.7670618E‐05
‐1.6694576E‐05
‐4.1390931E‐06
‐2.2108948E‐06
‐5.3948211E‐06
‐5.0367030E‐06
‐1.8449836E‐06
3.2579575E‐07
7.8721627E‐07
1.1054016E‐06
1.8027630E‐06

4.9259747E‐06
1.3636560E‐05
‐7.7616210E‐07
‐1.8052986E‐05
‐8.7299104E‐06
‐3.7582781E‐06
‐2.2139634E‐06
‐2.2201868E‐06
‐2.2718100E‐06
‐9.6341887E‐07
‐1.8849099E‐07
4.0731874E‐07
7.2245132E‐07

INTERFACE
NODES
22-23
40-41
55-56
73-74
88-89
106-107
121-122
139-140
154-155
172-173
187-188

INTERFACE NODE DISP.
‐
‐
‐1.1787674E‐05, ‐1.1787674E‐05
‐1.0126892E‐06, ‐1.0126894E‐06
‐3.1380551E‐07, ‐3.1380551E‐07
‐2.6380255E‐07, ‐2.6380260E‐07
‐5.3729133E‐07, ‐5.3729138E‐07
‐2.2843675E‐07, ‐2.2843680E‐07
‐2.6843250E‐07, ‐2.6843253E‐07
‐1.5393564E‐08, ‐1.5393567E‐08
8.8903235E‐08, 8.8903235E‐08
1.6218532E‐07, 1.6218533E‐07
5.8003444E‐08, 1.0001622E‐06

Table 4. Model 3 static responses

Table 1. Material Properties of Numerical models
Bulk Modulus
(Pa)

X DISP.

3
9
25
42
58
75
91
108
124
141
157
174
190

The same static results are obtained for Model 2 and Model 3.

The foundation material in Figure 2 and Figure 3 has assumed as
homogeneous, isotropic and viscoelastic medium. The mechanical
properties of structure, water and foundation region are given in
Table 1. In Figure 2, the foundation length and depth are assumed to
be three times length of the structure height [23]. Boundary conditions
of near foundation region in Figure 2 are assumed to be constrained
in x and y directions while, that of the fluid region in Figure 1, 2, 3 are
assumed to be constrained only in x direction. The dimensions,
number of points and interface node numbers of each model are
clearly given in Figure 1, 2, and 3. In this paper, only the horizontal
and vertical displacement responses of point 1 are given.

Medium

NODE

NODE

X DISP.

Y DISP.

3
9
25
42
58
75
91
108
124
141
157
174
190

‐2.5022868E‐04
‐1.8329716E‐04
‐8.7670640E‐05
‐1.6694579E‐05
‐4.1391190E‐06
‐2.2109416E‐06
‐5.3949002E‐06
‐5.0368308E‐06
‐1.8451176E‐06
3.2571808E‐07
7.8746410E‐07
1.1064575E‐06
1.8048403E‐06

4.9269538E‐06
1.3637542E‐05
‐7.7518087E‐07
‐1.8052013E‐05
‐8.7289372E‐06
‐3.7573152E‐06
‐2.2130318E‐06
‐2.2193171E‐06
‐2.2710603E‐06
‐9.6282781E‐07
‐1.8812310E‐07
4.0753073E‐07
7.2284638E‐07

INTERFACE
NODES
22-23
40-41
55-56
73-74
88-89
106-107
121-122
139-140
154-155
172-173
187-188

INTERFACE NODE DISP.
‐
‐
‐1.1787675E‐05 ‐1.1787676E‐05
‐1.0126894E‐06 ‐1.0126896E‐06
‐3.1380873E‐07 ‐3.1380875E‐07
‐2.6380476E‐07 ‐2.6380485E‐07
‐5.3729923E‐07 ‐5.3729929E‐07
‐2.2844161E‐07 ‐2.2844166E‐07
‐2.6844540E‐07 ‐2.6844543E‐07
‐1.5392200E‐08 ‐1.5392203E‐08
8.8941761E‐08 8.8941761E‐08
1.6235283E‐07 1.6235285E‐07
5.8155599E‐08 1.0012479E‐06

The maximum horizontal static displacement of the structure is seen
in node 1 of the structure. The rotation constraint parameter and
stiffness of interaction element which are found by solving many
conditions are required in dynamic analysis of the models again. The
rotation constraint parameter 240 and stiffness of interaction
element 315.55E+16 are utilized in transient analysis of the models.
b.

Dynamic Responses

In the dynamic investigation of the models, horizontal ground
acceleration data given in Reference [35] is imposed on the models as
dynamic load.

Table 2. Model 1 static responses
NODE
3
9
25
42
58
75
91
108
124
141
157
174
190

X DISP.
(m)
‐2.5023226E‐04
‐1.8329814E‐04
‐8.7668705E‐05
‐1.6686201E‐05
‐4.1199874E‐06
‐2.1717601E‐06
‐5.3256044E‐06
‐4.9265404E‐06
‐1.7001495E‐06
4.6698915E‐07
7.5937567E‐07
6.1790843E‐07
0.0000000E+00

Y DISP.
(m)
3.4145316E‐06
1.2124998E‐05
‐2.2877748E‐06
‐1.9563915E‐05
‐1.0237398E‐05
‐5.2563601E‐06
‐3.6889933E‐06
‐3.6493011E‐06
‐3.6126510E‐06
‐2.1593667E‐06
‐1.1905291E‐06
‐3.9108792E‐07
0.0000000E+00

INTERFACE
NODES
22-23
40-41
55-56
73-74
88-89
106-107
121-122
139-140
154-155
172-173
187-188

INTERFACE NODE DISP.
(m)
‐
‐
‐1.1787576E‐05, ‐1.1787577E‐05
‐1.0122486E‐06, ‐1.0122488E‐06
‐3.1188767E‐07, ‐3.1188770E‐07
‐2.6191577E‐07, ‐2.6191583E‐07
‐5.3062689E‐07, ‐5.3062695E‐07
‐2.2387468E‐07, ‐2.2387474E‐07
‐2.5415196E‐07, ‐2.5415198E‐07
‐1.1976621E‐08, ‐1.1976623E‐08
8.4530875E‐08, 8.4530882E‐08
5.4265833E‐08, 5.4265836E‐08
0.0000000E+00, 0.0000000E+00

Figure 4. Horizontal ground acceleration data [35]
The responses are drawn in displacement-time variation. In this
investigation, the structure-foundation interaction problem is firstly
analyzed and the responses for node 1 are given in Figure 2. Then,
water region is added to the models. The effects of water and water
compressibility considering Bulk modulus of water on the models are
seen to be very significant. The displacements are also increased
when water is added to the models (structure-water, structure-waterfoundation model).

As seen in Table 2, the interface node displacements are too closed
between two nodes.
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Nomenclature
ρ : The mass density of the fluid
g : Gravitational acceleration
α : Constraint parameter
ζ : Damping ratio of the system
s : Laplace complex variable
W : Rotational equation
K : The Laplace transform of stiffness matrix
M : The Laplace transform of mass matrix
π : The total potential energy of fluid domain
Figure 5. The structure-foundation interaction problem for Models 1,
2, and Model 3
Also, the bounded foundation region effect on the dynamic responses
of the Model 2 is not giving actual behavior of the model. When the
foundation is assumed to be bounded, the radiation of waves can’t
happen at the boundaries. Therefore, the reflected waves come back
to the structure. And, the actual behavior of the problem can’t be
expected using bounded regions in foundation and water regions.

Declaration of Conflict of Interests
The author(s) declare(s) that there is no conflict of interest. They have
no known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

References

Figure 6. The structure-water-foundation interaction problem for
Models 1, 2, and Model 3
5.

[1.]

Chopra, A.K., Chakrabarti P., Earthquake analysis of concrete
gravity dams including dam–fluid-foundation rock interaction.
Earthquake Engineering and Structural Dynamics 9(1981) 363–
383.

[2.]

Fenves, G., Chopra A.K., Earthquake analysis of concrete gravity
dams including bottom absorption dam-water-foundation rock
interaction. Earthquake Engineering and Structural Dynamics,
12(1984) 663-680.

[3.]

Fenves, G., Chopra, A.K., Effects of reservoir bottom absorption
and dam-water-foundation rock interaction on frequency
response functions for concrete gravity dams. Earthquake
Engineering and Structural Dynamics 13(1985) 13–31.

[4.]

Hall, J.F., Chopra, A.K., Two dimensional dynamic analysis of
concrete gravity and embankment dams including
hydrodynamic effects. Earthquake Engineering and Structural
Dynamics 10(1982) 305–332.

[5.]

Wang, J., Chopra, A.K., A computer program for threedimensional analysis of concrete dams subjected to spatiallyvarying ground motion, Report No. UCB/EERC—2008/04,
Earthquake Engineering Research Center, University of
California, Berkeley.

[6.]

Fenves, G., Chopra, A.K., EAGD-84: A computer program for
earthquake analysis of concrete gravity dams, Report No.
UCB/EERC-84/11(1984b), Earthquake Engineering Research
Center, University of California, Berkeley.

[7.]

Wang, J.T., Chopra, A.K., EACD-3D-2008: A computer program for
three-dimensional earthquake analysis of concrete dams
considering spatially-varying ground motion. Report No.
UCB/EERC-2008/04, Earthquake Engineering Research Center,
University of California, Berkeley.

[8.]

Medina, F., Dominguez, J., Boundary elements for the analysis of
the seismic response of dams including dam-water foundation
interaction effects. Engineering Analysis with Boundary
Elements. 6(1989) 152–157.

[9.]

Touhei, T., Ohmachi, T., A FE–BE method for dynamic analysis of
dam-foundation-reservoir systems in time domain, Earthquake
Engineering and Structural Dynamics 22(1993) 195–209.

Conclusions

In the presented study, visco-elastic behavior of coupled structurewater-foundation interaction problem is investigated solving three
examples. As demonstrated by three examples, excellent results have
been obtained considering the compressibility effects of water and
using infinite elements in the far end boundaries of the foundation.
And these two parameters significantly affect the dynamic responses
of structure-water-foundation problem.
It has been seen that the responses of the structure in structurewater-foundation problem under horizontal ground motion was
overestimated assuming the foundation rigid or bounded region;
while the responses of the structure in structure-foundation problem
was underestimated assuming the foundation rigid or bounded
region.
In structure-foundation interaction problem, the deviation between
crest responses of the structure when the foundation assumed rigid
and bounded elastic region is found to be 98.8%, while that of bounded
elastic region and unbounded elastic region is found to be 55.71%.
Likewise, in structure-water-foundation interaction problem, the
deviation between crest responses of the structure when the
foundation assumed rigid and bounded elastic region is found to be
25.5%, while that of bounded elastic region and unbounded elastic
region is found to be 22.8%. It has been concluded that when assuming
the foundation unbounded medium, the dynamic behavior of the
structure will be obtained more accurate. This condition can be
conducted on infinite region of water medium.
In order to see the effects of far end boundaries in the water domain,
further research is needed.

[10.] Von Estorff, O., Antes, H., On FEM–BEM coupling for fluid
structure interaction in the time domain. International Journal
for Numerical Methods in Engineering 31(1991) 1151–1168.

PACE 2021- Ataturk University, Engineering Faculty, Department of Civil Engineering, Erzurum, 25030, TURKEY 20-23 June 2021

193

Rasa ve Budak
[11.] Chopra, A.K., Earthquake behavior of reservoir-dam systems.
Journal of the Engineering Mechanics Division. ASCE 94(1968)
1475-1500.

[28.] Sharan, S.K., Time-domain analysis of infinite fluid vibration,
International Journal of Numerical Methods in Engineering 24
(1987) 945–958.

[12.] Chakrabarti, P., Chopra, A.K., Earthquake analysis of gravity
dams including hydrodynamic interaction. Earthquake
Engineering and Structural Dynamics 2(1973) 143-160.

[29.] Sharan, S.K., Finite element analysis of unbounded and
incompressible fluid domains, International Journal of
Numerical Methods in Engineering 21 (1985) 1659–1669.

[13.] Lofti, V., Roesset J.M., Tassoulas, J.L., A technique for the analysis
of the response of dams to earthquakes. Earthquake Engineering
and Structural Dynamics. 15(1987) 463-490.
[14.] Greeves, E.J., Dumanoglu, A.A., The implementation of an
efficient computer analysis for fluid-structure systems using the
Eulerian approach within SAP-IV. Report no. UBCE-EE-89-10,
Department of Civil Engineering, University of Bristol, Bristol
(1989).
[15.] Saini, S.S., Bettess, P., Zienkiewicz, O.C., Coupled hydrodynamic
response of concrete gravity dams using finite and infinite
elements. Earthquake Engineering and Structural Dynamics.
6(1978) 363-374.
[16.] Dungar, R., An efficient method of fluid-structure coupling in the
dynamic analysis of structures. International Journal for
Numerical Methods in Engineering 13(1978) 93-107.
[17.] Løkke, A., Chopra, A.K., Direct-Finite-Element Method for
Nonlinear Earthquake Analysis of Concrete Dams Including
Dam–Water–Foundation Rock Interaction, PEER Report No.
2019/02 Pacific Earthquake Engineering Research Center
Headquarters at the University of California, Berkeley.

[30.] Maity, D., Bhattacharyya, S.K., Time domain analysis of infinite
reservoir by finite element method using a novel far-boundary
condition, International Journal of Finite Elements in Analysis
and Design 32 (1999) 85–96.
[31.] Lysmer, J., Kuhlemeyer, R.L., Finite dynamic model for infinite
media, Journal of Engineering Mechanics, ASCE, 95(1969) 859877.
[32.] Maity, D., Dynamic response of structures interacting with fluid
of infinite extent using finite element technique, Doctoral
Thesis, IIT Kharagpur (1998).
[33.] Gogoi, I., Maity, D., A non-reflecting boundary condition for the
finite element modeling of infinite reservoir with layered
sediment, Advances in Water Resources 29 (10), 1515-1527 (2006).
[34.] Yerli, H.R., İki ve Üç Boyutlu Dinamik Yapı-Zemin Etkileşimi
Problemlerinin Sonlu ve Sonsuz Elemanlar Kullanılarak Analizi.
Doktora Tezi, Çukurova Üniversitesi, Fen Bilimleri Enstitüsü,
Adana (1998).
[35.] Düzgün, O. A., Effects of topography on the dynamic response of
soil structure systems, PhD Thesis, Graduate School of Natural
and Applied Sciences, Department of Civil Engineering, Atatürk
University, Erzurum, Turkey (in Turkish) (2007).

[18.] Akkaş, N., Akay, H.U., Yılmaz, Ç., Applicability of general-purpose
finite element programs in solid-fluid interaction problems,
Computers and Structures. 10(1979) 773-783.

[36.] Durbin, F., Numerical inversion of Laplace transforms: an
efficient improvement to Dubner and Abate’s method. The
Computer Journal, 12(4), 371–376 (1974).

[19.] Hamdi, M.A., Ousset, A., Verchery, G., A displacement method for
the analysis of vibrations of coupled fluid-structure systems.
International Journal for Numerical Methods in Engineering
13(1978) 139-150.

[37.] Calayır, Y., Beton ağırlık barajların Euler ve Lagrange
yaklaşımları kullanılarak dinamik analizi, Doktora Tezi, KTÜ Fen
Bilimleri Enstitüsü, Trabzon, (1994).

[20.] Deshpande, S.S., Belkune, R.M., Ramesh, C.K., Dynamic analysis of
coupled fluid-structure interaction problems. Numerical
Methods for Coupled Problems. (1981) 367-378. Pineridge Press,
Swansea.
[21.] Wilson, E.L., Khalvati, M., Finite elements for the dynamic
analysis of fluid solid systems. International Journal for
Numerical Methods in Engineering, 19(1983) 1657-1668.
[22.] Calayir, Y., Dynamic analysis of concrete gravity dams using the
Eulerian and the Lagrangian approaches. Ph.D. thesis, Karadeniz
Technical University, Trabzon. Turkey (1994) (in Turkish).
[23.] Greeves, E.J., The modeling and analysis of linear and nonlinear
fluid-structure systems with particular reference to concrete
dams, Ph.D. thesis, University of Bristol, Bristol (1991).
[24.] Calayir, Y., Dumanoglu, A.A., Static and dynamic analysis of fluid
and fluid-structure systems by the Lagrangian method.
Computers and Structures. 49(1993) 625-632.
[25.] Li, x., Romo, M.P.O., Aviles, J.L., Finite element analysis of dam–
reservoir systems using an exact far-boundary condition,
Computers and Structures 60 (1996) 751–762.
[26.] Yang, R., Tsai, C.S., Lee, G.C., Explicit time-domain transmitting
boundary for dam–reservoir interaction analysis, International
Journal of Numerical Methods in Engineering 36 (1969) 1789–
1804.

[38.] Clough, R.W., Penzien, J., Dynamics of Structures. McGraw-Hill,
Singapore (1995).
[39.] Bathe, K.J., Finite Element Procedures, Prentice-Hall Inc.
Englewood Cliffs, New Jersey (1996).
[40.] Bayraktar, A., Asinkronize Yer Hareketi Etkisindeki BarajRezervuar-Temel Sistemlerinin Dinamik Davranışı, Doktora
Tezi, KTÜ Fen Bilimleri Enstitüsü, Trabzon (1995).
[41.] Bayraktar, A., Beton ağırlık barajlarda baraj-su-zemin
etkileşiminin statik ve dinamik değerlendirilişi, Yüksek Lisans
Tezi, KTÜ Fen Bilimleri Enstitüsü, Trabzon, (1991).
[42.] Düzgün, O. A., Effects of topography on the dynamic response of
soil structure systems, PhD Thesis, Graduate School of Natural
and Applied Sciences, Department of Civil Engineering, Atatürk
University, Erzurum, Turkey (in Turkish) (2007).
[43.] Düzgün O. A. , Budak A., A study on the topographical and
geotechnical effects in 2-D soil-structure interaction analysis
under ground motion, Structural Engineering and Mechanics
40(6) 829-845 (2011).
[44.] Düzgün O. A. , Budak A., A study on soil-structure interaction
analysis in canyon-shaped topographies, Sadhana - Academy
Proceedings in Engineering Sciences, 35(3) 255-277 (2010).

[27.] Saini, S.S., Bettess, P., Zienkiewicz, O.C., Coupled hydrodynamic
response of concrete gravity dams using finite and infinite
elements, Earthquake Engineering and Structural Dynamics 6
(1978) 363–374.
PACE 2021- Ataturk University, Engineering Faculty, Department of Civil Engineering, Erzurum, 25030, TURKEY 20-23 June 2021

194

Research Article

20-23 June 2021

An Efficient Rectangular Flat Shell Finite Element for the Analysis of Thin
Shell Structures
Djamal Hamadi *,1 Oussama Temami2, Toufik Maalem3, Ashraf Ayoub4

LARGHYDE Laboratory, Civil Engineering and Hydraulics Department, Biskra University, Algeria,
Department of Civil Engineering, Faculty of Technology Science, Mentouri Brothers University, Constantine, Algeria
3
Department of Civil Engineering, Batna 2 University,Algeria.
4
School of Mathematics, Computer Science and Engineering, City, University of London, UK.
Corresponding Author E-mail: d.hamadi@univ-biskra.dz
Corresponding Author ORCID: 000-0002-1990-3192
1

2

Keywords

Abstract

Flat Shell Element,
Thin Shell Structures,
Strain Based Approach,
Cylindrical Shell Model,
Experimental Test,
Geometrical Shape.

Numerical analysis becomes an efficient practical tool for the analysis of engineering
structures whatever the geometrical shape and applied loads. In this paper, a rectangular
flat shell element denoted ‘ACM_R4SBE5’ is presented. This element is constructed by
superposition of a rectangular strain-based membrane element ‘R4SBE5’ and the well-known
plate bending element ‘ACM’. This element can be used for the analysis of thin shell
structures even with a complicated geometrical shape. Validation of the present element is
performed by a clamped cylindrical shell model and an experimental test on semi cylindrical
shell model. In addition, a comparison of the deflections obtained with other types of shell
elements is presented and discussed. According to the results obtained, the formulated flat
shell element proved to have a fast rate of convergence and to provide satisfactory results.

presented in previously published works (e.g. Ashwell & Sabir (1972)
[5], Sabir & Lock (1972) [6], Belarbi (2000) [7], Batoz & Dhatt (1992) [8].

1. Introduction
Generally, for design purposes, shell structures are constructed with
very complicated geometrical shapes and elements, such as folded
plates and edge beams. Additional geometrical problems arise such as
when openings, anisotropy or variation of thickness are present.
Analytical solutions of practical thin shell structures, particularly
those with irregular geometrical shapes, are complex and thus a
resort to numerical methods when analyzing them becomes essential.
However, for practical purposes the flat element approximation gives
generally adequate results and permits easy coupling with edge
beams and rib members, a capability usually not present in curved
element formulations [1]. In flat shell elements, the coupling between
membrane and bending action is accounted for at the integration
points due to the varying orientation of the element. For practical
analysis of shell structures, such flat plate element assumption is
typically acceptable, and has the advantage of ease of modeling with
reasonable accuracy. Further, because the membrane and bending
stresses within an element are decoupled it is easy to understand and
control the behavior of such elements [2].
In this case, the behavior of a continuously curved surface is
represented by a surface made up of small flat elements. Intuitively,
as the size of the subdivision decreases it would seem that
convergence must occur as discussed by Zienkiewics and Taylor
(2000) [1]. In this paper, a new flat shell element is proposed and is
denoted as ACM_R4SBE5. The element is developed by superposition
of the new rectangular membrane element R4SBE5 based on the strain
approach and the well-known plate bending element ACM described
in detail by Adini and Clough (1961) [3]and Melosh (1963) [4].
ACM_R4SBE5 element is characterized by its simplicity compared to
existing elements, without compromising its numerical robustness.
Also, the technique of static condensation of a middle node and the
new analytical integration employed in the formulation are the new
additions that distinguish this element from other flat shell elements

In the following sections, the formulation of the new element
ACM_R4SBE5 is presented, followed by a validation test to show its
convergence. The performance of ACM_RSBE5 element is also
compared to other quadrilateral shell elements evaluable in the
literature. Finally, an experimental work is conducted to confirm
experimentally the results and the efficiency of the present flat shell
element ACM‑R4SBE5.
2.

Presentation of finite elements used for the numerical
analysis

2.1. Flat shell element “ACM-R4SBE5”
Figs.1 and 2 show the geometry of “R4SBE5” element (Strain Based
Rectangular Element with four corner nodes and an internal node),
the corresponding nodal displacements and the ACM plate bending
element with four nodes and three degrees of freedom per node
respectively.

Figure 1. Co-ordinates and nodal points for the rectangular element
“R4SBE5”
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The displacement fields of the R4SBE5 element are given by the
following expressions Hamadi (2006) [9].
U = a1 – a3 y + a4 x+ a5 xy - a7 y2 (R +1)/2+ a8 y/2 + a9 (x2 – H y2)/2

(1a)

V = a2+ a3x - a5 x2(R + 1)/2+ a6 y+ a7 xy + a8 x/2 + a10 (y2 – Hx2)/2
with: H=2/(1-ν) ; R= 2ν/(1-ν)

(1b)

2.3. C3D8IH ABAQUS element
The C3D8IH element is a general purpose linear brick element, with
full integration points, hybrid formulation and incompatible modes.
The node numbering follows the convention as shown in (Fig.4) [10].

The displacement fields of the Rectangular plate element ‘ACM’
element are:
W(x,y) = a1 + a2 x + a3 y+ a4 x2 + a5 xy + a6 y 2 + a7 x3 + a8 x2y + a9 xy2
+ a10 y3 + a11 x3y + a12 xy3
(2a)
θx= -a3 + a5 x +2 a6 y+ a8 x2 + 2a9 xy + 3 a10 y 2 + a11 x3 +3 a12 xy2 (2b)
θy = a2 + 2a4 x + a5 y+3a7 x2 + 2a8 xy + a9 y2 +3 a11 x2 y + a12 y3

(2c)

Figure 4. Eight node Brick element
3.

Presentation of finite elements used for the numerical
analysis

The main purpose of this experimental test is conducted to validate
experimentally the presented flat shell element ACM‑R4SBE5. Two
experimental models are carried out on semi cylinder models; pinned
and fixed supports.

Figure 2. Co-ordinates and nodal points for the rectangular plate
element “ACM”
The flat shell element ACM_R4SBE5 is obtained by assembling the two
elements R4SBE5 and ACM with addition of an effective rotation θz
(Fig.3).

 Semi cylindrical shell supported on 4 points “Pinned” CS4P.
 Semi cylindrical shell supported on two ends “Rigid Diaphragms”
CSRD
Fig.5 presents the UNIFLEX 300 machine, the shell model setup, the
positioning of dial gauges. Figs. 6 (a) and (b) present the different
boundary conditions used. The following loads are applied (775 N, 800
N, 825 N, 850 N, 875 N and 900 N) and the results obtained for
deflection at point 1 (top centre of the model) are recorded in Table1.
It should be mentioned here, that this work is a part of set of
experimental tests conducted at Civil Engineering Laboratory at City
University of London [11].

Figure 3. The flat shell element ACM-R4SBE5
The stiffness matrix of the shell element ACM-R4SBE5 is obtained by
using the analytical integration of the membrane and bending
stiffness matrix. The calculation of the element stiffness matrix is
summarized with the following well known expressions:





 Ke  A1 Q  D Q dx dy A1

(3)

 Ke   A   K0 

(4a)

T

T

S

1 T



A1

 K 0    Q   D  Q  dx dy
T

Figure 5. The shell model

(4b)

s
Where: [D] The constitutive matrix,
[A] The transformation matrix,
[Q] The strain matrix,
and [Ke] is the elementary stiffness matrix.
2.2. S4R ABAQUS element

Figure 6. (a) Semi cylindrical shell reposed on four points “Pinned”
(b) Semi cylindrical shell reposed on rigid diaphragm “Fixed”

The S4R is a four -node doubly curved element used for thin and thick
shells. It has six degrees of freedom at each node (6 DOF/node) [10].
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4.

Validation of ACM-R4SBE5 element

5.

The performance of the formulated flat shell element ACM‑R4SBE5 is
evaluated through the well known test problems. In this paper we will present
only the well known test clamped cylindrical shell (Figs.7 (a)). This test of
thin shells (R/h = 100) is considered by many researchers as a severe test. It
makes it possible to examine the aptitude of shell elements to simulate
complicated membrane state problems dominated by bending. The
dimensions, material properties and loading conditions are shown in Fig.7.

Discussion of the numerical results obtained

The results obtained by the present element ACM_R4SBE5 for the
vertical displacement at point C (normalized values) as shown in Table
1 are slightly better than those given by the element ACM-SBQ4, and
much better than those of the hexahedral element HEX20, the
standard full-integration solid element reported in Abed-Meraim,
Trinh, and Combescure (2013) [12]. It also performs better than the
eight-node solid–shell element SHB8PS (Abed-Meraim & Combescure (
2007) [13]. Also, ACM_R4SBE5 performs relatively better than the
widely used Reduced Integration Enhanced Strain Solid-Shell (RESS)
element developed by Alves de Sousa et al. (2005) [14]. Furthermore, it
significantly converges more rapidly than others elements as shown
in Table 1.
6.

Comments on the numerical and experimental results

Table 2 shows the results obtained from the experimental test, as well
as the flat shell element ACM-R4SBE5 and ABAQUS code with meshes
of 10 × 10 elements.
Table 2. The deflection diminution percentage using ACM-R4SBE5
element, ABAQUS element and the experimental results for semi
cylindrical shells (CS4P and CSRD) at point 1
Load (N)
775
800
825
850
875
900
775
800
825
850
875
900
775
800
825
850
875
900

Figure 7. Clamped cylindrical shell
Due to symmetry, only 1/8 of the shell (region ABCD) is considered in
the finite-element idealization (Figure 7 (b)). The results obtained for
different meshes for both, the proposed ACM_R4SBE5 and the
ACM_SBQ4 of Belarbi (2000) [7], are presented in Table 1 and compared
to the analytical solution based on the thin shell structures (R/h=100)
given by Flugge (1966) [11] below:
WC = -WC Eh/P = 164,24

deflection under load P in point C only

Table 1 also summarizes the solution time used in the analysis of the
clamped cylindrical shell with different meshes. The processor
machine used has the following properties: Intel(R) Core(TM) i3–2330
M CPU@2.2 GHZ RAM: 4.00Go

Table 1. Clamped cylindrical shell, convergence of displacement Wc
at point C (normalized values)
Meshes

ACMR4SBE5

ACMSBQ4

HEX20

SHB8PS

RESS

4x4
6x6
8x8
20x4
16x16

0.649
0.842
0.955
0.984

0.618
0.821
0.904
0.956

0.140
0.328
0.523
0.675

0.387

0.112

0.754

0.590

Analytical
solution

0.940
0.933
164.24 (1.00 Normalized results)

Solution
time
(Sec)
ACMR4SBE5
0.10000
0.17999
0.26999
0.28845

ACM-R4SBE5
Deflection (mm)
CS4P
CSRD
5.061
1.064
5.224
1.098
5.387
1.133
5.551
1.167
5.714
1.201
5.877
1.236
S4R ABAQUS
5.08
1.087
5.241
1.122
5.403
1.157
5.564
1.192
5.726
1.227
5.888
1.262
Experimental solution
4.648
1.438
5.098
1.727
5.606
1.831
6.060
1.936
6.422
2.013
6.822
2.103

Percentage (%)
78.97649
78.981623
78.96789
78.976761
78.981449
78.96886
80.7165358
80.70979
80.69591
80.69734
80.684597
80.216033
69.06862
66.12397
67.338566
68.05805
68.654625
69.173263

The results indicate that the finite element models are slightly underpredicted the displacements at higher applied loads. This can be
attributed to the settlement of the test setup observed in the
experiment. From Table 2, it is also, observed that the deflection
diminution percentage of the experimental results in the presence of
the rigid diaphragm is almost 68%; that means the rigid diaphragm
minimized the vertical displacement at point 1 by 68%, which is an
excellent contribution compared to shell supported on 4 points.
Whereas, the deflection diminution percentage is almost 80%
according to both the ACM-R4SBE5 and ABAQUS results, this
indicating that both models resulted in reasonable simulation of the
behavior.
7.

Conclusion

The proposed element ACM_R4SBE5 has the advantage of being
simple in form and uses only the four nodes and five essential degrees
of freedom.
According to the validation tests and the results obtained with other
finite elements in the literature, the efficiency of the ACM_R4SBE5
element is confirmed.
The results obtained compared to the other finite elements confirm
the fast convergence rate of the element. Furthermore, a correlation
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study with an experimental semi cylinder shell model confirms also
the accuracy of the proposed element.
ACM_R4SBE5 element can be used for the analysis of thin shell
structures, even those with complex geometrical shapes.
A high percentage of deflection reduction can be achieved with Rigid
Diaphragms. This is due to the fact that when using rigid diaphragms,
the effect goes from the skin to the curved boundaries of the cylinder
then to the rigid diaphragms. So, the cylinder with rigid diaphragms
can support much higher loads with smaller deformations.

[14.] Abed-Meraim, F., & Combescure, A. (2007). A physically stabilized
and locking-free formulation of the SHB8PS solid-shell element.
European Journal of Computational Mechanics, 16, 1037–1072
[15.] Alves de Sousa, R. J., Cardoso, R. P. R., Fontes Valente, R. A., Yoon,
J. W., Grácio, J. J., & Natal Jorge, R. M. N. (2005). A new one-point
quadrature enhanced assumed strain (EAS) solid shell element
with multiple integration points along thickness: Part I –
geometrically linear applications. International Journal for
Numerical Methods in Engineering, 62, 952–977

The current formulation is carry out for linear analysis, the extension
to non linear geometric and material will be a very interesting subject
focuses in future work.
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This article is a contribution to understanding and enriching soil knowledge. The influence
of the varied percentage of pulverulent soil like sand on the physical and mechanical
parameters of a coherent soil such as clay is evaluated in the laboratory. Sand and clay are
the most important soil compounds, each has physical and mechanical properties that
distinguish one from the other, they also differ in terms of degree of water absorption,
degree of cohesion, The value of the angle of friction and several other differences. In this
study, we conducted several experiments on a mixture of sand and clay in the Eastern
Public Works Laboratory, in Annaba, Algeria, to see the changes in physical and mechanical
characteristics that will occur in the clay, and to see the role of the sand that we found
favorable for these and the results are motivates to use this mixing technique in
foundation works and road projects.

Table 1. The physical properties of clay

1.Introduction
Geotechnics is the set of activities related to the applications of soil
mechanics which studies more particularly the behavior of soils in
their aspects resistance and deformability, from laboratory tests and
in situ more and more sophisticated. The problem of swelling soils has
become a hot topic because of the scale of damage it has caused in
many countries around the world. Geological data are essential for a
better understanding of their intimate behavior. It is to the latter that
the present study attempts to make a contribution devoted to clay and
sand mixtures, recent studies have been conducted by many
researchers [1-4] it is part of, in fact, in the series of experimental
works aimed at identifying the influences of the addition of different
percentages of sand on the physical and mechanical properties of
swelling clays [5], [6] more precisely the influence of a mixed soil mix
to a coherent soil in order to provide solutions to the problems caused
by the phenomenon of soil swelling.

4.

Parameter
Water content W (%)
Moist density ρh (g/cm )
Dry density ρd (g/cm )
Saturation level %
Degree of Saturation %
The empty index %
Porosity %

Value
23,4
2,11
1,71
21,5
100 %
46%
31,5%

Experimental study of used materials

2.1. Geotechnical identification of clay
From a general point of view, soil identification involves at least the
following tests: Granularity by sieving and sedimentation, water
content test shown in table 1.
Figure 1. Caption Particle size curve of the clay
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The particle size curve indicates that the percentage of fines (less
than 80 m) is between 40% and 80%, so it’s indeed a fine soil, the
last one between silt and clay knowing that the silt belongs to clays
family, figure 1.

5.

Results

Variations in physical and mechanical properties as a function of
percentage of sand are shown in table 3.

4.2. Geotechnical Identification Of The Sand
Sand equivalent, Value of blue introduced (solution at 10 g / l) are
shown in table 2, granulometric analysis of sand is shown in curve
of figure 2.

Table 2. Sand test results
Value
93 %
0,18

100
90
80
70
60
50
40
30
20
10
0

Parameter
Atterberg
limits

𝑊 %
𝑊 %
𝐼 %)

53
32
21

5%
Sand
49
29
20

Methylene
bleu
Test

VB(%)

6,66

6,33

5,33

4,33

The
Proctor
Test

𝑊
%)
𝛾𝑑
t/m³
Pc
t/m³
Cc
Cg
C
t/m³
∅cu
°

15,80

15,60

14,70

14,60

1,55

1,60

1,68

1,74

0,215

0,215

0,215

0,215

0,161
0,055
0,448

0,157
0,050
0,395

0,145
0,040
0,295

0,135
0,025
0,225

9

10

16

21

The
Oedometri
c Test
The direct
shear test

100

10

1
0.1
Sieve(mm)

0.01

0.001 0.0001

Figure 2. Curve of granulometric analysis of sand

4.3. Preparation Of The Mixture
The method used for the preparation of the mixtures (clay+sand) is
simple; it requires appropriate laboratory equipment (bins, small
shovels, oven, electric scale, sieve, etc.). The clay and sand materials
are first dried and screened, then moistened and homogenized at
water contents of:
W clay = 27% and Wsand = 10% respectively. These are water contents
between liquid and plastic limits WL and Wp generally approaching
the natural moisture content [7]. Among the different methods of
homogenization proposed, we chose to mix sand and clay dry, then
moisten and homogenize the mixture [8], which circumvents the
difficulties of homogenization encountered by other methods. The
samples are then compacted based on the method of wet wrap in
successive layers exposed by [9]. Each time, a quantity of sieved clay
with different particle sizes is taken according to the specificity of
each test and then increasing amounts of sand are added according
to the designated percentage (5, 15 and 30%). The sample taken is a
clayey material that comes from a site near the eastern periphery of
the town of Oued Aneb in Berrahal in Annaba, Algeria. This material
is a brownish-red plastic clay that results from the disintegration and
weathering of Micaschists.

Clay

15%
Sand
42
25
17

30%
Sand
32
20
12

3.1. Results Atterberg limits
The variation of plasticity index (Ip) according to the percentage of
sand is shown in figure 3.

plasticity index Ip

tamisat (%)

Parameter
Sand equivalent
Value of blue introduced
(solution at 10 g / l) VB

Table 3. Variations in physical and mechanical properties as a
function of percentage of sand

25 21

20

17

20

12

15
10
5
0
0%

10%

20%

30%

40%

sand percentage
Figure 3. Curve of plasticity index variation (Ip) according to the
percentage of sand

With each increase in the percentage of sand added to clay, the
plasticity index decrease.
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Methylene blue value
VB

The variation of blue value (VB ) according to the percentage of sand
is shown in figure 4.

8 6.66 6.33

5.33

6

optimum density

3.2. Results Methylene Bleu Test

4.33

4

30%

40%

sand percentage

2
0
0%

10%

20%

30%

40%

Figure 7. Curve of the optimum density variation (
to the percentage of the sand

dop

) according

sand percentage

Figure 4. Curve methylene blue value variation(VB) according to the
percentage of sand

Figure 4 show that with each increase in the percentage of sand added
to clay, the Methylene blue value (VB) decrease.

Whith each increase in the percentage of sand added to clay, the
optimum density ( dop) increases, and the optimum water (Wop)
content decrease , as shown in figures 5, 6 and 7.

3.4. Results Oedometric Test
Oedometric test give us the consolidation Pressure Pc
compressibility index (Cc), and the swelling coefficient (Cg).

Figure 5 shows The variation of dry density (
content (W) for each percentage of sand.

1.64
1.71.65

1.74
1.68

1.6

1.56

1.5

1.46

1.65
1.66
1.6
1.55

d

) as a function of water

0%
sand
5%
sand

1.59
1.42

consolidation pressure

3.3. Results Proctor Test

0.25 0.215 0.215

0.215

t/m³ ,

0.215

0.2
0.15
0.1
0.05
0
0%

10%

20%

30%

40%

sand percentage

1.4
1.3
12%

14%
16%
18%
water content (%)

optimum water
content %

Figure 5. The variation of dry density (
content (W)

16 15.8

d

Figure 8. Curve of variation of the consolidation Pressure (Pc)
according to the percentage of sand

20%

) as a function of water

compressibility index

dry density

1.74

1.75
1.68
1.7
1.65
1.6
1.6 1.55
1.55
1.5
0%
10%
20%

15.6

15.5
15

14.7

10%

0.16

0.157
0.145

0.15

0.135

0.14
0.13
0%

10%

20%

30%

40%

sand precentage

14.6

14.5
0%

0.17 0.161

20%

30%

40%

Figure 9. Curve of variation of the coefficient of compressibility
index (Cc) according to the percentage of sand

sand percentage
Figure 6. Curve of the optimum water content variation (Wop)
according to the percentage of sand
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4. Discussion

coefficient of swelling

0.06 0.055 0.05
0.05

The values obtained from the Atterberg limits of clay WL=53%, WP =
32%, WI = 21%, interpreted according to the plasticity diagram of
casagrande, indicate a plastic organic sol. The liquidity limit of our
sample is high. Note that the value of the plasticity index Ip of the
mixture decreases when different amounts of sand are added such as
[5], [10].

0.04

0.04
0.025

0.03
0.02
0.01
0
0%

5%

10%

15%

20%

25%

30%

sand percentage

35%

Another criterion relating to the methylene blue test is that the soil
can be considered as a clay, from VB ≥ 6. VB decrease with increasing
sand addition to the clay sample.

Figure 10. Curve of variation of the swelling coefficient (Cg)
according to the percentage of sand

A small decrease in the optimum water content value whenever
increasing amounts of sand are added such as [10], [11]. A considerable
increase in the value of the optimum dry density resulting from the
increase in the amount of sand added to the amount of clay used in
the Proctor test such as [10], [11].

After oedometric test, curve shown in figure 8, 9, 10 are drawn and
compressibility index (Cc) and the swelling coefficient (Cg) decreases
according to the increasing percentage of sand, but there isn’t
variation in the consolidation Pressure (Pc) value.

The Pc, Cc, Cg values, obtained on a compacted clay specimen under the
conditions of the Oedometric test gave the following values: Pc =
0.215 t/m³, Cc = 0.161, Cg = 0.055, indicating a moderately compressible
soil. The coefficient of swelling decreases with the increase in the
amount of sand added each time such as [5].

3.5. Results direct shear Test

There is a decrease in the value of the cohesion each time the sand is
added. It is found that the value of the angle of friction increases with
the added sand each time.

the Cohesion

Direct shear test give the mechanical parameter of soil, the cohesion
(C) and friction angle (∅).

0.5 0.448 0.395
0.4
0.295
0.225
0.3
0.2
0.1
0
0%
10%
20%
30%
sand percentage

5. Conclusions
The main conclusions of the study are summarized:

40%

Sand is a good reducer of the consistency limits, or it offers the
reduction of the Atterberg limits such as [10], thus decreasing the
sensitivity to water that allows the transition from a plastic state to a
solid state.

The Friction angle

Figure 11. Curve of variation of the cohesion (C) according to the
percentage of sand

25
20
15 9
10
5
0
0%

Proctor's optimum is influenced by sand by increasing maximum dry
densities and reducing the optimum moisture content such as [11],
which facilitates on-site implementation.

21
16

The compressibility of the clay is reduced by the addition of sand that
is an inert and incompressible element that is characterized by a high
angle of friction. This indicates the positive role of sand in decreasing
clay swelling such as [12] which has become a hot topic because of the
magnitude of the damage it has caused in several countries around
the world has improved the characteristics of such a soil.

10

10%

20%
30%
sand percentage

The addition of sand affects the characteristics of the clay differently,
depending on its grain size and grain shape on the one hand, and the
percentage added on the other hand. According to the results obtained
in the various tests, namely the oedometric test, the shear test, the
Proctor test and the Atterberg limit test, we observe a decrease in the
swelling potential such as [12]. The direct shear strength, tends to
increase the angle of friction and decrease the cohesion, thus
improving the shear strength such as[12] and swelling of the clay by
the addition of sand.

40%

Figure 12. Curve of the friction angle variation (∅) according to the
percentage of sand
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After shear test, curves in figures 11, 12 show that increasing
percentage of sand produce decreasing of the cohesion (C), and
increasing of the friction angle (∅).
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The valorization of waste in building materials, has now become widely of great concern,
facing the economic; technical and environmental problems encountered. Resulting on the
one hand from the high price of aggregates; the gradual exhaution of natural resources; and
the high costs of waste management and disposal, on the other hand. For this purpose, our
research topic was developed, focusing on the formulation of a sand concrete, using dune
sand available in sufficient quantities in Algeria and local waste, specifically limestone filler
and biomass ash as cementitious addition by a partial substitution of Portland CEM I cement
at dosages of 0%, 8% and 24%; and the parameter water-to-cement ratio was maintained
constant for all the mixes. A comparative study between the different ash-based concretes
and a control one was carried out by studying their properties in the fresh and hardened
states. The results obtained show that the properties of the fresh concrete (workability and
density) and the mechanical characteristics (compressive and tensile strength at 28 days) vary
according to the substitution rate of the addition used and the incorporation of 8% of biomass
ash increases the workability; leads to an evolution of the density and improves the
compressive and tensile strength of the dune sand concrete.

1.Introduction
Technological progress and the incessant demand of the actors of
construction, have led researchers to find solutions to the gradual
exhaustion of resources; their lack and their increasing cost as well,
by the valorization of industrial or biomass wastes in building
materials and therefore solve the environmental problems linked to
the management and elimination of the said wastes.
In addition to that, in recent years there has been a renewed interest
in eco-materials and economical concretes, including sand concrete.
This is a fine concrete, essentially composed of sand, fines, cement
and water and possibly specific additions such as: additives, fibers,
gravel to meet certain desired characteristics; and which constitutes
a profitable alternative for regions rich in sand and low in aggregates
(gravel) [1.,3.].
Also, thanks to its technical qualities, mainly its workability, absence
of segregation, its good aesthetic aspect offering advantages of use in
prefabrication and its economically interesting cost compared to
traditional concrete [9.].
It is in this context that we opted for a sand concrete, using available
local resources such as dune sand, limestone fillers and ashes from
biomass waste, as a cementitious addition at dosages of 0%; 8% and
24%; in order to study its effect on the properties of fresh (workability
and density) and hardened states (compressive strength and flexural
tensile strength at 28 days) compared to a control concrete (without
addition).
Several studies based on supplementary cementing materials to sand
concrete, have indicated their effect on the improvement of their
mechanical strengths. Guettala et al. (1999) [2.] investigated the
mechanical characteristics of two types of sand concrete, based on
rolled sand vs dune sand. it was observed that the mechSharmi air

and in the ground water. The evolution of the compressive strength
up to 6.6 MPa and 3.7 MPa of the tensile strength, and 2030 kg/m3 of
the density at 180days.
In addition to that, in last years researchers has shown interest to the
incorporation of biomass wastes as cementitious addition to sand
concrete for environment and technical purposes. Gadri & Guettala.
(2014) [7.] studied the effect of adding silica fume to wadi sand
concrete on their mechanical characteristics and on their shrinkage;
by partial substitution of limestone fillers (with and without
superplasticizer) according to the percentages (0%, 5%, and 8%). A
significant improvement of the mechanical characteristics as well as
the decrease of the shrinkage, was noticed. The optimal compactness
is obtained for a dosage of 180 Kg/m3 of filler (limestone + S.F), and the
addition of 5% of silica fume makes the structure of the sand concrete
denser, more closed. Hence, its resistance to the penetration of
aggressive agents will be noted.
Gadri & Guettala. (2014) [8.] experimented the incorporating of tile
polishing waste as filler at different dosages in the sand concrete and
studied its effect on the physical characteristics (shrinkage,
longitudinal deformation) as well as mechanical ones (compressive
and tensile strength), in order to use it in different fields and
especially in the repair of reinforced concrete structures. The results
indicated an economic and ecological gain, with an optimum dosage
of 145 Kg/m3 of filler from tile polishing waste at the age of 28 days.
It was possible to obtain a mechanical resistance to compression that
exceeds 25 MPa with a moderate shrinkage.
Guendouz et al. (2015) [10.] focused on recovering the plastic waste of
the worn bottles in PET and enclosures of packing LDPE rejected into
nature, added as a powder in the mass of the sand concrete by
substitution (10%, 20%, 30%, 40%) and by fibers addition (0.5%, 1%,
1.5%, 2%). According to results the substitution of sand by the plastic
powder leads to remarkable reductions in the density of all the mixes
carried out, as well as an improvement of the performances of sand
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concretes. In addition, the reinforcement of the cementing matrix
with plastic fibers, show a clear improvement of the tensile strength.
Melais et al. (2015) [11.] evaluated the effect of polypropylene, metal
and a mixture of the two types of fiber content, on the properties of
fresh sand concrete and on its mechanical behavior. It was noticed
that the workability and the density of fresh concrete, are
considerably influenced by the nature and the fibers content.
Satisfactory results are obtained for mechanical behavior of bending
elements whose steel fibers are placed only in the tensile area, which
presents also an economical solution.
Rihia et al. (2019) [14.] studied the performance of sand concretes in
the fresh and hardened states (density, workability, air content,
compressive and flexural tensile strengths) and durability parameters
(capillary and immersion absorptions), by introducing treated plant
straw fibres(wastes) separated and mixed into sand concretes at
substitution rates of 10% and 20%. The study shows satisfactory
results.
Syafwandi & Sulistyawan. (2020) [15.] analyzed the effect of bagasse
ash as a cement substitution at dosages of 2.5%, 5%, and 7.5% by
weight of cement; and glass powder as sand substitution as 5%, 10%,
and 15% by weight of sand. The results indicate that the workability
decreased with the increased percentage of substitution materials.
Compressive strength results variations are under the control
concrete; however, the highest compressive strength is obtained with
a mixture of 2.5% bagasse ash + 5% glass powder (24.50 MPa) at 28
days.

The fines of addition are limestone fillers, coming from the ENG Ben
Azzouz-Skikda quarry. They are necessary for the mix design of sand
concrete to improve the compactness of the granular structure.
Biomass ash, are resulting from the combustion and grinding of
biomass waste. This agricultural waste is available in the North of
Algeria; in our study, it comes from the region of Skikda. These ashes
are incorporated in the sand concrete by the partial substitution of
cement with determined dosages.
A highly water-reducing superplasticizer of the brand MasterGlenium
26, supplied by BASF Construction Chemicals Algeria was used in this
study. The superplastizer has a PH equal to 7 and a specific gravity of
1.08±0.02.
Its use is necessary for the deflocculation of the fine particles and the
increase of the workability of the sand concrete.
The mixing water used for the preparation of the sand concretes, is
tap water.
Table 1 and Table 2, illustrate the chemical composition and physical
characteristics of the components.

Cement CEMI
Aswin et al. (2021) [16.] explored utilizing the corn leaf ash (organic
waste on agricultural area), on the concrete as cement replacement
material (CRM) at eight different percentages, 0%; 2.5%; 5%; 7.5%; 10%;
12.5%; 15% and 17.5%. The results showed that the compressive
strength of the concrete ADJ of 2.5%, 5% and 7.5% increased. ADJ of
7.5% provided the maximum compressive strength. Thus, corn leaf
ash can be used as CRM.

Experimental program

Figure 1. Sand concretes components
Table 1. Chemical composition of cement, biomass ash, dune sand
and limestone fillers

2.1. Materials
The sand concretes studied are composed of dune sand, portland CEMI
cement, limestone fillers, biomass ash addition, superplasticizer and
tap water. These components are necessary to obtain sand concretes
with the desired properties [1.].
The sand is the main component of sand concrete and composes its
granular structure. In our study, it is a dune sand, siliceous from the
region of Oued Zhor-Skikda/Algeria.
The cement used, is a portland cement CEMI 42.5 N, coming from the
cement factory Ain El Kebira of Setif-Algeria (SCAEK), its chemical
composition and physical characteristics are mentioned on Table. 1
and Table. 2.

Dune sand

Limestone

The above literature review shows particularly improvement on
mechanical strengths for the studies conducted on sand concretes.
Also, in this research the experimental results obtained, illustrate that
the properties of fresh sand concrete (workability and density) and
mechanical characteristics (compressive and flexural tensile strength
at the age of 28days) vary according to the substitution rate of the
addition used and the incorporation of 8% of biomass ash increases
its workability, leads to an evolution of the density and improves the
compressive and tensile strengths of dune sand concrete.
2.

Bıomass ash

(%)

Cement
CEMI

Biomass
ash

Dune
Sand

Limestone
Fillers

CaO

61.61

6.98

9.58

51.17

SiO2

21.35

51.27

83.08

1.63

Al2O3

4.29

1.34

2.25

0.91

Fe2O3

4.73

1.07

1.89

0.51

MgO

1.39

2.25

0.21

2.28

Free CaO

0.8

-

-

-

SO3

1.43

0.00

0.01

0.00

LOI

0.45

12.56

0.89

40.63

Table 2. Physical properties of cement, biomass ash, dune sand and limestone fillers
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Cement
CEMI
-

Physical properties
Apparent density(g/cm3)

Biomass
ash
0.45

Dune
Sand
1.4

Limestone
Fillers
0.80

specific density(g/cm3)

3.2

2.19

2.6

2.62

specific surface(cm2/g)

3210

2069

-

3520

Sand equivalent (%)

-

-

86

-

Fineness modulus

-

-

1.50

-

Porosity (%)

-

-

46.15

-

Standard Consistency (%)

24

-

-

-

Initial setting time (min)

240

-

-

-

Final setting time (min)

420

-

-

-

Flexural strength 28days (MPa)

7.10

-

-

-

46

-

-

-

Compressive strength 28days(MPa)

2.2. Mixtures proportions
To study the properties of ash-based sand concrete, two steps were
considered to formulate the mixes for our research:
1st step: Formulation of a sand concrete with a composition without
cement additions (basic formulation = control sand concrete).
2nd Step: Formulation of a series of sand concrete with additition,
made with two different mixtures with dosages of 8% and 24% of
biomass ash, from the basic formulation.
This formulation is based on the experimental approach of the
SABLOCRETE project [1.], based on the realization of successive
batches, to arrive at the basic formulation of the sand concrete
(control). The sand concretes produced (Table 3), are noted as follows:
BST; BSC8; BSC24.

Figure 2. slump Test of sand concrete
However, the density of the concrete was evaluated in the fresh state
(Figure. 3).

Table 3. Concretes mix proportions
Mix N°
Cement (kg/m3)
Biomass Ashes(kg/m )

BST

BSC8

BSC24

400

368

304

-

20

66

Dune Sand(kg/m3)

1190

1190

1190

Fillers(kg/m3)

238

238

238

SP(kg/m )

5.2

5.2

5.2

Water(kg/m3)

268

268

268

3

3

Preparation of test specimen
The specimens were demolded after 24 hours of casting and were kept
for curing under tap water immersion at laboratory temperature
23±2˚C until the specific ages.
2.3.

Testing procedure

Figure 3. Density of sand concrete

In the hardened state, the flexural tensile test, was performed on
prismatic specimens 4x4x16cm at the age of 28 days (Figure. 4). Three
(03) specimens were tested, and the average value was taken.
The compressive test was carried out on the 4x4x16 cm prismatic
half-tests, resulting from the tensile test at the age of 28 days (Figure
4).

The objective of this work, is to study the effect of biomass ash on sand
concrete in partial replacement of cement to dosages of 0%; 8% and
24%, compared to control one.
The characterization of the mixes is carried out in the fresh state in
order to evaluate the workability and density characteristics of the
studied concretes. Then, in the hardened state to determine the
mechanical properties in compressive and flexural tensile strengths
at the age of 28 days. In the fresh state, the workability of the
formulated mixtures was characterized by the slump test (Figure 2).

Figure 4. Tensile and Compressive test machine
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Results and discussion

a.

Influence of the addition of biomass ash on the
properties of sand concrete in the fresh state

The results of the workability of sand concrete determined by slump
test (Figure.5), show that the addition of biomass ash influences the
workability of the studied concretes for a constant water dosage; and
the rate of 8% shows a maximum slump. However, the increase in the
dosage of biomass ash reduces the slump of the dune sand concrete
due to the improvement of the cohesion between the particles because
of the substitution of a part of cement by fine ground biomass ash
whose nature, surface condition, porosity, granulometry and the rate
of this addition, are the reasons for this variation.

Mechanical resistance at 28days (Mpa)
30
20
10
0
BST

BSC8

BSC24

Concrete mix
Figure 7. Effect of biomass ash on sand concrete compressive
strengths.

Slump (cm)

25
20
15
10
5
0
BST

BSC8
Concrete mix

Flexural tensile strenght
(Mpa)

According to figures. 7 & 8, it is noted that the flexural tensile and
compressive strengths at 28 days of sand concretes, vary according to
the dosage of addition, and the rate of 8% is the optimum in flexural
tensile and compressive strengths at 28 days.

Workability

BSC24

Figure 5. Effect of biomass ash on sand concrete workability

Mechanical resistance at 28days (Mpa)
6
4
2
0
BST

BSC8

BSC24

Concrete mix

Figure 6 shows an increase in the density of the sand concrete with
8% of addition, which represents the optimum compared to the
control one. Then a decrease of the density, is noted according to the
increase of the rate of addition. This explains the filling role of these
additions.

Figure 8. Effect of biomass ash on sand concrete flexural tensile
strengths.

Density (g/cm3)

Density at the fresh state
The most significant effect on the evolution of flexural tensile and
compressive strengths at 28days, is obtained for sand concrete BSC8
with 8% of addition. Consequently, the incorporation of 8% of biomass
ash improves the flexural tensile and compressive strengths at
28days of dune sand concrete.
This can be explained by the nature of the addition and the texture of
the cementitious matrix of the rate 8% which positively affects the
compressive and the flexural tensile strengths at 28 days of age.

2.18
2.13
2.08
2.03
1.98
BST

BSC8

BSC24

Concrete mix
Figure 6. Effect of biomass ash on sand concrete density
3.2 Influence of the addition on the mechanical properties of sand
concrete
Figures 7 & 8 illustrate the effect of the addition (biomass ash) on the
mechanical strengths at 28 days of sand concretes studied.

4.

Conclusion

The objective of this research work, is the valorization of biomass ash
originating from wastes and to study their effects on the properties of
fresh sand concrete (workability and density); and on its mechanical
characteristics (compressive and flexural tensile strengths at 28
days). According to the results obtained, it can be concluded that:
The workability of dune sand concretes, is influenced by the addition
of biomass ash and increasing their dosage over 8% reduces their
workability.
Also, the incorporation of biomass ash in sand concrete, contributes
to the increase of its density and improves its flexural tensile and
compressive strengths at 28 days.
Thus, the valorization of biomass ash in the manufacture of sand
concrete as a cementitious addition, seems to be beneficial on several
aspects: technical, economic and ecological that should be explored
further to rationalize the exploitation of existing resources in the
context of sustainable development.
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Nomenclature
SP: Superplasticizer
BST: Control sand concrete (without addition).
BSC8: Sand concrete based on 92% CEM I cement and 8% biomass ash.
BSC24: Sand concrete based on 76% CEM I cement and 24% biomass
ash.
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Seismic evaluation, an important way to validate the buildings to resist earthquake loads. In
relevance, buildings can be divided into primary and secondary elements. The primary
elements include the structural elements, while the secondary involve the non-structural
elements. The comparative between ATC-40, FEMA-356 and FEMA-440 were investigated in
the present study. The case study was introduced in this study of Thalassemia Center
Hospital Building located at Baghdad, Iraq. The study conducted by using Iraqi Seismic Code
(ISC-2017) response spectrum. The comparison of the results between the evaluation codes
was carried out in terms of capacity curves and performance level. The comparison's results
drew attention to important points. The results of the CSM method according to ATC-40 and
an improved equivalent linearization procedure adopted by FEMA-440 differed because the
equivalent linearization procedure relied on new expressions to assess effective period and
effective damping. The results improved that the values of spectral response acceleration
according to ISC-2017 were adequate and appropriate to use in the seismic analysis and
design. Accordingly, it can be considered that the capacity spectrum method (CSM) based on
FEMA440 produces results that are very conservative, whereas those obtained with the ATC40 are invariably underestimated.

1.Introduction
An elastic analysis is an important method to indicate the elastic
capacity and first yielding of structures. The main drawback of this
way, it cannot predict the failure technique and calculate the
redistribution of the forces during progressive yielding [1]. For the
seismic evaluation of the existing buildings as well as the design of
new constructions, the engineers use inelastic analysis procedures. It
helps engineers better understand how structures will behave when
subjected to major earthquakes, where it is assumed that the elastic
capacity of the structure will be exceeded [2]. Two methods for
investigating inelastic seismic performance are available. One is the
nonlinear time history analysis, and another is a nonlinear static
analysis called "Pushover analysis". The nonlinear time history
analysis can be divided into two methods. One is based on the dynamic
response of an equivalent single degree of freedom system derived
from a multi-degree of freedom (MDOF) system [3,4]. The other is based
on the equivalent response directly obtained from the nonlinear
dynamic response of a MDOF system [5]. Static pushover analysis has
been the preferred method for seismic performance evaluation.
Pushover hereinafter is not a recent development, and its genesis
traced back to the 70's decade [6]. The static pushover analysis can also
be divided into two methods. One is based on the first-mode pushover
analysis [7]. The other is based on the modal pushover analysis (MPA),
where higher mode effects are taken into account [8]. Pushover
analysis is based on the assumption that the dynamic response of the
structure is controlled by the elastic fundamental mode, which is the
case for most regular buildings [9]. Many codes of seismic evaluation
discussed in this study. It contains available simplified nonlinear
analysis methods, referred to as nonlinear static according to ATC40[10] procedures, include the Capacity Spectrum Method (CSM) that
uses the intersection of the capacity (pushover) curve and a reduced
response spectrum to estimate maximum displacement. It also

contains the Displacement Coefficient Method (DCM) according to the
FEMA-356 [11] procedures that use pushover analysis and modified the
linear elastic response to estimate maximum displacement; and
improvement of nonlinear static seismic analysis procedures
(improvement Capacity Spectrum Method(CSM) and Displacement
Coefficient Method (DCM)) according to FEMA-440 [12]. There have
been many research studies regarding the differences between the
evaluation international codes. Mahaylov and Petrini [13] studied five
codes for evaluating existing buildings (Italian Seismic Code [14], EC8
[15], FEMA-356 [11], ATC-40 [10], and FEMA-440 [12] were analyzed by
looking at the theoretical basis of the problems. It found that the
dynamic P-∆ effect is not considered by the Italian seismic code and
the EC8. According to FEMA440 [12], the procedures implemented in
FEMA356 and ATC-40 [10] are not able to adequately capture the
dynamic instability phenomenon. The non-linear static procedure in
the Italian seismic code and EC8 is based on the Equivalent SDOF
system's elastic-perfectly plastic nature. Degradation effects of
strength and stiffness are not considered. This simplification may lead
to underestimation of the target displacement. Cavdar and Bayraktar
[16] included several performance evaluation procedures. Four main
guidelines/codes describe the most common evaluation procedures:
ATC-40 [10], FEMA 356 [11], FEMA 440 [12], and TEC-2007[16]. The static
pushover and nonlinear time history studies analyze the nonlinear
seismic behavior of a collapsed reinforced concrete (RC) residential
building in Turkey. It found that the current structural structure of
residential buildings did not meet the ATC-40 [10], FEMA 356 [11],
FEMA 440 [12], and TEC-2007[17] predicted standards of performance
(LS). According to both nonlinear static pushover analysis and time
history analysis under earthquake loads, the building constructed
according to TEC-1975[18] presents the level of CO performance
through two-direction results. Moshref et al. [19] used two main
guidance documents, the New Zealand Guideline [20] and FEMA 440
[12], on the evaluation of existing buildings currently available for
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concrete frame resistance. The main aim of the study was to trace the
differences between the results provided by these two guidelines.
Under the two guidelines, the Peak Ground Acceleration (PGA) values
that cause the collapse are calculated and compared with their similar
values, which are determined from a non-linear dynamic analysis. The
outcome of the force-based approach suggested by the New Zealand
Guideline was found to be more consistent with nonlinear dynamic
analysis. Appropriate results were given by the New Zealand
displacement method and FEMA440 [12], but their results are not
conservative. Alwashali and Maeda [21] investigated the damage
caused by the Great East Japan earthquake in Sendai City-Japan in
2011 to many low-rise RC buildings. Using the Japanese Standard for
Seismic Evaluation of Existing RC Buildings, the chosen building is
assessed to have a high seismic capacity. On those buildings, pushover
analysis was performed. The pushover analysis was found to predict
the degree of damage well, but there were some variations in the
position of the plastic hinge compared to the actual damage. Plastic
hinges were expected to occur in beams and not in columns, but this
wasn’t the case in the actual damage. The research methodology that
will be adopted in this investigation is to detect the covert differences
between the analytical and numerical techniques evaluation codes,
ATC-40, FEMA-356 and FEMA-440. This comparative study has
conducted by using pushover analysis on Thalassemia Center Hospital
Building that located at Baghdad, Iraq under ISC-2017 response
spectrum.

𝑆

𝑆

(1)

Where Sa and Sd are the values for the elastic acceleration and
displacement spectrum, respectively.

Step (3): Pushover Analysis
A conventional non-adaptive force-based pushover analysis is
performed, applying to the structure a monotonically increasing
pattern of lateral forces. In CSM the lateral forces applied have a first
mode proportional distribution. Lateral forces are applied in
proportion to the story masses and the square height of the floor as
per by using Equation (2):
F

(2)

∑

where mi and hi are the mass and height of the ith floor.
From the pushover analysis, one obtains the capacity curve that
represents the base shear and the displacement at the center of mass
of the roof.
Step (4): Equivalent SDOF system

2. Codes provisions
It is widely recognized that ground shaking in existing buildings
located in seismic regions may induce unacceptable levels of damage.
Several reasons have been attributed to this vulnerability, such as
insufficient strength and stiffness, weak detailing, plan and elevation
irregularities, the dominance of brittle failure modes over ductile ones,
etc. [5]. Various codes display the principle concepts for finding the
performance level.
2.1. ATC-40[10]
Capacity Spectrum Method (CSM) has gained considerable popularity
amongst pushover users and the ATC40 guidelines [6] included it as
the recommended nonlinear static procedure to be used. The CSM
was created to describe a structure's first mode response based on the
assumption that the main response of the structure is the
fundamental mode of vibration. The results obtained with the CSM
may not be so accurate. The steps of the capacity spectrum method
are described herein.
Step (1): Seismic Data
A MDOF model of the building must be developed including the
nonlinear force-deformation relationship for structural elements
under monotonic loadings, Figure(1a). An elastic acceleration response
spectrum is also required corresponding to the seismic action under
consideration, Figure (1b).

a)

spectrum can be computed from the acceleration spectrum using
Equation (1):

The structural capacity curve expressed in terms of roof displacement
and base shear is then converted into a SDOF curve in terms of
displacements and accelerations, which is called the capacity
spectrum. The transformations are made using the following
equations:
𝑃𝐹

𝛼

𝑆
𝑆

∑

/

∑

/

∑
∑

(3)

/
/

/

∑

(4)

/

(5)
roof
roof .

(6)

Figure (2). It shows that the participation factor and modal mass
coefficient differ according to the relative inter-story displacement
over the height of the building. For example, for a linear distribution
of inter-story displacement along with the height of the building 1
≈0.8 and PF1≈ 1.4.

b)

Figure 1. a) MDOF model of the building; b) Elastic acceleration
response spectrum [7].
Step (2): Seismic demand in AD (acceleration displacement) format.
The seismic demand is defined with a response spectrum in the format
acceleration- displacement (ADRS). For SDOF, the displacement

Figure 2. modal participation factors and modal mass coefficients [6].
To convert MDOF capacity curve to SDOF capacity curve in the format
(capacity spectrum) of the Acceleration-Displacement Response
Spectra (ADRS) format (Sa versus Sd), the modal participation factor
PF1 and the modal mass coefficient must first be calculated by Eq.3
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and Eq.4. Afterward, for each point of the MDOF capacity curve (V,
∆roof) calculate the associated point (Sa, Sd) of the capacity spectrum
according to Equation (5) and Equation (6).
Step (5): Estimation of Damping and Reduction of the Response
Spectrum:
ATC-40 defines equivalent viscous damping to represent this
combination; it can be calculated using Equation (7):
𝛽

𝛽

5

𝑘𝛽

5

5

The k-factor depends on the structural behavior of the building, which
is related to the seismic resisting system quality and the ground
shaking duration. ATC40 defines three categories of structural
behavior:
Type A represents stable, reasonably full hysteresis loops.

(8)

Type C represents poor hysteretic behavior with a significant
reduction of loop area (severely pinched).
Table (1). indicates the ranges and limits for the values of k specified
to the three structural behavior types.
Table 1. Modification factor k.

Where 5% viscous damping inherent in the structure (given to be
constant).

Structural

The hysteretic damping represented as equivalent viscous damping
can be calculated by using Equation (9):

Behavior
Type

𝛽

⋅

(11)

Type B represents a moderate reduction of area.

(7)

ATC-40 introduces the concept of effective viscous damping that can
be obtained by multiplying the equivalent damping by a modification
factor k by using Equation (8):
𝛽

.

𝛽

1

k

≤ 16.25

(9)

1.0

Type A

≤ 2.5

0.67

>2.5

0.845
0.446 𝑎 𝑑
𝑎 𝑑

Type B

Type C

0.51 𝑎 𝑑
𝑑 𝑎
𝑎 𝑑

1.13

>16.25

𝑑 𝑎

0.33

Any
value

Step (6): Numerical Derivation of Spectral Reduction
The spectral reduction factors are calculated as shown in Equation (12)
and Equation (13).

Figure 3. Derivation of Damping for Spectral Reduction.

The physical meaning of both ED and ES0 is represented in Fig.3. ED is
the energy dissipated by the structure in a single cycle of motion, that
is, the area bounded by a single hysteresis loop. ES0 is the maximum
strain energy related to that cycle of motion that is, the area of the
hatched triangle. Figure (4). Show the derivation of energy dissipated
by damping.

𝑆𝑅
(12).

.

𝑆𝑅
(13).

.

.

.

.

.

.

.

Value in Table 2

.

.

.

.

.

Value in Table 2

.

Note that the SRA and SRv values should be greater than or equal to
the values referred to in Table (2).
Table 2. The minimum allowable SRA and SRv values
Structural

𝑺𝑹𝑨

𝑺𝑹𝒗

Type A

0.33

0.50

Type B

0.44

0.56

Type C

0.56

0.67

Behavior Type

Step (7): Calculation of the target displacement:
The calculation of the target displacement is an iterative process,
where it is necessary to estimate a first trial performance point. For
this purpose, there are several options one can use:
Figure 4. Derivation of energy dissipated by damping, ED.
Therefore,
𝛽

.

1 can be written as in Equation (10):
(10)

The effective damping can be written as

Equation (11):

1. The first trial performance point can be estimated as the elastic
response spectrum displacement corresponding to the elastic
fundamental period. The response spectrum is defined for the viscous
damping level considered (in buildings one usually considers 5%);
2. Consider a first trial equivalent damping value, for example, 20%,
and calculate the respective reduction factor. Multiply the elastic
spectrum by this reduction factor and intersect the capacity curve

PACE 2021- Ataturk University, Engineering Faculty, Department of Civil Engineering, Erzurum, 25030, TURKEY 20-23 June 2021

211

Abass et al.
with the reduced spectrum. The intersection corresponds to the first
trial performance point.
The capacity curve is then bi-linearized for this point, and new
effective damping can be computed and hence a new reduction factor
can be applied. The new intersection between the capacity curve and
the new reduced spectrum leads to a new performance point. If the
target displacement calculated is within a tolerable range (for example
within 5% of the displacement of the trial performance point), then the
performance point can be obtained. Figure (5). represents the process
schematically.

= [1.0+(R-1)Ts/Te]/R for Te < TS
C1 not greater than the values below, and no less than 1.0.
1.5 for 𝑇
1.0 for 𝑇

𝐶

0.1s
𝑇

Te = Effective fundamental period of the building in the direction
under consideration.
𝑇

𝑇

(15)

R= Ratio of elastic strength demand to calculated yield strength
coefficient.
𝑅

/

⋅𝐶

(16)

C2 = Modification factor to represent the influence of pinched
hysteretic shape, stiffness, and strength degradation on maximum
displacement response. Values for different framing systems and
Structural Performance Levels shall be calculated from Table (4).
Table 4. Values for Modification Factor C2
Structural
performance
level
Figure 5. General CSM procedure to compute the target displacement.

Step (8): Determination of MDOF response parameters in
correspondence to the Performance Point (converted from SDOF to
MDOF)

T ≥Ts second

T≤ 0.1 second
Framing
type 11

Framing
type 22

Framing
type 11

Framing
type 12

IO

1.0

1.0

1.0

1.0

LS

1.3

1.0

1.1

1.0

CP

1.5

1.0

1.2

1.0

1.Structures in which more than 30% of the floor shear at any level
is resisted by any combination of the following elements, elements,
or frames: ordinary moment-resisting frames, concentricallybraced frames, frames with partially-restrained connections,
tension-only braces, unreinforced masonry walls, shear-critical,
piers, and spandrels of reinforced concrete or masonry.

At this stage of the procedure, one should go back to the MDOF
pushover curve to the point consistent with the value of the SDOF
target displacement (calculated in the previous step) multiplied by the
transformation factor. For this step, one should take the building’s
performance results, such as deformations, inter-story drifts, and
chord rotations.

2. All frames not assigned to Framing Type 1.

2.2. FEMA/356 [11]
The Displacement Coefficient Method (DCM) is the primary nonlinear
static procedure presented in FEMA 356. The target displacement, ,
at each floor level shall be calculated by Equation (14):
𝛿

𝐶 𝐶𝐶 𝐶 𝑆

𝑔

(14)

where:
C0, modification factor to associate spectral displacement of an
equivalent SDOF system to the roof displacement of the building MDOF
system determined using one of the following procedures:

C3, modification factor due to dynamic P-∆ effects to represent
increased displacements. For buildings with a positive post-yield
stiffness (maintains its strength during a given deformation cycle, but
loses strength in subsequent cycles, the effective stiffness also
decreases in subsequent cycles (degradation of cyclic strength)) the
value shall be set at 1.0. For buildings with negative post-yield
stiffness(Note that the degradation happens during the similar cycle
of deformation in which yielding occurs, resulting in a negative postelastic stiffness, (in-cycle strength degradation)), values of shall be
calculated using Eq.17:
1.0

| |

/

The first modal participation factor at the level of the control node.

𝐶

The appropriate value from Table (3).

Where
is the ratio of post-yield stiffness to elastic stiffness when
the nonlinear force-displacement relation is characterized by a
bilinear relation.

Table 3. Values for Modification Factor C0
No.of
stories

Modification
Factor

1

1.0

2

1.2

3

1.3

5

1.4

+10

1.5

C1, modification factor to associate with estimated maximum inelastic
displacements to displacements calculated for linear elastic response:
= 1.0 for Te ≥ TS

(17)

2.3. FEMA440 [12]
2.3.1 Improved procedures for displacement modification
FEMA 440 (2005) [12] advises that the restrictions (capping) of the C1
coefficient permitted by FEMA 356 be abandoned. A distinction
between two different types of strength deterioration that have
different effects on system response and performance is also
recognized. This distinction gives rise to recommendations for the C2
coefficient to account for cyclic strength and stiffness degradation. It
is also recommended that the coefficient C3 be removed and replaced
with a limitation on strength (R).

Maximum Displacement Ratio (Coefficient C1)
FEMA 356 currently accepts the coefficient C1 to be restricted (capped)
for relatively short-period structures. FEMA440 suggested that this
limitation not be used. This may increase estimates of displacement
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for some structures. For most structures the following simplified
expression may be used for the coefficient C1:
𝐶

1

(18)

For periods less than 0.2 s, the value of the coefficient C1 for 0.2 s may
be used. For periods greater than 1.0 s, C1 may be assumed to be 1.0.

Degrading System Response (Coefficient C2)
FEMA 356 suggested that the C2 coefficient represents the influences
of stiffness degradation only. FEMA440 recommended that the
displacement prediction be modified to account for cyclic degradation
of stiffness and strength. It recommended that the C2 coefficient be as
follows:
𝐶

1

t=1+0.15lnT

(22)

The structural model must appropriately model the strength
degradation characteristics of the structure and its components.
2.3.2

Improved procedures for equivalent linearization

An improved equivalent linearization procedure as an adjustment to
the Capacity-Spectrum Method (CSM) of ATC-40[6]. When equivalent
linearization is used as a part of a nonlinear static procedure that
models the nonlinear response of a building with a SDOF oscillator, the
objective is to evaluate the maximum displacement response of the
nonlinear system with an “equivalent” linear system using an
effective period, Teff, and effective damping, eff, Fig.7.

(19)

For periods less than 0.2 s, the value of the coefficient C2 for 0.2 s may
be used. For periods greater than 0.7 sec. C2 may be assumed equal to
1.0 for assumption would include buildings with modern concrete or
steel special moment-resisting frames, steel eccentrically braced
frames, and buckling-restrained braced frames as either the original
system or the system added during seismic retrofit.

P-∆ Effects (Coefficient C3)
Because of dynamic P-∆ effects, the displacement modification factor
C3 is intended to account for increased displacements. FEMA 440
proposed removing the current coefficient of C3 and replacing it with
the maximum strength ratio, R, intended to calculate dynamic
instability. Where the value for Rmax is exceeded, a Nonlinear
Dynamic Procedures (NDP) analysis is recommended to capture
strength degradation and dynamic Peffects to confirm the
dynamic stability of the building. Nonlinear static procedures are not
capable of distinguishing completely between cyclic and in-cycle
strength losses. However, insight can be obtained by separating the
in-cycle P-∆ effects from 2, Fig.6.

Figure 7. Effective period and damping parameters of the equivalent
linear system

Effective damping
The formulas herein presented apply to any capacity curve,
independent of the hysteretic model type or post-elastic stiffness
value ( ) used. The effective damping is calculated using the
Equations below depending on the structure’s level of ductility µ.
For µ < 4.0:
𝛽

4.9 𝜇

1

1.1 𝜇

1

𝛽

(23)

For 4.0 ≤ µ ≤ 6.5:
𝛽

14.0

0.32 𝜇

1

𝛽

(24)

For µ > 6.5:
𝛽

.

19

𝛽

.

(25)

Effective period

Figure 6. Idealized Force-Displacement Curves.
An effective post-elastic stiffness can then be determined as
𝛼

𝛼

Where 0≤

𝜆 𝛼

𝛼

(20)

≤1.0

FEMA 440 recommended that be assigned a value of 0.2 for sites not
subject to near field effects and 0.8 for those that are. Displacement
amplifications increase as the post-yield negative stiffness (caused by
in-cycle strength degradation) ratio
decreases (becomes more
negative), as R increases. Minimum strength (maximum R) required
avoiding dynamic instability. The recommended limit on the design
force reduction, Rmax, is as follows
𝑅max
Where

|

|

(21)

The following equations apply to any capacity spectrum independent
of the hysteretic model form or post-elastic stiffness value. The
effective period depends on the ductility level and is calculated using
the Equations below:
For µ < 4.0:
𝑇eff
(26)

0.20 𝜇

1

0.038 𝜇

1

1𝑇

For 4.0 ≤ µ ≤ 6.5:
𝑇

0.28

0.13 𝜇

1

1𝑇

(27)

For µ > 6.5:
𝑇
Where
follows
𝛼

0.89

.

1

1 𝑇

(28)

is the post-elastic stiffness and µ the ductility, calculated as

(29)
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and
𝜇

(30)

Spectral reduction factor for effective damping
The spectral reduction factor is a function of the effective damping
and is called the damping coefficient, B ( eff) and is calculated using
Equation
𝐵 𝛽

(31)

%

.

It is used to adjust spectral acceleration ordinates as shown in Eq.32:
𝑆

%

(32)

3. Case study
Thalassemia Center Building was built in 2016 for 195 patient beds.
The center building is 6 story building having area about 1400m2.
From architectural point of view, the first story includes the
consultant, the second story contents laboratories, while the third
floor involves the administration of the hospital, and the other floors
are designated as corridors for patient’s admissions as shown in
Figure (8). In addition, the hospital contains (3) elevators, two electric
generators, central heating and cooling devices, a fire alarm system, a
central radio, and a system for calling nurses. From structural point of
view, the building is divided into 2 parts separated by expansion
joints. Each individual block separated by expansion joints in more or
less antisymmetric. The whole buildings outer dimension is about,
50.4 x 32.4 m. The first part is rectangular in plan and has overall plan
dimensions of 50.4 x 15.6 m and. The second part is L shape in plane,
the first length is 21.6 m and the second length is 14.4 m, while the
width is 32.4 m. The Thalassemia Center Building has 6 stories tall. The
first story height is 6.7 m, the second and third story is 5.7m and the
typical 4th,5th and 6th story height is 4 m.

Figure 8. Thalassemia Center Building Interfaces.

3.1 Structural system of thalassemia center building
Thalassemia Center Building are resting on raft foundation with
medium stiffens soil. The foundation has been designed at depth of
1.37 m below original ground level. The thickness of the foundation
slab is 0.9 m. A 50 mm thick lean concrete has been provided under
the raft slab. The 1st, 2nd and 3rd story divided at 1.8 m from the
bottom slab level by using slab steel frame, the secondary stories used
to fix the mechanical components (ducts, e.g.). All structural weight
and superimposed load on the building carried by a system of
reinforced concrete slab and concrete beams supported by concrete
columns. The slab system is two-way waffle slab; the concrete slab is
70mm thick at all floors. The clear gap between two parts is 175 mm.
Figure (9) shows the plan (for 1st story) with orientation of the columns.

Figure 9. Floor Framing Plan.
3.2 Materials properties
Table (5) illustrates the materials properties obtained from the
structural drawings. According to ACI 369 R-11 [23], the specified
(default values) converted to ‘expected’ values by factor larger
than one. Concrete exhibits a significant increase in both
strength and stiffness and reinforcing steel in strength when
subjected to increased strain rates, e.g. at stain rates that are
expected during earthquake.
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0 .1 5

Concrete
Member

Beam
Column

Reinforcing Steel

Specified
cylinder
strength
(MPa)

Expected
cylinder
strength
(MPa)

Specified
yield
strength
(Mpa)

Expected
yield
strength
(Mpa)

30
30

45
45

420
420

525
525

Acceleration(m/sec2)

Table 5. Materials Properties

0 .1
0 .0 5
0
- 0 .0 5
- 0 .1
0

2 0 0

6 0 0

a)

e

8 0 0

1 0 0 0

( s e c )

X- Component Acceleration Records.

0 .1 5

Acceleration(m/sec2)

3.3 Field ınvestigations
The investigation on the Thalassemia Center Building impacted by
2017 Halabjah earthquake. It showed the damages in the building.
Figure (10) illustrates the non-structural damages in the building
under consideration.

4 0 0

T im

0 .1
0 .0 5
0
- 0 .0 5
- 0 .1
0

2 0 0

4 0 0

6 0 0

T im

b)

e

8 0 0

1 0 0 0

( s e c )

Y- Component Acceleration Records.

Figure 11. Acceleration Records of Baghdad Station [25].
3.5 Building modelling

a)

Moderate Damages in Partition Walls

The building was modeled as a three dimensional frame with a fixed
base to calculate the response of the structure. The development of
force- deformation curve for the critical sections of beams, columns
and shear wall was developed due to use the nonlinear static pushover
analysis to capture the performance level of the building. The
computer model of the building was created in SAP 2000 [26]. The
section stiffness was used as per FEMA-356 [11] for modeling the initial
stiffness of the structural sections. Table (6) presents stiffness of the
members used in the analysis.
Table 6. Primary Stiffness of Elements
Elements

Flexural
stiffness

Shear
stiffness

Axial
stiffness

Beams

0.5EcIg

0.4EcAw

EcAg

Columns

0.7EcIg

0.4 Ec Aw

EcAg

3.5.1 Nonlinear modeling of beam-column frames
b) Light to very light Damages in Partition Walls
Figure 10. Damages in partition walls.
3.4 Description of 2017 halabjah earthquake
One of the strongest earthquakes happened in Iraq-Iran region on 12th
of November 2017 at 18:18:15 GMT. The earthquake magnitude was 7.3
M according to U.S. Geological Survey [24]. Due to the epicenter was
only 32 km south of Halabjah city, the earthquake name was attributed
to Halabjah [24], that is a city in Kurdistan region of Iraq. The local
depth of 18 km, even though the epicenter was in Iran near
Kermanshah province at 34.840°N latitude 45.924°E longitude.
According to data taken from Iraqi seismic network at the Iraqi
Meteorological Organization and seismology (IMOS) [25], Figure (11)
presents the accelerations records of Baghdad station for Halabjah
earthquake.

Beams and columns are modelled as frame elements with the
centerlines jointed at nodes. There are five beam column frames in the
transverse direction, while there are seven beam column frames in the
longitudinal direction. The steel frames in 1st, 2nd and 3rd story was
calculated and distributed as a concentrated force on the columns. The
two- way waffle slabs with ribs weight were distributed as triangular
and trapezoidal segments to the surrounding main beams.
3.5.1.1 Moment curvature analysis
The beam column frames modelled as a nonlinear geometrical model
by using Section Designer of SAP 2000 V 22 [26]. The yield moment and
yield curvature used to define the plastic hinges for all sections. The
moment-curvature analysis of beams and columns depended on the
following assumptions:
a.The compressive strength of confined concrete depended on
expected values as per in Table (1).
b.The yield strength of reinforced steel depended on expected values
as per in Table (1).
d.By using approximate component initial effective stiffness values
according to ATC-40 [10]; 0.50EI for beams and 0.70EI for columns.
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3.5.1.2 Results of moment curvature analysis
The moment curvature analysis of beams section generated by Section
Designer in SAP 2000 [26]. Three regions have defined for positive and
negative moment curvature of the beams, two at end span and one in
the middle . The relationship of the moment curvature was linearly
idealized [27,28]. Figure (12) shows the moment curvature of the beams.
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Figure 12. Moment-curvature relationship of beams.
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By using Section Designer of SAP2000 [26], the moment-curvature and
columns interaction relationship defined to the building columns.
Figure (13) presents the results of existing columns interaction curves.
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Figure 13. Existing columns ınteraction diagram.
3.5.2 Nonlinear modeling of shear wall
In this study, multi layered shell element is considered to model shear
wall and thus understand the seismic response of these elements. The
multi-layer shell element is based on the principles of composite
material mechanics. It can simulate the coupled in-plane/out of plane
bending and the coupled in-plane –shear nonlinear behavior of
reinforced concrete shear wall. The shell element is made up of many
layers with different thickness. Concrete and steel rebar materials
properties were assigned to various layers. Figure (14) shows the multi
layered shell element in SAP2000 [25]. According to existing shear wall
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of the hospital building the reinforcement bars are smeared into two
layers. The axial strain and curvature of the middle layer can be
obtained in one element, during the finite element calculations.
According to the assumption that plane remains plane. The strain and
the curvature calculated of the other layers. The stress will be
calculated through the constitutive relations of the material assigned
to the layer.
°

The material nonlinearity of the brick masonry infill was considered
by assigning the axial hinges (P) in the middle of the strut. The
expected modulus of elasticity is 31528.56 MPa of frame material. The
dimensions of the equivalent strut and the values of the maximum
plastic displacement and yield force for the 8 brick masonry between
A-B, B-C, and C-D respectively. The axial force-axial deformation curve
for brick masonry infill is given; the values of LS and CP have been
calculated from FEMA 356 for fair quality of masonry.

Figure 16. Idealized component load versus deformation curves for
depicting component modeling and acceptability [11].

Figure 14. Multi-layered shell element in SAP2000.

3.5.3.2 Diagonal compression failure of masonry ınfill
Shell element is not a lumped plasticity element in SAP2000 [26], it
does not show any hinge formation like beams or columns elements.
The nonlinear behavior can be tested by checking out the stresses in
concrete and reinforcement layer by using the hereinafter method of
representing the shell elements. The shell wall behavior understood
from the stress diagrams [29,30].
3.5.3 Modelling of masonry ınfills
Masonry infills were modelled as equivalent diagonal compression
struts as shown in Figure(15). The equivalent width of the diagonal
member is given as;

The diagonal load at failure is given, as follows, for infill wall;

0.175 𝜆 ℎ

.

𝑟

For 𝑟inf /𝑡
𝑓 1

29
inf

(36)

(33)
For 𝑟inf /𝑡

Where,

𝑓
𝜆

(35)

where, fa is the allowable compressive strength, which is reduced from
fc considering the slenderness, t is the thickness of brick masonry
infill, h is the height of brick masonry infill. ACI 530 [31] gives the value
of fa the masonry wall as follows.

𝑓
𝑎

.

𝑅

(34)

Where:

𝑓

inf

29
(37)

where 𝑟inf is the diagonal length of brick masonry infill.
3.6 Properties of nonlinear plastic hinges

hcol = Column height between centerlines of beams.
hinf = Height of infill panel.
Efe = Expected modulus of elasticity of frame material.
Eme = Expected modulus of elasticity of infill material.
Icol =Moment of inertia of column.
Linf = Length of infill panel.
rinf = Diagonal length of infill panel.
tinf= Thickness of infill panel and equivalent strut.
= Angle whose tangent is the infill height-to length aspect ratio,
radians
1= Coefficient used to determine equivalent width of infill strut

Figure 15. Compression strut analogy–concentric struts.
3.5.3.1 Plastic hinge properties for ınfill strut

The properties of plastic hinges can be determined using Fully user
defined hinge properties used in this modelling. Several points must
be input into SAP2000 [26] to define the plastic deformation curve.
Figure (17), no deformation at B will be occur and only plastic
deformation beyond B will be exhibited by the hinge. Point C defined
as ultimate capacity and point D represent the residual strength. Point
E represents total failure. Beyond E, the hinge will drop the load to zero
force/ moment as shown in the figure.

Figure 17. Actual rigid-plastic deformation curve used for hinges.
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Beside to the main points required for defining the curve of the plastic
deformation backbone. It must to specify the deformation values at
Immediate Occupancy (IO), Life Safety (LS) and Collapse Prevention (CP)
levels that used for performance–based design.

software [33], the two components were analyzed and conducted the
response spectra.
0 .0 8

Pseudo Accelration (g)

3.7 Implementation of moment- rotation relationship in model
SAP 2000 [26], implemented the plastic deformation curve for hinges.
The points A, B, C, D, and E require to be points on a moment-rotation.
The curvature must be considered to act over a chosen plastic hinge
length, Lp, where plasticity is expected to occur in the member. The
plastic hinge length was assumed according to Equation (38). For all
section types expected shear wall, the plastic hinge length was
assumed to be half the member depth.
𝐿

0.5 ∗ 𝐻

0 .0 4

0 .0 2

0
0

2

(38)
a)

6

Pseudo Accelration (g)

3.8 Elastic response spectrum and ground motions
The building under investigation in the study is located at Baghdad
city. Response spectra used to predict the acceleration or displacement
values over a range of natural periods for single degree of freedom
oscillators located at that site. It also used to determine seismic forces
that a structure with a particular period will be designed for. Updated
Iraqi seismic code 2017 [32] based on that the response spectra
associated with the design basis earthquake (DBE) and the maximum
considered earthquake (MCE). The purpose for determining the
response spectra according to updated Iraqi seismic code (ISC-2017) in
this thesis was to use it as a reference for checking Halabjah ground
motion records. These process used through pushover analysis, which
will be presented in this section.

D B E -B a g h d a d IS C -2 0 1 7 S p e c tr a
M C E -B a g h d a d IS C -2 0 1 7 S p e c tr a

0 .3

0 .3

0 .2

0 .1

0
0

2

4

6

P e r io d (s e c )

b)

Y- Direction Pseudo Acceleration Response Spectra.
Figure 19. Halabjah response spectra.
D B E -B a g h d a d IS C -2 0 1 7 S p e c tr a
M C E -B a g h d a d IS C -2 0 1 7 S p e c tr a
X -D ir e c tio n -H a la b jh a 2 0 1 7 S p e c tr a
Y -D ir e c tio n -H a la b jh a 2 0 1 7 S p e c tr a

Spectral Accerlation (g)

0 .5

3.8.1 Design of elastic response spectrum of ISC-2017 procedures
The MCE and DBE response spectrum were determined based on ISC2017 [32]. To obtain the target MCE response spectrum,the design
spectral accelerations, Sa, found as above were multiplied by 1.5. The
response modification factor (R), over strength factor, deflection
amplification factor (Cd) and importance factor (I) are equal to 4.5, 2.5,
5 and 1.5 respectively under the assumption that the building
represented as dual system with special moment resisting frame
capable resisting least 25% of the seismic forces. Figure (18) shows the
DBE and MCE elastic response spectrum of Baghdad city according to
ISC-2017, the calculations to export the response spectrum presented
in Appendix B.
0 .5

X- Direction Pseudo Acceleration Response Spectra.
0 .4

the rotation of the members was computed by multiplying the
curvature by the plastic hinge length. The moment and rotation values
put into SAP2000 model were normalized by the reference yield point
for beams and columns, so the actual yield point moment and rotation
values were assigned as scale factors.

0 .4

4

P e r io d (s e c )

Where H, is the section depth.

Spectral Accerlation (g)
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Figure 20. Response spectrum used in the study.
Figure (20), all the response spectrum will be used in this study.
Halabjah response spectrum was in term the values of ISC-2017
response spectrum. This means that the values of spectral
acceleration (DBE and MCE) of ISC-2017 were more conservative
compared to ISC-1997.

0 .2

3.9 Lateral load distributions

0 .1

The pushover analysis defines the levels of building lateral forces and
corresponding roof displacements that are linked to the development
of yielding in building members at different stages. According to the
Equation (39), lateral forces are applied in proportion to the story
masses and the square height of the floor.

0
0

1

2

3

P e r io d (s e c )

Figure 18. DBE and MCE elastic response spectrum of Baghdad city
according to ISC-2017 [32].
3.8.2 Response spectra of halabjah earthquake
According to Figure (19), the data of accelerations records of Halabjah
earthquake taken from Iraqi seismic network at the Iraqi
Meteorological Organization and seismology (IMOS). Two components
were considered in this thesis, X and Y components represented the
plan axis of the building under consideration. By using PRISM

F

∑

(39)

where, mi, and hi, are the mass and height of ith floor. For each
direction, the initial load distribution was used in the analyses.
Pushover analyses in both the X and Y directions use the same lateral
load distribution Figure (21).
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3.10.2 Implementation of pushover analysis and results
The lateral pushover analysis in the two directions X, and -Y was
performed under displacement control after the gravity pushover. The
structure is pushed to the side until it develops a collapse mechanism.
the model implement in the pushover analysis, the first with
unreinforced masonry (URM).
3.10.2.1 Pushover analysis of part-1

Figure 21. Lateral load distribution for pushover analysis.

In reality situation of the Thalassemia Center Building, the
implementation of pushover analysis in two parts of building has
performed. Figure (22) shows the Part-1 of the Thalassemia Center
Building.

3.10 Pushover analysis
In the present study, in order to determine compliance with a given
performance level, the probable maximum global displacement of the
structure when exposed to:
a.

Maximum Considered Earthquake (MCE)

• Iraqi Seismic Code (ISC)-2017
b.

Design Basic Earthquake (DBE) according to

• Iraqi Seismic Code (ISC)-2017
c.

Halabjah Earthquake-2017

Two methodologies for determining this displacement, Capacity
Spectrum Method (ATC-40, FEMA-440) and Displacement Coefficient
Method (FEMA-356 and FEMA-440). Are presented in the following
sections. The building has been first analyzed under the action of the
dead load, super imposed dead loads and 0.25 of the live loads acting
on the structure. The dead loads include the self-weight of the
building, weight of the slab that distributed as a triangular and a
trapezoidal load to the surrounding beams as per ACI-318-02 [33],
weight of the brick masonry that distributed as a uniform loads on the
beams and the weight of the steel frame slab on the 1st, 2nd and 3rd
story. In addition, to consider the uncertainties in the dead load
estimation, the dead loads were multiplied by a factor of 1.1 [34]. It is
assumed that the live loads present at the time of earthquake will be
taken care of by the 10% increase in the dead load.
3.10.1 Static pushover analysis general steps

Figure 22. 3D Computer model of part 1.
3.10.2.1.1 Capacity curve results
For the first part of the building, the pushover analysis shows that the
building as shown in Figure (14) has the base shear in X –direction
equal to (73086.07) KN, the base shear in the Y-direction was (67953.80)
KN. A roof displacement in the X-direction was (35.77) mm, while the
roof displacement in the Y-direction was (45.55) mm, according to the
analysis results. As shown in Figure (23), the percentage of the base
shear was 7.02 percent higher in the X-direction than in the Ydirection, while the percentage of the roof displacement was 8.50
percent higher in the X-direction than in the Y-direction.

ATC-40 [10], offers the following general steps for performing
pushover analysis:

100000
80000

Base Shear (kN)

• Develop the nonlinear structure analytical model.
• Set the performance parameters, such as drift at particular floor
levels, restricting the rotation of the plastic hinge at specific plastic
hinge points, etc.
• Apply the load of gravity and analyze the internal forces.
• Assign incrementally to the structure the corresponding static
seismic lateral load.
• Select a control point to see the displacement.
• Using the incremental iteration technique to apply the lateral load
gradually.
• Draw the curve for “Base Shear vs. Controlled Displacement”, called
the “pushover curve”.
• Convert the curve of a pushover to the Acceleration-Displacement
Response-Spectra (ADRs) format.
• Based on the performance level predicted, obtain the equivalent
damping.
• Get the Response Spectra design for different damping levels and
adjust the nonlinearity spectra depending on the damping in the
Capacity Spectrum.
• When represented in the ADRS format, the capacity spectrum and the
design response spectrum can be graphed together.
• The performance level is defined by the intersection of the capacity
spectrum and the response spectrum.

P u s h -X (M o d e l-2 )
P u s h -Y (M o d e l-2 )

60000
40000
20000
0
0

20

40

60

D is p la c e m e n t(m m )

Figure 23. Base shear and roof displacement.
3.10.2.1.2 Performance level results according to capacity
spectrum analysis
With 5% initial damping, Figure (24) shows the building's performance
level according to the capacity spectrum technique based on ATC-40
[10].
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Table 7. States of performance oints
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S p ectra l D isp la cem en t (S d , m m )

(a)Capacity Spectrum for Push-X (DBE, ISC-2017)
Spectral Accelration (Sa,g)

1.6
1.2

0.8

Spectral
Accel.
Sa/g

X DBE
ISC-2017
MCE
ISC-2017
Y DBE
ISC-2017
MCE
ISC-2017
X Halabjah
2017
Y Halabjah
2017

Spectral
Dis.
Sd (mm)

Effective
Damping
eff

0.62

Effective
Time
Period
Teff(sec)
0.42

27.31

19.12

0.84

0.43

39.23

27.4

0.60

0.54

43.11

31.95

0.89

0.54

63.90

47.36

0.35

0.42

15.26

10.69

0.44

0.54

31.62

23.43

3.10.2.1.3 Safety of part-1
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Spectral Displacement (Sd, mm)

(b)Capacity Spectrum for Push-Y (DBE,ISC-2017)
1 .6

Spectral Accelration (Sa,g)

Direction and
Earthquake
level

The safety of the existing structures as a whole building has been
checked under dead load as well as under earthquake loads. Table (8)
shows the base shear and roof displacements at performance for all
direction and earthquake level.
Table 8. States of performance points according to ATC-40
Vb
Roof
Roof Dis.
Direction and
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Earthquake
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level
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X
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From Figure (24) and Table (8), according to the DBE and MCE response
spectrum of ISC-2017, the base shear increased 44.14 percent, 64.25
percent, 59.10 percent, and 50.52 percent more than the Halabjah
earthquake spectra in the X and Y directions, respectively. The roof
displacement values based on Halabjah earthquake spectra in the X
and Y directions increased by 44.13 percent, 19.4 percent, 64.6 percent,
and 50.52 percent, respectively.
3.10.2.2 Performance level results according to equivalent
linearization analysis

1 .2

With 5% initial damping, the performance level of the building
according to equivalent linearization analysis based on FEMA440 [12]
are presented in Figure (17).
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(h)Capacity Spectrum for Push-Y (Halabjah-2017)
Figure 24. Capacity spectrum for Push-X and Push-Y (DBE,ISC-2017,
MCE,ISC-2017,Halabjah-2017).
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Figure 25. Capacity spectrum for Push-X and Push-Y (DBE,ISC-2017,
MCE,ISC-2017 and, Halabjah-2017).
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(b)Capacity Spectrum for Push-Y (DBE, ISC-2017)
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(c)Capacity Spectrum for Push-X (MCE, ISC-2017)

Table 8. States of performance points according to FEMA-440
Effective
Direction and
Spectral
T
Spectral
Earthquake
Accel.
sec
Damping
Dis.
level
Sa/g
eff
Sd (mm)
X DBE
0.31
0.42
0.05
13.85
ISC-2017
MCE
0.46
0.42
0.05
20.77
ISC-2017
Y DBE
0.30
0.54
0.05
21.86
ISC-2017
MCE
0.44
0.54
0.05
32.40
ISC-2017
X Halabjah
0.17
0.42
0.05
7.73
2017
Y Halabjah
0.22
0.54
0.05
16.03
2017

1 .2

Spectral Accelration (Sa,g)

3.10.2.2.1 Safety of part-1
The safety of the existing structures as a whole building has been
checked under dead load as well as under earthquake loads. The whole
building is found to be safe with in IO level. Table (9) shows the base
shear and roof displacements at performance for all direction and
earthquake level.
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(d)Capacity Spectrum for Push-Y (MCE, ISC-2017)
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Table 9. States of Performance Points According to FEMA-440
Roof
Roof Drift
Direction and
Vb
Earthquake level
Displacement
Ratio
(kN)
roof(mm)
X
DBE
ISC-2017
16121.88
9.71
0.0032
MCE
ISC-2017
24182.83
14.55
0.00048
Y
DBE
ISC-2017
10731.03
16.20
0.0005
MCE
ISC-2017
159098.8
24.01
0.0008
X
Halabjah
2017
9005.72
5.44
0.0001
Y
Halabjah
2017
7871.167
11.88
0.00039
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(g)Capacity Spectrum for Push-X (Halabjah-2017)

Figure (25) and Table (9), according to the DBE and MCE response
spectrum of ISC-2017, the base shear increased 44.14 percent, 64.25
percent, 59.10 percent, and 50.52 percent more than the Halabjah
earthquake spectra in the X and Y directions, respectively, while the
increasing in the roof displacement was 44.13% ,19.4%, 64.6% and
50.52% more than the roof displacement values based on Halabjah
earthquake spectra in X and Y directions respectively.
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3.10.2.3 Target displacement results according to displacement
coefficient method

3.10.2.5 Mechanism of plastic hinges for thalassemia center
building (Part-1)

The target displacement δt has also been calculated by using
Displacement Coefficient Method (DCM) as per FEMA-356 [11]. Table (10)
refers to the target displacement and correction factors values.

Figure 27 shows the Mechanism of Plastic Hinges for Thalassemia
Center Building (Part-1)

Table 10. Target displacement and correction factors values.
Correction Factors
C0
C1
C2
C3

Direction
and
Earthquake
level
X DBE
ISC-2017
MCE
ISC-2017
Y DBE
ISC-2017
MCE
ISC-2017
X Halabjah
2017
Y Halabjah
2017

Te
(sec)

Target Dis.
(mm) by DCM

0.85

1

1

1

0.42

11.93

0.80

1

1

1

0.42

16.66

0.89

1

1

1

0.54

19.75

0.85

1

1

1

0.54

27.89

0.91

1

1

1

0.42

7.12

0.92

1

1

1

0.54

14.90

According to the Halabjah earthquake, the increasing in the target
displacement according to (DBE) and (MCE) of ISC-2017 was
approximately 40.33 percent, 24.58 percent, 57.25 percent, and 46
percent more than the target displacement based on ISC-1997 in the X
and Y directions. These comparisons give an impression that the
values of spectral response acceleration at 0.2 and 1 sec of ISC-2017
are more conservative and logic to adopt in the seismic design of the
buildings.

a)X-Direction (DBE).

b)X-Direction (MCE).

3.10.2.4 Story drift ratios of part-1
Figure (26) shows the story drift at center of mass of each floor
corresponding to performance point under different earthquake
directions.
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Figure 27. Plastic hinge at performance point.
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Figure 26. Story drift of part-1.
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4.

Conclusions

Based on the limitation of evaluation codes and testing program,
it can be concluded that:
» The improvement of capacity spectrum method (CSM) and
displacement coefficient method (DCM) in FEMA 440 focused on
the effect of stiffness degradation and changes in dynamic
properties associated with progressive damage but doesn't take
the effect of irregularity in the plan or elevation into account.
» ATC-40, FEMA273/356, FEMA440, and ASCI 41-06 are
considered the most important than Euro code 8 – Part 3 and
Italian Seismic Code, Italian seismic code and EC8 do not consider
the dynamic P-∆ effects. Also, according to FEMA440, the
procedures implemented in FEMA273/356 and ATC-40 are not
able to adequately capture the dynamic instability phenomenon.
» The values of spectral response acceleration at short and 1 sec
period according to ISC-2017 were adequate and appropriate to
use in the seismic analysis and design. In addition, the Design
Basic Earthquake (DBE) and Maximum Considered Earthquake
(MCE) response spectrum were proved to be effective in the
seismic analysis, design, and assessment of the building in Iraq.

Nomenclature
A list of symbols should be inserted before the references if
such a list is needed
CSM
DCM
Te
Ti
Ki
Ke
TS
R
Sa
S1
Vy

» The results of the CSM method according to ATC-40 and an
improved equivalent linearization procedure adopted by FEMA440 differed because the equivalent linearization procedure
relied on new expressions to assess effective period and effective
damping.
» ATC-40 procedures overestimate effective damping in both
elastic and inelastic ranges, while FEMA-440 measures it very
accurately. The effective damping relied on the hysteretic
behavior definition, FEMA-440 used coefficients to determine the
effective damping based on the different strength and stiffness
characteristics for each element of the building.
» FEMA-440 used coefficients to determine the effective period,
these coefficients for the actual building and are subject to the
same limitations for effective damping. FEMA-440 new concept
of modified ADRS, as well as the innovative methods for
computing effective damping, effective period, and demand
spectrum reduction factors, appear to have more practical results
than ATC-40 procedures.
» The CSM-FEMA440 produces results that are very similar to the
time history analysis, whereas those obtained with the ATC-40
are invariably underestimated, according to many studies.
» The results illustrated that the plastic hinges formed in the
Unreinforced Masonry infill wall (URM). It would be reflected the
realistic situation of the building.
» Nonlinear static analysis (Pushover analysis) Procedures are
deemed to be a very practical tool to assess the nonlinear seismic
performance of structures. It introduced in this context is a
powerful tool for performance evaluation.

W
Cm
α
αe
α p-∆
λ
PF1
α1
V
∆ roof
βeq
βeff

k

β1
ED
ES0
ES0
𝑆𝑅
𝑆𝑅
T*
𝑅
Tc
α2
∆d
∆y
Teff
µ
βeff
β0
T0
api
dpi
ay
dy
dy
SDOF
MDOF
RC
ATC
FEMA

Capacity Spectrum Method.
Displacement Coefficient Method.
Effective fundamental period of the building in the
direction under consideration.
Elastic fundamental period (in seconds) in the direction
under consideration calculated by elastic dynamic
analysis.
Elastic lateral stiffness of the building in the direction
under consideration
Effective lateral stiffness of the building in the direction
under consideration.
Characteristic period of the response spectrum, defined
as the period associated with the transition from the
constant acceleration segment of the spectrum to the
constant velocity segment of the spectrum.
Ratio of elastic strength demand to
calculated yield strength coefficient.
Response spectrum acceleration.
Response spectrum acceleration at period,1 sec.
Yield strength calculated using results of the NSP for
the idealized nonlinear force-displacement curve
developed for the building.
Effective seismic weight.
Effective mass factor.
The ratio of post yield stiffness to elastic stiffness when
the nonlinear force-displacement relation is
characterized by a bilinear relation.
Effective negative post-yield slope ratio.
Negative slope ratio caused by P-∆ effects.
Near field effect factor.
Modal participation factor for the first natural mode.
Modal mass coefficient for the first natural mode.
Base shear.
Roof displacement (V and the associated ∆roof
make up points on the capacity curve).
Equivalent viscous damping.
Effective viscous damping.
Damping modification factor
Hysteretic damping represented
as equivalent viscous damping.
Energy dissipated by damping.
Maximum strain energy.
Maximum strain energy.
Spectral Acceleration Reduction.
Spectral Velocity Reduction.
Elastic Period.
Reducing Factor.
Characteristic Period.
Negative post-yield slope ratio.
Displacement at maximum base shear.
Displacement at effective yield strength.
Effective period.
Ductility factor.
Effective damping.
Initial viscous damping (5% - concrete buildings).
Fundamental period in the direction under
consideration.
Trail Spectral Acceleration.
Trail Spectral Displacement.
Bilinear curve yielding spectral Acceleration.
Bilinear curve yielding spectral Displacement.
Bilinear curve yielding spectral Displacement.
Single Degree of Freedom.
Multi Degree of Freedom.
Reinforcement Concrete.
Applied Technology Council.
Federal Emergency Management Agent.
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This paper presents a numerical analysis of the reinforcement of steel slender silos having
concentric hopper with carbon fiber-reinforced polymer (CFRP). The numerical model has
been developed using the finite element method, where the stored material was considered
to be wheat. The actions of the stored material over the silo wall were obtained by
simultaneously modelling the silo wall with shell elements, and the wheat with solid
elements. The interaction between both materials was properly simulated by using adequate
contact elements. The Drucker Prager elastoplastic criterion was used to define the
behaviour of the stored material. The simulations analysed the influence of different
reinforcement layers and the placement of reinforcement.
In all cases, the effectiveness of the CFRP use for reinforcing steel slender silos was obtained.
Indeed, a significant reduction of the circumferential and meridional stresses, especially for
the bin – hopper junction was also obtained. The results shows that up to 50% reduction of
stresses are obtained in the silo with five layers compared to a silo with non-reinforced wall.
The reinforcement with CFRP can be of interest for silos having suffered damage and
alterations that induced a reduction in the thickness of their walls.

1.Introduction
Storage structures, such as silos, which are used for the industrial or
agroalimentary sectors, were always needed because of the economic
importance of the immediate availability in large quantities of the
stored materials. The nature of materials stored in silos (cement, sand,
cereals, or sugar, among others) can greatly differ, and the actions
caused by them over the silo walls can also be quite different [1-2, 34]. However, the interaction between two different materials (stored
material and silo wall) makes difficult to address the actions exerted
over the silo wall, especially for the discharge process. These actions
are usually summarised in normal pressure and friction on the silo
walls.
The reinforcement of steel silos usually requires a complete silo
discharge and stopping exploitation during the repair works. To
address this problem, a solution which is reliable enough and safe to
reinforce these silos while significantly reducing the downtime of
exploitation is required. Nowadays, the fiber-reinforced polymer
composites (FRP) is being used for reinforcing and rehabilitating such
kind of structures [5-6, 7], and even for other structures used in civil
engineering. This material has several advantages in comparison to
the classic method of reinforcement: low density (which means a
lower self-weight), a higher strength-to-density ratio and an excellent
corrosion resistance. In addition, the application of the FRP composite
on the external surface of the wall by using a resin matrix is also
easier, and it avoids the need of discharging the silo.
Currently, the actions exerted by the stored grain over the silo walls
are obtained from different international standards [8-9,10], and used
to design them. The development of the first finite element models in

silo research dates from the late 70s and the early 80s [11-12, 13], and
they fostered a new period in silos research [14]. Thus, the finite
element method (FEM) is being increasingly used to analyse all kind
of problems and phenomena in silos because of the possibility of both
simulating the real structure and the material stored [15-16, 17-18, 1920, 21-22].
2.

Methodology

2.1. The Composite Material CFRP
The CFRP is in an orthotropic fabric, which may have its fibres
oriented in one direction or in two directions. In general, 70% of fibres
are placed in the horizontal direction and 30% in the vertical
direction, according to ISO 7211[23]. So, the mechanical properties of
this material, such as the elasticity modulus, the shear modulus or the
Poisson’s ratio, have to be defined in two orthogonal directions. The
mechanical characteristics of CFRP considered in the developed
numerical model are derived from experimental tests that were
performed at INSA (Lyon) in a previous work [23], and relates to an
orthotropic CFRP of elastic behavior whose mechanical characteristics
are shown in (table1).
Table 1. Mechanical characteristic of the CFRP
Circumferential’
elasticity
modulus (E1)
105000 MPa

Axial
elasticity
modulus
(E2)
15000
MPa

Shear
modulus
(G1)

Poisson’s
ratio
( 1)

Thickness
(without
resin)

5800
MPa

0.3

0.43mm
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2.2. Test specimens and properties

0

1.75

The circumferential direction has been considered as the preferred
direction of reinforcement, and to simplify the modelling of the CFRP
bonded to the silo wall, a composite section model (multilayered) based
on the perfect adherence hypothesis has been used.

Y

30°

4.75

The numerical models were developed by selecting a steel slender silo
having concentric hopper (Fig.2), as used by other authors[24], and the
stored material was supposed to be wheat, the surface of the solid was
treated as level. Table 2 shows the geometric characteristics of the silo
modelled, while Table 3 contains the mechanical properties of the
ensiled wheat.

12.00

The finite element methode was used in this work were the actions of
the stored material over the silo wall were obtained by simultaneously
modelling the silo wall with shell elements, and the stored material
with solid elements (Fig.1.). The interaction between both materials
was properly simulated by using adequate contact elements. Drucker–
Prager criteriom was selected to define the behaviour of the granular
material for the plastic part, while a classic isotropic and linear theory
was used for the elastic part of the constitutive model.

The software package ABAQUS[25] is used for the development of the
numerical models in this research.
Z

0.75

Figure 2. Dimensions of the silo used
Table 2. Dimensions of silo

Parameter
Total height
Hopper height
Radius
Outlet radius
Thickness
Capacity exceeding
100 tons

Value (m)
16.75
4.75
1.75
0.375
2.5 × 10−3
Silo of class ‘2’
following
Eurocode 1 part 4

Table 3. Mechanical properties of the ensiled wheat
(a)

(b)

Figure 1. Modeling of the silo wall (a) and the granular material (b)
3.

Results and discussions

3.1. Geometry and characteristics of the model
This section presents the results obtained with the silo reinforced by
using CFRP in order to reduce the stresses produced in the silo walls
comparatively to those in unreinforced silo. First, some results
relating to the reinforcement of the entire silo are shown. Then, the
optimal location and number of the CFRP layers to be placed on the
silo wall is discussed.
Finally, the stresses ratios curves obtained for the different hopper
length ratios is shown in order to assess the most efficient solution
for silo reinforcement. The results obtained are related to the silo
reinforcement for the filling process.

Properties
Specific weight (kg/m3)
Elasticity modulus (MPa)
Poisson’s ratio
Grain-to-wall friction coefficient
Angle of internal friction
Apparent cohesion (MPa)
Angle of dilatancy

Value
= 840
E = 5.129
= 0.32
= 0.2
= 25°
C = 3 × 10−3
= 17.6°

3.2. Analysis of a silo completely reinforced with CFRP
First, the normal pressures Fig. 3, and both meridional and
circumferential stresses (Fig.4) were obtained in the silo wall from the
finite element model developed without reinforcement, these results
were also compared to those obtained according to the ones predicted
by Eurocode. It can be seen from the curves of the normal pressures
and both meridional and circumferential stresses that numerical
results are close to the values predicted by Eurocode, especially in the
vertical part of the silo. However, for the circumferential ones, a
significant decrease can be observed at the transition zone between
the vertical silo wall and the hopper for the Eurocode prediction, since
this decrease is limited for the FEM model. This circumstance can be
explained because in the finite element analysis, both the silo wall
and the granular material are modelled, in this case the granular
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material restrains the horizontal displacements, which limit the
stresses decrease.

Figure 5. Circumferential (a) and meridional (b) stresses after full
reinforcement of silo walls. (0L: results obtained without
reinforcement; 1L, 2L, 3L and 5L: results obtained by using the CFRP
reinforcing layers specified)

Figure 3. Normal wall pressures predicted by the FEM and the
Eurocode

Figure 4. Circumferential (a) and meridional (b) stresses obtained
according to pressures predicted by Eurocode and FEM
Different reinforcement layers of CFRP were considered to check the
influence of thickness reinforcement on the reduction of wall stresses
(Fig.5). It can be observed that the more number of reinforcement
layers used, the less of both circumferential (S11) and meridional (S22)
stresses are obtained for any part of the silo wall.
Fig.6 shows the percentage reduction in stresses obtained at a silo
depth of z = 12.5 m, corresponding to the transition area with regards
to different number of reinforcement layers. The reduction of the
circumferential stresses (S11) by applying one layer of composite is
12.82%, compared to a non-reinforced wall, and it is up to 55.61% when
five CFRP layers are considered. For the meridional stresses (S22), a
15.96% stresses reduction is obtained when only one CFRP layer is
applied, while a maximum reduction of 54.6% is obtained when five
CFRP layers are considered.

However, it can be seen that the reduction in stresses between one
and three layers is about 30%. But when the number of reinforcement
layers used increases from three to five, the gained reduction of
stresses is only about 15%. This trend indicates that the number of
reinforcement layers used in order to reduce the costs can be
optimised, and suggests that may be the more adequate number of
reinforcement layers would be three.

Figure 6. Silo stresses reduction percentage at z = 12.5 m for a
completely reinforced wall
3.3. Study of the optimal location for reinforcing the silo wall
Several reinforcement configurations have been simulated to study
the effects on the stress reduction. Each configuration considers 0.5
m of reinforced silo wall on the cylinder, and an increasing length of
reinforced wall on the hopper side, starting from the transition.
• Location n°1: 0.5 m length on the cylinder and all the hopper length.
• Location n°2: 0.5 m length on the cylinder and 0.5 m length on the
hopper.
• Location n°3: 0.5 m length on the cylinder and 1.0 m length on the
hopper.
• Location n°4: 0.5 m length on the cylinder and 1.5 m length on the
hopper.
• Location n°5: 0.5 m length on the cylinder and 2.0 m length on the
hopper.
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Figure 7. Circumferential (a) and meridional (b) stresses reduction
percentage for the locations reinforcement 3, 4, and 5 at z = 12.5 m
Fig.7 shows the circumferential (S11) and meridional (S22) stresses
reduction percentages obtained for locations 3, 4 and 5 at a silo depth
of z = 12.5 m. The least reduction percentage corresponds to location
3, with independence of the number of reinforcing layers, or the stress
type (meridional or circumferential). It is also interesting to remark
that location n°4 produces a greater reduction in stresses than
location 5. This is an unexpected result, since the hopper-reinforced
length is larger for location 4: 2.0 m against 1.5 m. The value of
circumferential and meridional stresses reduction for location n°4 is
54.68 and 53.65%, respectively, when five CFRP layers are applied. It
can be seen again that the higher stress reduction occurs from one to
three reinforcing layers.

number of the reinforcement layers used increases, which verify the
improvement of the silo wall resistance. However, it can be observed
that the greatest rate of stress reduction is obtained until three
reinforcement layers are used. With respect to the influence of the
reinforced hopper length, it can be observed that only a gain in stress
reduction is obtained for reinforced hopper length ratios lower than
0.3, which represents the location n°4. The stresses ratio remains
almost unchanged for higher reinforced hopper length ratios.The
tendency of stress reduction may suggest that an optimum
reinforcement would be obtained by using only three CFRP
reinforcement layers in only 30% of the hopper length. For this
reinforcement configuration, 40% stress reduction would be obtained.

4.

Conclusion

the research presented in this paper analyses the effects of
reinforcing the walls in steel slender silos having a concentric hopper
using CFRP. The finite element model developed takes into account
non-linear effects for the geometry (large displacement analysis), the
material (using an elastoplastic material model for the bulk solid), and
the interaction between the silo wall and the stored material
(employing a target-to-surface contact procedure). The results have
proved the effectiveness of this kind of reinforcement for the steel silo
wall. Indeed, the stress reduction can reach up to 55 and 54.6% for
circumferential and meridional stresses, respectively, if the entire silo
wall is reinforced by applying five CFRP layers (with respect to the
non-reinforced silo wall). In addition, it was found that the significant
decrease of stresses appears when up to three reinforcement layers
are used. If more than 30% of the hopper wall is reinforced, then
around 40% decrease in stresses is obtained when using three
reinforcement layers. So, the adoption of three CFRP reinforcement
layers instead five has the best ratio of costs with respect to the
additional stress reduction gained by using two more CFRP layers (in
the five CFRP reinforcement layers solution).
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The study deals with the interaction of water waves with the perforated thin barrier placed in
front of a rigid wall in the presence of step bottom. To include the effect of wave heights on the
wave energy dissipation, a nonlinear pressure drop condition on the perforated barrier is
considered. Further, the associated boundary value problem is solved numerically using the
iterative boundary element method. Finally, the reflection coefficient and wave forces are
evaluated and analyzed to study the various characteristics of the trapping problem. The study
concludes that the wave forces on the rigid breakwater reduce significantly with an increase in
the porosity of the perforated thin barrier.

1.Introduction
Perforated thin barriers are the most commonly used coastal
structures to mitigate the wave-induced forces and incident wave
energy dissipation. These perforated barriers are highly preferred due
to their simple design, construction conveniences, and costeffectiveness [1].
There are many experimental and theoretical investigations carried
out by several researchers related to wave interaction with thin and
thick porous barriers. Among them, some notable works are Porter
and Evans (1995) [2] studied the scattering of water waves by thin
vertical walls of different structural configurations using Galerkin
approximations in infinite-water depth. Li et al. (2006) [3] studied the
effect of the relative thickness of the porous plate on the resistance
coefficient. It was observed that when the relative thickness of the
plate is reduced, the resistance coefficient significantly increased. Liu
et al. (2012) [4] used the eigenfunction expansion to study oblique
wave interaction with an infinite array of perforated screens placed
in front of the rigid caisson to mitigate the horizontal forces on the
caisson. The study highlighted that the number of the reflected wave
and propagation waves is not dependent on the number of porous
barriers. An and Faltinsen (2012) [5] presented wave scattering by a
submerged perforated plate in finite and infinite water depths using
the time-efficient iterative semi-analytic solution. A perforated plate
can effectively reduce the wave loads and reflections than the rigid
plate. However, the wave transmissions are more in the case of long
waves [5].
Several studies are available on wave interactions with the thin
perforated barrier with linear boundary conditions on the plate. In
general, the flow through the perforated barrier is represented by a
nonlinear boundary condition. Using the nonlinear pressure drop
condition on the perforated barrier, [6] studied the interaction
between the water waves and perforated screens theoretically and
experimentally. It was seen that a perforated barrier with 20%

geometrical porosity gives the optimal wave reflection. Liu and Li
(2017) [7] used an iterative boundary element method to handle the
nonlinear condition on the perforated plate when wave interaction
with the partially perforated caisson on the rigid foundation. This
nonlinear pressure drop condition signifies the effect of wave height
on the wave energy dissipation, which was neglected in the liner
version of the pressure drop condition. Recently, Panduranga et al.
(2021) [8] studied the gravity wave interaction with multiple surface
piercing slotted screens in front of the rigid caisson placed on a
porous foundation in the presence of seabed undulations. The
physical problem was solved using the iterative boundary element
method. A combination of four slotted barriers produces 98% of wave
energy dissipation.
In the present study, water wave interaction with a bottom-founded
perforated barrier over the step bottom is studied using linear wave
theory. A nonlinear pressure drop condition is considered to handle
the effect of wave height on wave energy dissipation. The associated
boundary value problem is solved using the iterative boundary
element method. Various wave and structural parameters are
considered to investigate the effectiveness of the perforated barrier,
and details are provided in the subsequent sections.
2.

Mathematical formulation

In this section, water wave interaction with a bottom standing
perforated thin barrier place at a finite distance away from the rigid
breakwater is studied under linear water wave theory. The problem is
studied in a 2D cartesian coordinate system in which the z-axis is
taken vertically upwards, and the x-axis is taken along the mean free
surface. In Fig. 1, 𝑑 is the length of the thin barrier, ℎ is the water
depth which changes to ℎ at x 0. Further, the distance between the
rigid wall and the thin barrier is 𝑤.
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3.

Numerical solution using iterative boundary element
method (BEM)

In this section, the aforementioned BVP is solved using BEM. Firstly,
a set of integral equations are formulated using Green’s second
identity for each of the boundaries of the regions 𝑅 , 𝑗 1,2. Then, the
integral equations are handled for the numerical solution using BEM.
Due to nonlinearity in Eq. (4), the conventional BEM cannot be applied
to the present problem. Therefore, an iterative BEM is adopted to
handle the BC on the perforated thin barrier.
Applying Green’s second identity to 𝜙 and 𝐺 (fundamental solution)
over each boundary of the regions 𝑅 , 𝑗 1,2, we obtain the following
integral equation
1
𝜙
2
Figure 1. Schematic diagram
Assuming that the fluid is not compressive without rotation and
motion is simple harmonic in time 𝑡 with circular frequency 𝜔 .
Therefore, the velocity potential Φ is written of the form Φ 𝑥, 𝑧, 𝑡
𝑅𝑒 𝜙 𝑥, 𝑧 𝑒
. Here, 𝜙 𝑥, 𝑧 satisfies the Laplace equation in each of
the regions 𝑅 , 𝑗 1,2,
∇ 𝜙

0.

𝜕𝜙
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𝜔
𝜙
𝑔
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Γ ,
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0,
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𝑗

1,2

𝐺

𝜕𝜙
𝑑Γ
𝜕𝑛

8
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𝐺

𝑥

𝑥

𝑛

𝜕𝐺
𝜕𝑥

𝑧

𝑧

,

and it’s normal derivative
𝜕𝐺
𝜕𝑛

𝑛

𝜕𝐺
,
𝜕𝑧

where 𝑛 and 𝑛 are unit normal vector components along x and z
directions. Substituting BCs (2)-(7) into Eq. (8), we get the following
integral equations ([9]).
Region 1:

The BC on the impermeable seabed and the rigid wall is given by
𝜕𝜙
𝜕𝑧
𝜕𝜙
𝜕𝑧

𝜕𝐺
𝜕𝑛

n represents the unit normal vector (outward). The fundamental
solution 𝐺 is expressed as

1

The free surface boundary condition (BC) is given by

𝜙

𝜕𝐺
𝜕𝑛

1
𝜙
2
3

𝑖𝑘 𝐺
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𝐺

𝜙
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𝜕𝑛

𝐺

The BC on the perforated thin barrier is given by ([7],[10])
8𝑖 1 𝜇 𝜕𝜙 𝜕𝜙
3𝜋𝜔 2𝛼𝜇 𝜕𝑥 𝜕𝑥

𝜙

𝜙

2𝐶

𝜕𝜙
, on Γ ,
𝜕𝑥

𝜕𝐺
𝜕𝑛

4

𝜔
𝐺
𝑔

𝜙 𝑑Γ
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𝜕𝑛

𝐺

𝜕𝜙
𝜕𝑛

𝑖𝑘 𝜙

𝐺 𝑑Γ.

9

Region 2:
where 𝜇 is the geometrical porosity of the perforated thin barrier, 𝛼 is
the discharge coefficient which typically varies from 0.3-0.4 for the
porosity less than 0.5. The expression for the blockage coefficient is
𝐶

1

1

ln 4𝜇

𝜇

𝜇 ,

in

which

𝑏

is

1
𝜙
2

𝜙

the
𝜙

thickness of the barrier and 𝑠 is the distance between the centers of
the two adjacent gaps. Further, the continuity of the horizontal fluid
velocity across the perforated thin barrier can be written as
𝜕𝜙
𝜕𝑥

𝜕𝜙
,
𝜕𝑥
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Γ.
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𝜙
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6
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2𝐶. The above integral equations are

In Eq. (10), 𝑌

Finally, the far-field condition at Γ is represented as [9]
𝜕
𝜙
𝜕𝑥

𝜕𝐺
𝜕𝑛

5

The interface BC is given by
𝜙

𝜕𝐺
𝜕𝑛

𝜕𝐺
𝜙 𝑑Γ
𝜕𝑛

𝜕𝜙
𝑑Γ
𝜕𝑛

converted into a matrix equation by discretizing the entire
boundaries of the regions into a finite number of boundary elements,
and the values of 𝜙 and 𝜕𝜙/𝜕𝑛 are assumed to be constant over each
element [9]. After obtaining 𝜙 and 𝜕𝜙/𝜕𝑛, the horizontal wave force
acting on the thin perforated plate and rigid wall are evaluated using
the following formulae.
Reflection coefficient 𝐾 [9] is given by

obtained from the
𝐾

𝑔𝑘 tanh 𝑘 ℎ ([8]).

1

1 2𝑖𝜔
𝑒
𝑁 𝑔𝐻

𝜙

𝐿, 𝑧 𝑍 𝑧 𝑑𝑧 ,

11

where
𝑁

𝑍 𝑧 𝑑𝑧,

𝑍 𝑧

cosh 𝑘 𝑧 ℎ
cosh 𝑘 ℎ
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Horizontal wave loads on barrier 𝐹 and wall 𝐹 [9] are given by
𝐹

𝜔
𝑔ℎ

𝐹

4.

𝜙

𝜙 𝑛 𝑑Γ ,

12

𝜔
𝑔ℎ

𝜙 𝑛 𝑑Γ .

13

Results and discussions

For the computational purpose the wave and structural parameters
10𝑚 , ℎ /ℎ
0.5, 𝑑/ℎ
0.5, W/ℎ =1.0,
are fixed as following: ℎ
L/ℎ =2.0, 𝛼 0.4,𝑏 0.01ℎ , unless otherwise mentioned.
Figs. 2(a)-2(c) show the variation of 𝐾 , 𝐹 , and 𝐹 versus 𝑘 ℎ for
different values of the porosities of the perforated barrier. 𝐾
decreases with an increase in the porosity of the perforated barrier.
The reason is more amount of incident wave energy being dissipated
1.5, i.e., short wave regime,
by the perforated barrier. Further, 𝑘 ℎ
the reflection coefficient increases for higher values of the porosity.
In Fig. 2(b), the non-dimensional horizontal wave force on the rigid
wall is plotted for various porosities of the perforated barrier. It is seen
that the wave forces on the rigid wall decrease significantly with a
change in porosities. However, for a certain range of wave
frequencies, the non-dimensional wave forces on the rigid wall
increase for larger geometrical porosity values. This is mainly the
transmission of wave energy through the perforated barrier. Further,
the non-dimensional wave forces on the perforated wave barriers
decrease for a certain range of wave frequencies. This is expected
since a major portion of wave energy is dissipated by the perforated
barrier.
Figs. 3(a)-3(c) show the variation of 𝐾 , 𝐹 , and 𝐹 versus 𝑊/𝜆 (𝜆 is the
incident wavelength) for different values of the porosities of the
1.0.
perforated barrier with 𝑘 ℎ

(a)

(b)
(c)
Figure 2. Variation of (a) 𝐾 ,(b) 𝐹 , and (c) 𝐹 vs. 𝑘 ℎ for different
values of the porosity of barrier 𝜇.
A periodic oscillatory pattern is observed in all three figures due to
the continuous interaction of reflected waves by the perforated
barrier and rigid wall. Further, the zero wave forces on the perforated
barrier referred to the full reflection of the incident waves by the
perforated barrier. On the other hand, the wave loads on the rigid wall
are more in case of an impermeable barrier than the permeable. This
is due to wave energy dissipation does not occur in the case of the
rigid barrier.
5.

Conclusions

The study presents the reduction of wave loads on the rigid
breakwater by the thin perforated barriers. The associated boundary
value problem is solved using the iterative boundary element method
due to the nonlinear pressure drop condition on the perforated
barrier.

(a)

(b)
(b)
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[9.]

Koley, S., Panduranga, K., Almashan, N., Neelamani, S., AlRagum, A. Numerical and experimental modeling of water wave
interaction
with
rubble
mound
offshore
porous
breakwaters. Ocean Engineering 218(2020) 108218.

[10.] Panduranga, K., Koley, S., Sahoo, T. Surface gravity wave
scattering by multiple slatted screens placed near a caisson
porous
breakwater
in
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presence
of
seabed
undulations. Applied Ocean Research 111 (2021) 102675.

(c)
Figure 3. Variation of (a) 𝐾 ,(b) 𝐹 , and (c) 𝐹 vs. 𝑊/𝜆 for different
values of the porosity of barrier 𝜇.
It is found that the reflection coefficient decreases with an increase
in the porosity of the perforated barrier. This due to dissipation
incident wave energy. Further, the non-dimensional horizontal force
on both rigid wall and perforated barrier also decrease with an
increase in the porosity of the barrier. Due to the continuous
interaction of reflected waves by the rigid wall and perforated barrier,
the reflection coefficient and wave loads follow an oscillatory manner
as the non-dimensional gap between the rigid wall and perforated
breakwater. Further, it can also be studied with an increase in the
number of perforated barriers for the significant reduction of wave
loads on the rigid breakwater.
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This paper reviews the flaws in concrete and its structural performance under different
conditions. Still, there is a need to study the flaws in concrete and provide a sustainable
solution to avoid or at least reduce the failures as much as possible. Different researches
including both old and the recent were studied to come to a point where flaws in concrete
are completely known and its structural
performance under different situations is specified. There are some common problems in
concrete i.e. loss of density and cracking. These problems are interlinked with each other. As
the concrete gets dried, density of concrete decreases because of the increased void spaces
with the removal of water from the concrete with time. The loss of density initiates the
cracking from the core. Other common problems like crazing, curling, scaling and spalling,
blisters, etc. are the results of the improper mix proportions and the inefficient handling and
placing. From the literature study, it is concluded that the denser concrete with high
strength and a smaller number of voids and porosity show better structural performance as
compared to the concrete with greater number of voids. The study on the micro-structure of
the concrete is necessary to investigate the reaction of concrete with by-products when
placed. This study determines the future directions for exploring the techniques to cater the
flaws in concrete.

1.

the articles, recommendations will be provided. This is how, flaws in
concrete and its structural performance will be reviewed.

Introduction

Concrete plays an important role in almost every construction
without which the construction is not possible as per different
modern construction studies. Almost every structure is supported on
reinforcement and the concrete combined strength. When talk about
strength, the economy on the other side can never be ignored. On
average about 33%-40% of the total cost is spent on concrete. Based
on these two major aspects of materials in construction, it is of critical
importance to study the concrete properties under different
circumstances. The most important constituent of the concrete is
cement in regards to both strength and the economy. Concrete is an
important construction material which is widely used in the
buildings, drains (culverts, etc.), roads, runways, bridges, etc. Concrete
is the mixture of different materials i.e. cement, water, fine aggregate
(sand), and course aggregate (gravel, rock, etc.). Concrete is formed by
the reaction of cement with mainly water to form such a hard mix
which binds or holds the aggregates together in a sound solid material
which have many applications. Concrete is used in construction due
to its effective compressive strength behavior. In construction, the
compressive strength of concrete varies from 2500 (17 MPa) psi to
4000 psi (28 MPa) for residential concrete. Some applications of
construction also use concrete having compressive strength up to
10,000 psi (70 MPa).
2.

Research Methodology

3. Literature Review
3.1.
Flaws in Concrete
Number of structures fail due to flaws in concrete. Most importantly,
concrete is bad in taking tensile Author et all. PACE 2021- Ataturk
University, Engineering Faculty, Department of Civil Engineering,
Erzurum, 25030, TURKEY 20-23 June 2021 2 stresses since it’s tensile
strength is approximately 10% of its compressive strength. And this
tensile strength is unreliable when the water is removed from the
concrete and concrete losses strength initiating the shrinkage cracks.
There are many defects in concrete such as cracking, delamination,
dusting, efflorescence, crazing, curling, dusting, blisters, chemically
reactive nature, scaling and spalling. Most of the concrete structure
fails when concrete loses its strength due to the removal of water
which creates voids causing decrease in density of concrete. The
dehydration time depends on the rate of drying.
(Xi Chen & Farhad Ansari, 1999) found that the concrete failure is
caused by the negative pressure due to the accumulation of the
corrosion by-products at the interface between the reinforcement and
the concrete as well as the expansion of concrete which causes it to
lose density.

Different research articles including both the old and the new articles
on the concrete performance and on its different aspects will be
studied thoroughly. Based on the conclusions of the studied articles,
a comparative study will be done. After compiling all the outcomes of
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external loading conditions. The modelling tools available to simulate
the early-age cracking in concrete have been grouped based on
thermal, mechanical, chemical, and hygroscopic criteria.
3.3.

(a) Cracking

b) Seggregation

(c) Spalling

d) Effloroscence

Figure 1. Concrete cracking type
3.2.

Typical Flaws in Concrete

One of the major and the most common problems in concrete
structures is the chemical degradation of concrete. In hydrated
concrete mix, the chemical changes are mostly caused by the sulfate
attack. But in structures like sewer pipes, culvert, silos, etc. acid attack
can be the issue. Bensted, J., Rbrough, A., & Page, M. M. (2007)
presented a brief overview of one of the flaws in concrete or problem
to a hardened cement matrix in facing different chemical and
microbiological reactions. It was concluded that concrete containing
high alumina cements (made with calcium aluminate cements) was
used in France when the need to resist sulfate attacks arose since
these cements have high resistance towards sulfate attacks because
of the presence of alumina cement. But later, it was found that this on
the other side led to reduce its own mechanical properties by the
gradual phase transformation of the hydrated cement. This is why,
the use of alumina cements was prohibited on structural applications
in the United Kingdom in 1975.
The density has a great influence on the mechanical properties of
concrete. A denser concrete has higher strength and a smaller number
of voids and porosity. In low density concrete, due to the presence of
bigger size voids, it becomes permeable to water and causes loss in
density when water, with time due to the drying, is removed. In this
way, absorption of water will be higher and difficult to expect better
quality concrete (Shohana Iffat, 2015). The packing density of concrete
decreases with time as the concrete gets dried. This is due to the
removal of water on drying which gives rise to the voids. It was found,
by making comparison between the density of concrete mixes
determined by wet packing method and the dry packing method, that
in the entire particle system of concrete mix, the volume of voids to
volume of solids is smaller, the packing density is higher, and the
filling effect of fine cementitious materials is comparatively better
under wet condition (Leo Gu Li & Albert Kwan, 2013). (Md. Safiuddin
et. al., 2018), in their research regarding the typical problems in
concrete, concluded that there is still no permanent solution to the
early age cracking flaw in concrete. But most of the problem can be
resolved by undergoing good onsite construction practices by
providing the labours good skills through proper training. In addition,
the possible remedial measures to minimize the occurrence of earlyage cracks in concrete have been thoroughly discussed. Early-age
cracks in concrete can occur in different forms. Different perspectives
by researchers on classifying the types of early-age crack in concrete
have been presented in this paper. Several researchers have classified
cracks based on their causes, such as drying shrinkage and settlement
cracks, while others have categorized them based on their
characteristics, such as random, map, transverse, longitudinal, and
corner cracks. The factors influencing the early-age cracking in
concrete were categorized based on design process, materials and mix
parameters, construction procedures, and environmental and

Structural Performance

Mohamed S. Issa (2010) studied the structural performance of
concrete by undergoing different tests on prepared samples, i.e. cubes,
cylinders, and simply supported beams (under monotonically
increasing load). In this research, titanium dioxide TiO2 was used as
an additive. To deeply study the structural behaviour of concrete, 3
replacement levels mix (i.e. 2% TiO2, 4% TiO2 and 6% TiO2) for each
test were prepared to make comparison with the reference concrete
mix having 0% TiO2. But to examine the effect of TiO2 on the
structural performance of concrete as a structural element, two
beams (one with 0%TiO2 & other 3%TiO2) were put in comparison after
testing under monotonically increasing load. After testing, the load
deflection graph showed that the beam B0 has a stiffer response since
the failure was shear as the crack was diagonal towards one of the
supports. Whereas, in beam B3, the failure was flexural as the crack
was vertical initially and went inclined with propagation of the crack.
The mechanical properties of the beam B3 were slightly better for the
yielding load (180KN for B0 and 185KN for B3) and showed remarkably
better response at maximum load (255KN for B0 and 260KN for B3).
Similarly, great results were obtained in displacements as B0 due to
its stiffer response showed displacement of 0.997 cm at maximum
load and 1.64 cm at complete failure. Whereas, beam B3 showed
displacement of 2.68 cm at maximum load and 3.65 cm at complete
failure. It was concluded that, for all replacement levels (i.e. 2,4 & 6%
of the weight of cement) of TiO2, compressive strength and split
tensile strength for concrete is higher than that of concrete without
additive though 2% showed the maximum increase for both the
compressive and split tensile strength. And the enhancement level
decreases with the increase in the content of TiO2 additive.
Sustainable concrete is also termed as “Green concrete”. Mueller H. S.,
et al. (2017) put their efforts in introducing the design, material
properties and performance of sustainable concrete. In this research,
the sustainability potential of the index building material is
introduced including the prediction of the reduced-cement concrete
service life by applying different probability methods. The
composition and the performance of the reduced-cement concretes
was presented in this research. It was concluded that the reducedcement concretes/green concretes or sustainable concretes can be
prepared by upgrading or even keeping the performance of the
concrete in regards to its mechanical properties (mainly its
compressive strength) and also by minimizing the cement content
without compromising the strength. Durability should also be kept in
considerations for the evaluation of the concrete sustainability
potential.
Xiangchao Zeng & Hongfa Yu (2020) worked on the new kind of
structural concrete and reviewed the experimental results of the basic
magnesium sulphate concrete. They proposed that there is no
systemic research on the properties of BMS which restricted the use
and the production of BMS concrete. The flexural performance and
shear behaviour, the compressive behaviour as well as seismic
behaviour of BMS concrete, for beams, columns and the columnbeam
joints respectively, were introduced. For BMS concrete elements, the
bearing capacity determining equations of beams and eccentric
compressive columns were modified. Higher value of cracking
moment and flexural performance of the elements of BMS concrete is
observed. Due to the axial compression ratio of the joints (columnbeam), the seismic behaviour of the BMS concrete column-beam joints
was found to be affected.
These days HPC (high performance concrete) and UHPC (ultra-highperformance concrete) are used in many places where there is higher
demand of concrete strength. E. H. Kadri, S. Aggoun, S. Kenai, and A.
Kaci (2012) investigated the performance of concrete element with the
use of silica fume (as an admixture) comparative to the low
water/cement ratio with a naphthalene sulfonate superplasticizer. It
was concluded that concretes having silica fume admixture show
increase in the compressive strength of the concrete more by
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reducing the water/cement ratio than increasing the silica fume
content/replacement level.
3.4.

[10.] Safiuddin, M., Kaish, A. A., Woon, C. O., & Raman, S. N. (2018).
Early-Age Cracking in Concrete: Causes, Consequences, Remedial
Measures, and Recommendations. 1730

Remedial Measures to Improve Concrete Behavior

The remedial measures to minimize the early-age cracking problem
have been divided into two main categories, namely materials and
design based remedial methods, and construction based remedial
methods. The materials and design based remedial methods focus on
constituent materials, concrete mix design and structural design,
while the curing practice, placing sequence and environmental
conditions, vibration, cooling method, and formwork are highlighted
in construction based remedial measures (Md. Safiuddin et. al., 2018).
4.

Conclusion

After the detailed review on the flaws in concrete and its structure
performance, it has been concluded that there are various flaws in
concrete which occur due to number of factors such as concrete
mixing, its proportions, interlocking between concrete and
reinforcement, placing sequence and environment conditions, etc. To
overcome these problems, sustainable concrete mix design and
concrete preparation techniques must be introduced to reduce the
loss and achieve maximum output.
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The present work consists in recovering a marble waste (thrown powder exposed to different
meteorological phenomena) generated by the marble quarry of Fil-fila, located in the east of
Skikda (north-east of Algeria), and added as sand replacement in the composition of sand
concrete. Quarry sand and dune sand were used and replaced by waste marble sand, using
rates of 25%, 50%, 75% and 100%. The durability characteristics were assessed by evaluating
chloride permeability and water absorption by immersion. Obtained results were compared
to the control mixes. The results indicated that partial substitution improved the durability
parameters.

The particle size distribution of the three types of sand is shown in
Figure 1;

1.Introduction
In current work, white marble waste sand (thrown powder exposed to
different meteorological phenomena) was introduced in the
formulation of sand concrete. This waste is obtained from the quarry
of the derivatives of Fil-fila located 25km to the East of the city of
Skikda in the North-East of Algeria; In addition to ordinary sand, there
are also fine limestone recovered from quarry filters.
The study is carried out to compare the behavior of different sand
concretes produced under the effect of two durability indicators,
water absorption by immersion and chloride penetration.
2. Used materials
- The cement is a CEM I with a low C3A content made in Algeria, its
absolute density is 3.220 g / cm3 with a specific area Blaine of
3025cm² / g, the chemical and mineralogical composition is shown
on the Table 1.
- Dune sand of a class 0/1 siliceous from Oued Z'hor west of Skikda,
north-east Algeria;
- Quarry sand of limestone nature and class 0/4 from the Ben Brahim
quarry in Constantine in the North-East of Algeria;
- limestone marble waste sand, Class 0/2 from the Fil-fila marble
quarry east of Skikda North-East of Algeria;
Table 1. Chemical and mineralogical composition of CEM I cement
Chemical
components
CaO
Al2O3
Fe2O3
SiO2
Na2O
K2O
ClSO3
C4AF

Percentage
%
63.69
4.55
5.03
20.90
0.18
0.33
0.001
2,08
16,20

Chemical
components
PAF
CaO free
MS
C3S
C2S
C3A

Percentage
%
0.70
0.75
0.75
67.35
9.42
3.33

Figure 1. Particle Size Analysis of Both Sands and Marble Waste Sand
Limestone fillers, recovered from the filters of the Ben Azzouz quarry
(east of Skikda), passing it through an 80µm sieve at more than 80%.
Different physical and chemical properties of aggregates are shown in
Tables 2 and 3 respectively. Adjuvant is a high water-reducing super
plasticizer "Polyflow SR5400", in the form of a light brown liquid with
a PH = 5 and a specific gravity of 1.07.
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Table 2. Physical characteristics of sands, marble waste and fillers
Waste
Limstone
marble
fillers
Sand 0/2

Dune
sand 0/1

Quarry
sand 0/4

Apparent density
(g/cm3)

1.52

1.45

1.68

1.05

The equivalent of
sand (cleanliness %)

2.591

2.611

2.666

2.74

Water absorbtion (%)

3.35

2.01

5

Fineness modulus Mf

1.95

2.93

1.79

Blue methlylene MB

0.7

0.8

0.6

Charecteristics

BSC25%: Quarry sand concrete substituted with 25% marble waste
sand
BSC50%: Quarry sand concrete substituted with 50% marble waste
sand
BSC75%: Quarry sand concrete substituted with 75% marble waste
sand
BSDM: Marble

Waste

Sand

Concrete, 100% Substitution.

4. Water absorption by immersion
Immersıon absorption characterizes the open pores

From the characterization tests, it can be seen that:


The density of marble waste sand is high compared to that of
dune sand (Table 2), but it is close to that of quarry sand,
therefore marble waste sand is the denser.



The fineness modulus of marble waste sand is the lowest (Table
2) and indicates a sand with a majority of fine grains, ease of
implementation to the probable detriment of strength and
high water demand according to Dreux, this result is
consistent with that found by Hebhoub et al [1]



The particle size distribution: the particle size curves indicate
that the dune sand has a continuous granularity, the quarry
sand is normal while the marble waste sand is mostly finegrained.



Fines content: marble waste sand has the highest fines content
(6.12%) compared to quarry sand with 0.84% and dune

of the cement matrix at 28 days; open porosity is due to the excess
water in the mixture which has not entered the cement hydration or
absorbed by the aggregates, it also depends on the air trapped after
vibration.

sand with 0.01%.



According to the chemical analyzes, the marble waste sand is
calcareous (98% of CaCO3) therefore a good matrix / aggregate
bonding, this sand is rich in CaO which offers a lot of C3S
generating high resistance at young age.
Figure 2. Water absorption by immersion depending on the
substitution rate

3. Program
The formulation of the concretes was established according to the
experimental method of the SABLOCRETE project [2] based on the
determination of the volumes of the different components, the
properties of the control concrete, fresh or hardened and the methods
of verification of these
properties are identical for the concrete of sand [3]. The substitution
is made by replacing a volume of ordinary sand with the same volume
of marble waste sand and then determining the quantities by weight.
We set the W / C ratio, the cement dosage and the amount of
admixture, while varying the substitution rates 25%, 50%, 75% and
100% of two types of ordinary sand. The fine content depends on the
nature of the ordinary sand.

The curves in Figure 2 show an unstable trend, because the absorption
of water depends on the size of the pores, their distribution and their
interconnectivity. The maximum absorption is obtained with the
marble waste concrete, an expected result due to its workability in the
fresh state (plastic concrete) because of its water absorption capacity
Gulden et al [4] have found that the use of marble waste has positively
affected water absorption.
5. Conclusion
Partial substitution negatively influenced chloride permeability, as
well as water absorption, so our concretes were shown to be less
vulnerable to outdoor environments.

The names of the mixtures are as follows:
BSD0%: Dune sand concrete with 0% substitution (control mix)

Declaration of Conflict of Interests

BSD25%: Dune sand concrete substituted with 25% marble waste sand

The author(s) declare(s) that there is no conflict of interest. They have
no known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

BSD50%: Dune sand concrete substituted with 50% marble waste sand
BSD75%: Dune sand concrete substituted with 75% marble waste sand
BSC0%: Quarry sand concrete with 0% substitution (control)
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The distribution of springs and their flow rate are affected by different parameters. These
parameters include tectonics, climate, geology, distance from the drainage network,
geomorphology, etc. The aim of this study was to investigate the effect of structural,
lithological and drainage network on two indicators related to springs, including the number
and annual discharge in the Gheshlagh catchment of Sanandaj. In order to achieve the
research objectives, data related to the discharge of basin springs, geological formations and
fault location, Digital Elevation Model (DEM) and basin drainage network have been prepared
and examined in relation to the two mentioned parameters. The results confirm that there
is a close relationship between the number of springs and the distance from the fault with a
correlation coefficient of 0.97. Also, the correlation between the number of springs and the
distance from the river is significant and is about 0.66. But there is no significant
relationship between these two parameters with the flow rate of springs. The discharge
variable has a significant relationship with the genus of the formation, so that the
formations that are composed of shale and another type of formation such as tuff and
micritic lime have more discharge and the minimum discharge is related to Quaternary
alluvial formations.

1.Introduction
Springs are the most substantial natural drainages of groundwater
that appear on the surface of the earth under the influence of various
parameters. The lives of many human communities, especially in
rural regions, depend on these effects. Various researchers often infer
subsurface hydrological conditions through surface indicators such
as geological features and linear structures [1].
Each spring has several specific indicators, among these indicators,
dispersion and discharge rate are very important. Tectonic fractures,
geology, geomorphology, surface cover, etc. are among the factors
affecting these indicators. The identification of lineaments is of
special importance in the hydrogeology of hard formations, because
these fractures of rock units are the place of transfer and
concentration of groundwater [1].
Numerous studies have been done on the factors affecting the
emergence and discharge of springs and each of them has examined
different aspects of these effects. Kalantari et al. (2009) [2] researched
on the effect of structural factors on the emergence and discharge of
springs in the Izeh plain. The results showed that there is a close
relationship between the location of the springs outcrop and the
distance from the fractures, so that the location of the springs had a
high agreement with the frequency of fractures.
Kazemi et al. (2016) [3] in a similar study found that there is a close
relationship between lines, tectonic elements, etc. with the abundance
of karstic water resources in the Lar region. Investigation of the role

of tectonic elements and lines in the creation and development of
water resources in Lar region, the occurrence of springs at close
distances to tectonic elements and lines, as well as the downward
trend, shows a decrease in frequency with increasing distance. Idris
Nia et al. (2017) conducted a study on the relationship between the
lines extracted from satellite images, tectonic elements, hydrographic
network and topographic factors with the abundance of karstic water
resources in Maharloo region using GIS and remote sensing. Wu et al.
(2021) [5] revealed that Butterfly Spring in Yunnan of China emerges
in the Silurian limestone. Groundwater receives recharge from
precipitation and snow-melting water in the western mountainous
area, flows eastward along the fissures, and emerges on the lower
slopes as a spring of shallow groundwater circulation type with
ambient temperature. Ozdemir (2011) [6] used logistic regression
method to locate potential regions for groundwater springs in Sultan
Mountains using 17 factors related to spring. It was found that the
completed model is consistent with the groundwater spring test data.
Hence, this method can be normally used in groundwater exploration
under favorable conditions. Hatim (1993) [7] indicated the physical
bases of remote sensing, and the role and potential of remote sensing
techniques used in occupational hydrogeological research in
southern Turkey. Examples of these applications are related to the
Kôprûçay karst areas River basin (Antalya) and Ovak on the
Mediterranean coast of Turkey. Motlaq et al. (2010) [8] Investigated the
role of tectonic control on the hydrogeological characteristics of karst
aquifers in Kooh-e-Siah anticline in Zagros belt. The volumed of
dynamic resources of karstic springs has been calculated in order to
illustrate the basic relationship between Tectonics phenomena and
karstic aquifers hydrogeology. Rahnamaei (2005) [9] conducted
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studies which showed that the results of daily rainfall and water level
of Qara, Sabzpooshan and Kaftarak piezometers and daily discharge
of Qom Palace karst spring can be compared with the physical
properties of karst underground aquifers.
Since human, animal and plant life is dependent on water and one of
the main sources of supply is the springs, it is necessary to study
about them. The study region is tectonized and there are several
fractures in it, it has also emerged from different geological
formations and has seen many elevation changes due to its
mountainous nature; Also, the climate of the region is semi-humid
and the excess infiltration of rainfall has strengthened the
groundwater aquifers and these factors have led to the emergence of
several springs in this region. The aim of this study was to investigate
the factors affecting the creation and discharge of springs and the
effective factors in these two parameters have been calibrated
according to the environmental conditions of the study region.
2. Case study
Gheshlagh catchment is one of the basins of Kurdistan province which
originates from the northern mountains of Sanandaj city (Figure 1).
Gheshlagh River is one of the four main branch of the Sirvan River,
which, after passing through the city of Sanandaj near the village of
Hadiabad, joins the Gaveh Roud River and enters Kermanshah in the
Howraman region after joining the Bel spring. It flows into the
Darbandikhan Lake in Kurdistan of Iraq under the name of the Diyala
River and eventually leads to the Tigris. The Gheshlagh River actually
has two main branch called Gheshlagh (Bayakhi) and Chehelgazi at the
dam upstream. These branches generally originate from altitudes that
are more than 2500 meters high [10].
Chehel Gazi branch is located in the northeast of Sanandaj, which ends
from the north to the heights of Yousef Shawan and Luglan mountain.
The height of these mountains is more than 2600 meters. The location
of Sanandaj city is located exactly in the central point of Gheshlagh
river basin, that is, where the main and secondary rivers emerge from
behind the valleys and straits and reach each other.
Gheshlagh consists of about 17 small rivers that are between 10 and
25 km long. The source of the main branch of this river is located in
mountainous and snow-covered areas and therefore has a good
nutritional support [11].

verified on Google Earth. Also, information about springs in the
catchment area has been prepared by Iran Water Resources
Management Company and after controlling the data and removing
incomplete and irrelevant statistics in the EXCEL program, 3611
springs have been used as the basis for studies. Among the available
variables related to springs, two variables of number and annual
discharge based on cubic meters have been selected and the
structural, lithological and drainage network parameters of the
catchment have been studied.
4. Discussion
In this study, an attempt is made to investigate the relationship
between discharge and the number of springs in relation to various
parameters such as formation material, altitude factor, distance from
the river and distance from the fault. For this purpose, each of the
desired parameters is examined in relation to the two discharge
indices and the number of springs, and their correlation is obtained
and at the end, the results are analyzed.
4.1. Distance from the fault
Intense tectonic processes cause large seam and gap systems; These
fault zones can establish hydraulic connections between shallow and
deep regions in geological environments [12]. This relationship is
variable in the set of fault zones in detrital sediments and is a
function of sediment burial [13,14], fault expansion [15] and
recrystallization along the fault plane [16].
In this regard, first the faults in the study basin were identified using
information layers and geological maps and the springs adjacent to
them up to 5 km from the fault were classified at distances of 500
meters (figure 2). Table 1 shows these parameters by class, based on
which the diagrams in Figure 3 are drawn. As can be seen, there is a
significant relationship between the distance from the fault and the
number of springs with a correlation of 0.97. It can be noted that the
largest number of springs are located closest to the faults and
gradually the distance from these tectonic fractures decreases the
number of springs. But there is no special relationship between the
flow rate of springs and the distance from the fault.

Figure 2. Classification of springs adjacent to fault lines

Figure 1. Study region
3. Methodology
To conduct this research, first a geological map of 1: 50000 study
region has been prepared by the Geological Survey & Mineral
Explorations of Iran (GSI). Then the layer of the main faults and
tectonic fractures of the desired region is digitized in ARC GIS
software. The drainage network of the desired catchment area was
extracted from the DEM 12.5 m taken from the Vertex-Alaska site in
the ARC HYDRO extension of ARC GIS software and the results were
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Table 1. Relationship between distance from the fault, number of
springs and average annual discharge
Distance from
fault (meters)
1
2
3
4
5
6
7
8
9
10

4.2.

0-500
500-1000
1000-1500
1500-2000
2000-2500
2500-3000
3000-3500
3500-4000
4000-4500
4500-5500
R2

Number of
springs
877
697
677
543
482
391
297
211
109
143
0.9755

Average
annual
discharge (𝑚 )
11768.28
10462.94
10802.07
11326.03
12049.17
11572.13
11409.35
8937.96
5616.904
5751.835
0.5472

Distance from the river

Rivers flow at the ends of slopes and form topographic Thalweg.
Topography is a complex parameter that can be reflected in exterior
features or in internal rock structures such as faults and fracture
zones [17]. In the following, the relationship between the distance from
the river and the discharge and the number of springs in the Study
region is investigated. To do this, the existing springs up to a distance
of one kilometer from the drainage network are classified into
categories of 100 meters. It should be noted that due to the high
density of the drainage network, the primary buffers cover a very high
area of the study basin and the study of these two parameters alone
reduces the certainty of the results; In order to eliminate this error,
the percentage of area of each buffer in relation to the whole basin has
been calculated and the number of springs in relation to the
percentage of area has been studied (Table 2). The results of this
parameter also show that the number of springs decreases with
distance from rivers. But the correlation between these two
parameters is less than the distance from the fault. There is no
significant relationship between the average annual discharge and
the distance from the river, moreover the correlation between these
two parameters is less than the distance from the fault. It is
interesting to note that the number of springs decreases almost
uniformly with distance from the fault, but in relation to the river, the
maximum number of springs is at a distance of 0-100 meters, and
then the numbers gradually decreases (Figure 4); This point should be
considered in relation to the hydraulic slopes of the underground
layers.

4.3.

Formation material

So far, the relationship between discharge and the number of springs
with respect to the two parameters of distance from the fault and
distance from the river has been investigated. From the results of the
distance from the river, the relationship between the springs and the
altitude factor can be understood to some extent. There was a
significant correlation between the above two parameters and the
number of springs, but these two parameters did not determine the
flow rate. In the following, the geology parameter and formation
material are examined in the amount of this factor. Due to the fact
that the exact area of each formation is not measurable in relation to
the whole basin, the number of springs index is not examined and it
is mentioned in Table 3 to ensure the results of the flow rate of each
formation.
In order to prepare the diagram, formations have been used in which
the statistics of a large number of springs are available that can be
commented on the basis of the results. According to the results of the
diagram in Figure 5, it can be seen that the flow rate of the springs
has a high relationship with the type and material of its geological
formation. So that in the shale formation of Sanandaj there is the
highest flow rate and in this formation, the average annual flow is
18673.62 cubic meters in 121 springs studied. After that, there are
Micrite Shale & Lime and Sanandaj Tuff & Shale. Therefore, it can be
mentioned that the discharge of springs in the combined formations
of shale and another formation is the highest in the catchment. The
lowest discharge is related to alluvial formations such as Trace and
floodplains.
Another point mentioned in this diagram is the average height of
springs related to each formation. Regardless of the altitude of each
formation, for example, alluvial formations are dense in Thalweg and
floodplains that have low elevations, but formations such as
limestone and sandstone that often correspond to elevations; The
average height of springs in different formations did not differ much
and it can be said that there is a very low correlation between these
two parameters.

Figure 3. Diagrams of the relationship between distance from the fault and (a) average annual discharge (b) the number of springs
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Table 2. Relationship between distance from the river and the number and flow of springs

1
2
3
4
5
6
7
8
9
10

Distance
from the
river (m)

Number
of
springs

0-100
100-200
200-300
300-400
400-500
500-600
600-700
700-800
800-900

2303
812
683
503
328
168
81
35
15
1
0.6607

900-1000

R²

Average
annual
discharge
(𝑚 )
12690.82
8965.16
9759.16
9099.61
7895.14
9733.07
9504.00
8929.51
8041.42
2207.52
0.5054

Percentage
of total basin
area
21.80
19.54
16.98
14.05
10.88
7.62
4.75
2.44
1.05
0.41
0.9836

Number of
springs in
percentage
of area
105.63
41.55
40.22
35.79
30.15
22.04
17.05
14.32
14.35
2.42
0.7043

Figure 4. Figure 4: Diagrams of the relationship between distance from the river and (a) average annual discharge (b) number of springs in
percentage of area
Table 3. Comparison of spring discharge in different formations

Formation material
Splitt
Andesite - Splitt - Lava
Lime
Alluvium
Andesite
Micro-Fossilized Lime
Alluvium Trace
Periodicity of Dacite Tuff - Andesite
Tuff
Sanandaj Tuff & Shale
Andesite Tuff
Shale
Gray & Dark Shale
Sanandaj Shale
Volcanic Rocks
Micrite Shale & Lime
Conglomerate
Sand Stone
Andesite Compression Lava
Clay & Composition of Another Formation
Average
Standard Deviation

Average height of
formation springs
above sea level

Annual Discharge

Number of
Springs

2170.58
2055.86
2000.72
1991.01
2128.78
1925.38
1782.27
2025.85
2061.63
1980.17
1670.27
1842.32
1832.28
1845.75
1894.67
1891.91
1719.06
1595.19
1781.45
1840.85
1901.80
151.84

6639.16
8549.39
10200.37
4390.27
13196.55
8668.84
5034.30
4977.03
8201.56
15692.34
6233.08
5873.20
12798.01
18673.62
8833.19
17629.07
7187.66
14361.33
5677.64
6815.87
9481.62
4392.86

19
189
222
97
363
216
104
68
59
81
51
277
310
121
79
597
138
182
104
334
180.55
140.3
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Figure 5. Comparison of the average spring discharge in different formations according to the average height of springs in each formation
5.

Results

The distribution of springs and their flow rate are affected by various
parameters. In the present study, the effect of structural, lithology and drainage
network parameters of the catchment on two indicators related to springs,
including the number and annual discharge has been investigated. The studies
showed that there is a very close relationship between the number of springs
and the distance from the faults, so that most of the studied springs were
located near the fault lines. The correlation between these two parameters is
0.97, which indicates their close relationship. This relationship is weaker
between the number of springs and the distance from the river, which is mainly
due to two factors: the hydrological slope of the aquifers and the density of
springs at lower altitudes. The correlation between the number of springs and
the distance from the river is 0.6607. But there was no significant relationship
between the two parameters of distance from the fault and the river with the
flow rate of the springs. The only important point in this regard was the
maximum discharge of springs located near rivers.
In order to find out the effective factor in the discharge rate of springs,
the type of their geological formations was studied. And it was
concluded that there is a significant correlation between these two
indicators; So that the formations that are composed of shale and
another type of formation such as tuff and micrite lime have more
discharge. The highest annual discharge is related to Sanandaj shale
formation and then there are two other shale formations. But
interestingly, pure shale has very little discharge. In addition,
Quaternary alluvial formations, tuffs and andesitic compact lavas
have a minimum annual discharge. Also, studies showed that
regardless of the nature of each formation at any altitude level, there
is no significant correlation between the average height of springs in
different formations.
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The annual averaged performance of the floating-OWC device placed over uniform
bottom is analyzed in random waves environment. To model the random local wave
climate around the OWC plant, Pierson-Moskowitz spectrum is considered. The influence
of the front wall draft, device chamber length and turbine damping coefficient on the
efficiency of the device is discussed in details. It is observed that the local wave climate
plays a vital role on the performance of the OWC device along with the variation in device
parameters.

1.Introduction
In the energy-producing industry, renewable energy has become
more valuable and beneficial due to their significant and lasting
availability. Further, renewable energy sources are characterized as
clean energy because there is no negative impact on the environment
during the production of electricity. In this aspect, wave energy will
play a critical role in upcoming future. The OWC device is most widely
used wave-power generation technique due to low operating cost and
simple working mechanism.
There have been many research studies both experimental and
mathematical regarding the modelling of an OWC device. Mahnamfar
and Altunkaynak (2017) [1] examined the performance of an OWCWEC experimentally in the influence of regular wave series, and it
was revealed that the geometrical configuration of the OWC-WEC
contributes significantly to improve the performance of an OWC-WEC.
Ning et al. (2018) [2] used semi-analytical approach to investigate the
performance of dual-chamber OWC device. In this article, following
conclusions were obtained: (i) the efficiency of an OWC-WEC is
influenced by the wider chamber length and smaller shell thickness,
and (ii) the OWC-WEC chamber volume and turbine rotational speed
are essential determinants in power production. Elhanafi et al. (2018)
[3] employed 2D and 3D CFD models to analyze the performance of
single and dual chamber OWC-WEC, and it was found that the capture
width ratio of dual-chamber OWC-WEC is higher than the single
chamber OWC-WEC. Howe et al. (2020)[4] analyzed the influence of
shape parameters on the performance of floating breakwater
integrated multi-chamber OWC-WEC experimentally. It was observed
that the structural configuration and chamber spacing significantly
impact the performance of a multi-chamber OWC-WEC. Koley and
Trivedi (2020) [5] employed copled eigenfunction expansion-boundary
element method to explore the working mechanism of OWC-WEC
placed over the undulated seabed. It was reported that bottom profile
significantly influence the performance of an OWC-WEC. Recently,
Trivedi et al. (2021) [6] examined the efficiency of an U-shaped OWCWEC in the presence of oblique incident waves. It was found that
appropiate combination of angle of incidence and wavenumber
enhance the performance of an U-OWC-WEC upto 90%. In the abovementioned research articles, the performance of an OWC-WEC is
explored under the influence of regular incident waves.
However, in real sea enivorment, the ocean waves are exceedingly
random in nature. As a result, to anlyze the performance of OWC-WEC
under the influence of random waves is utmost important. Gomes et
al. (2012) [7] developed a procedure to optimize the geometrical
configurations of a floating OWC-WEC in the presence of regular and
irregular incoming waves. It was concluded that the gap between the
floater bottom and the top of the large thick tube part is the key
parameter to enhance the performance of an OWC-WEC. Zabihi et al.
(2020) [8] examined the working mechanism of an OWC-WEC

experimentally under the influence irregular waves. It was reported
that the shape of spectrum inside the device chamber is influenced by
the incident wave spectrum. Recently, Trivedi and Koley (2021) [9]
investigated the performance of an OWC-WEC placed over the stepped
bottom in the influence of random waves. It is found that the local
wave climate plays a crucial role on the performance of the OWC
device along with the variation in device parameters.
The overall organization of this paper is as the following. Firstly, the
mathematical formulation along with solution methodology is
provided. Various parameters related with the OWC device’s
functionality are provided in Section 4. Finally, the results and
conclusions are given in Section 5.

2.Mathematical Formulation & Solution Methodology
The present section contains the mathematical formulation for the
floating OWC-WEC placed over an uniform seabed. For the sake of
modelling, the 2D Cartesian coordinate system is considered. The
schematic representation of the physical problem is shown in Fig:1.
The floating OWC-WEC contains the collector chamber of length b
with submergence depth a . Further, the back-side wall is placed at

x  L . The seabed is uniform in nature as shown in Fig:1. Due to the
presence of OWC-WEC, the free surface is separated into two parts: (i)
and  8 occupy the region
external free surfaces  4
4  ( x, z ) : z  0, L  x  r

and

8  ( x, z ) : z  0, 0  x  L  b  2d 

respectively, and (ii) internal free surface 6  ( x, z) : z  0, L  b  x  L
. Further,  2 represents the bottom boundary. Moreover, 5 and

7 are the rigid and impassable boundaries of the floating OWCWEC. For the solution procdure, two auxiliaries boundaries are

introduced at x  0 and x  r . Further, the flow motion is timeharmonic with circular frequency  . The velocity potential will exist
in the form  ( x , z , t )     x , z  e  i t  . With this background, the
governing equation is given as

2 ( x, z)  0
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Now, Eqs. (5) and (6) are transformed into a system of linear algebraic
equations using the BEM method. The details procedure is available
in Koley and Trivedi (2020) [5]. Finally, the discrete values of

and

 n are obtained over each boundary of the domain.

3. Random Waves Environment
Random ocean waves are represented using the concept of wave
spectrum and associated Sea states. Here, the Pierson-Moskwitz
spectrum Gomes et al. (2012) [7]is used, and the form is given by
S I ( )  263 H S2 Te 4   5 exp   1054 Te 4   4  .
(8)
Now, the chamber standard pressure distribution is given as


 p2   SI () | Pr () AI () |2 d,

(9)

0

The efficiency of floating OWC-WEC is defined as

Figure 1. Schematic view of floating OWC-WEC

 contains  S
condition) at

and 

R

.

W

av  av ,
Pav

Now  and  satisfy the bc (boundary
S

R

z  0 is given by

 i p
 S , R
 K  S ,R   
n
 g


,


(10)

Here, W av and Pa v are termed as average incident wave energy flux,
and the average available power to the Wells turbine respectively.
Now, the expressions for the same are given by

(2)
W av    p2

where,

 0

for  and   1 for  . Here,  n is the normal
S

R

derivative. Now, bcs on the impenetrable boundaries 2 5 7 are
given by
 S , R
 0, on  2   5   7 .
n

(11)


(3)

Pav  L g  Sinc ()Cg ()d

(12)

0

Here, C g is the group velocity of the incoming waves. Finally, the
expression for annual averaged plant efficiency is given by
where, Wann and Pann are termed as annual-averaged power to the wells
turbine and annual-averaged incident wave energy flux, respectively.

The radiation conditions on 1   3 are given by

 ik0  inc , on 1
 S

 ik0  S   n
n
0, on  ,
3

R

R
 ik0   0, on 1  3 .
n
inc

4.Results
(4)

The variables associated with the OWC device configuration and
random
incident
waves
are
taken
as
follows:

W

The solution methodology for the above-mentioned BVP is discussed
using the BEM. In this method, firstly, the BVP related to the  and
S

 are converted into the Fredholm integral equations. Now, the
R

BEM is used to convert these integral equations into the system of
equations. Now, employing Green’s second identity on 
G  x, z;  ,   , and using the Eqs. (2)-(4), we get

S,R

and

(5)

 

 G

 G

 
 KG  S d    
 KG  S d    
 ik0  inc Gd 
n
n
n



6 
8 
1 
inc

1
G R
 G

 R   
 ik0G  R d   
 d 
2

n
n

1 
 2  5  7
 G



  n  KG 

4

R

 G

d   
 ik0G  R d 

n


3

(13)

h  15m,   1025kg m3 , g  9.81m s2 , L  1.0h, b  0.5h, a  0.25h, c  0.125h,
d  0.005h, V0  1050m 3 ,   1.4,  a  1.25 kg m 3 , r  2.0 h, pa  1.013  1013 Pa

unless otherwise mentioned.
Table 1. Set of fourteen sea states representing the wave climate at the
OWC plant on western coast of Portugal
Sea state
HS
Te

1
G S
 G

 S   
 ik0G  S d   
 d 
2
n
n

1 
 2 5  7
 G
 S
 G
 S
  n  KG  d     n  ik0G  d 
4
3

ann  ann ,
Pann

(6)

1
2
3
4
5
6
7
8
9
10
11
12
13
14

1.10
1.18
1.23
1.88
1.96
2.07
2.14
3.06
3.18
3.29
4.75
4.91
6.99
8.17

5.49
6.50
7.75
6.33
7.97
9.75
11.58
8.03
9.93
11.80
9.84
12.03
11.69
13.91

 G

 G

 
 KG  R d    
 KG  R d    Gd 

n

n




6
8
4
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(a)

Figure 2. ann vs



(b)
for various (a) chamber length

b h ,and (b) submergence depth a h associated with the OWC plant
on the western coast of Portugal
In Figs. 2(a) and 2(b), the variation of the annual-averaged efficiency

ann versus turbine damping coefficient



are plotted for different

b h and a h Figs. 2(a) and 2(b) illustrate that the efficiency of the
OWC-WEC initially increases with an increase in  and attains
maximum. Hereafter, the efficiency decreases for further increase in



[9.] Trivedi, K., & Koley, S. (2021, May). Performance of an OWC device

placed over stepped bottom in random waves environment.
In Journal of Physics: Conference Series (Vol. 1921, No. 1, p.
012121). IOP Publishing.

. Further, it is observed that with an increase in b h , the efficiency

ann increases. In addiation, in the long wave regime, ann increases as

a h becomes lower. However, opposite pattern is observed in the
intermediate and short-wave regimes.
5. Conclusions
In the present study, the annual-averaged performance of a floating
OWC-WEC is investigated in real sea conditions. The local wave
climate at the OWC plant site OWC plant on western coast of Portugal
is taken as the incident wave spectrum. It is observed that the annual
averaged efficiency of the floating OWC-WEC initially increases with
an increase in turbine damping coefficient. Hereafter, the efficiency
of an OWC-WEC decreases for further increase in turbine damping
coefficient. In addition, the magnitude of the efficiency of the OWCWEC is increases with an increase in the chamber length. Moreover,
in the long-wave regime, the amplitude of the efficiency curve
decreases with an increase in submergence depth, and a reverse trend
is observed for intermediate and short incident waves.
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When the structural elements are subjected to compressive load or bending moment, their
webs and flanges are totally or partially in-plane compressed and they can locally buckle.
Local buckling of webs and flanges can reduce their compressive and flexural strength. To
avoid local buckling failure, we can limit the plate slenderness value which depends on its
critical buckling stress. A numerical buckling simulation of H profile is developed using
finite elements method. This numerical model permits to calculate web buckling stress and
flange buckling stress, according to the boundary conditions of these plates. The numerical
results will be used to propose a classification of rolled profiles. The proposed classification
will be compared to that made according to the steel design codes. Some profiles will
improve their classification about the local buckling, and will permit to use better
resistance.

the wall non-dimensional slenderness which is defined by the
formula of the equation (1):

1.Introduction
The rolled or welded profiles are formed by an
assembly of thin plates; each of them is delimited by another one
which is orthogonal or by a free edge. A plate which is delimited by
two orthogonal plates is called “internal wall”, and a plate which is
delimited by another orthogonal plate and by a free edge is called
“outstanding wall”. For an H profile, web is an “internal wall”, and
flanges are “outstanding walls”.
As the plates of the steel profiles are relatively thin compared to their
width, when they are subjected to in-plane compression, they can
locally buckle. Local buckling of webs and flanges can reduce
compressive strength and flexural strength.
Buckling of plates is a subject that continues to gain importance in
steel construction research. Taleb et al. interest in the local buckling
of steel plates [1, 2, 3, 4]. They have developed an analytical study
(2015) [1] and numerical study [2] (2013) about the stability of the
webs steel profiles under compression. Those studies have shown
that the dimensions of the steel rolled profiles flanges are sufficient
to consider the webs as supported plates in four sides. They have
developed a numerical program (2020) [3], which permits to estimate
the buckling stress of webs steel profiles under shear force.
Komur and Sonmez (2015) [5] have studied the buckling behavior of
perforated rectangular plates under different edge loads by studying
the effects of the plate length, the location of the edge loading and
the diameter of the hole on its critical buckling load.
Kitarovic et al. (2015) [6] have developed a numerical program in
order to calculate the critical buckling shear stress, and propose a
formula for calculating this stress for stiffened thin plates.
Premature failure caused by the effects of local buckling may be avoid
by limiting the ratio width/thickness of the cross section walls. This is
the basis of the steel profiles classification approach adopted by the
steel design codes (EC3 2005 [7], CCM97 1997 [8])to take into account
the incidence degree of local buckling, due to the compression, on the
resistance of the section. This classification depends on the value of

𝜆

𝑓
𝜎

1

where fy is the yield strength of the wall material and cr is the critical
buckling stress of the wall. The critical buckling stress for a thin plate
with in plane dimensions axb and thickness t, subjected to totally or
partially in-plane compression along its width is given in the
literature (TIMOSHENKO et al. 1961[9] and 1959 [10]) by the formula of
the equation (2):
𝑘 𝜋 𝐸
𝑡
2
𝑏
12 1 𝜐
According to steel design codes (EC3 2005 [7], CCM97 1997 [8]), the
elastic buckling critical stress is calculated for a compressed internal
wall assuming that the latter is a simply supported plate on its
contour. The buckling coefficient k is considered identical to that of
compressed simply supported plate which is equal to 4 (value of k
when plate aspect ratio is greater than 1). For a compressed
outstanding wall, the buckling coefficient k adopted in the steel
design codes (EC3 2005 [7], CCM97 1997 [8]) is identical to that of
compressed plate simply supported on three sides which is equal to
0,43 (value of k when plate aspect ratio is greater than 1).
In this study, a numerical model for buckling behavior of steel profile
is developed using finite elements analysis. The developed numerical
program permits to estimate the values of profile walls critical
buckling stresses according to the boundary conditions that
effectively occur at the sides of this profile walls.
As a first step, the buckling of a simply supported plate on its sides is
modeled, under compression, in order to validate the numerical
results with those of the literature (TIMOSHENKO et al. 1961[9]). Based
on the same program, the rolled profile walls buckling are simulated
in order to calculate their critical stresses. The corresponding
slenderness are compared with those adopted by the steel design
𝜎
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codes (EC3 2005 [7], CCM97 1997 [8]), which allow reviewing the
classification of the cross-sections for these profiles.

6.

Buckling simulation of a simply supported plate on its
contour

The first model consists in modeling one case whose the theoretical
results are known, a plate which is simply supported on its four sides.
Assumed that the plate is rectangular, formed by an isotropic
material, homogeneous and elastic. It is subjected to a linear
compression force acting along its width. The aim of this model is the
calculation of the critical buckling stress.
The numerical program is executed by the software CASTEM.

Figure 2. H steel profiles modeled by CASTEM.
The application of the compressive load in one wall permits to
estimate its critical buckling stress. For the steel profile, this wall can
be the web, or the flanges as shown in the Figure 3.

Figure 1. Plate modeled by CASTEM
The example of a plate with 4m of length and 0.01m of thickness is
considered. The width b is varied. The numerical values of the critical
buckling stress are compared with the theoretical ones calculated
using the formula of the Equation (2).

Table 1 Differences between the critical buckling stresses estimated
by CASTEM and by the theoretical formula.
Differences %
b (m)
cr(MPa)
cr(MPa)
numerical
theoretical
0.25
1185
1215
2.5
0.35
606
620
2.2
0.4
465
475
2.1
0.45
367
375
2.1
0.5
300
304
2.1
0.55
246
251
2
0.65
176
179
2
The values of Table 1 show that the numerical results are very
approached to the theoretical ones.
3.

Numerical model of a steel profile

To model “H” steel profile, the plate of the preceding paragraph will be
used. In the longitudinal direction, the plate supports will be replaced
by two plates with thickness tf and width bf.
These plates, which represent the flanges of the steel profile, are
perpendicular to the initial plate, which represent the web. A steel
profile is modeled as shown in the Figure 2.

Figure 3. The walls of steel profiles under compression
4. HEA rolled profiles under compression
According to the classification of the cross-sections given by the EC3
(2005) [7] and CCM97 (1997) [8], the class of the HEA rolled profiles,
under compression, depends on the class of their webs (Euronorm [11]).
Classifying webs with the limits specified in these codes designs (EC3
(2005) [7], CCM97 (1997)[8]) means considering the buckling coefficient
equal to that of simply supported plate on four sides k =4, whereas
this coefficient depends on the dimensions of the flanges (Taleb et al.
(2015) [1],(2016) [4].
4.1. Estimation of the buckling coefficient and calculation of the
non-dimensional slenderness
Using the numerical model, the value of the critical buckling stress
can be
cr is estimated. Thereafter, the buckling coefficient k
deduced from the formula of the Equation(2) by :
12 1 𝜐
𝑏
𝜎
3
𝑘
𝜋 𝐸
𝑡

PACE 2021- Ataturk University, Engineering Faculty, Department of Civil Engineering, Erzurum, 25030, TURKEY 20-23 June 2021

250

Taleb et al.
The values of the webs’ critical buckling stresses and the
corresponding buckling coefficients of the HEA webs rolled profiles
are given in the Table 2.
Table 2. The critical buckling stresses and the corresponding buckling
coefficients according to the numerical model for the HEA webs.
k
Profile
cr(MPa)
HEA100
6575.24
4.35
HEA120
4390.22
5.07
HEA140
3603.72
5.31
HEA160
3347.81
5.3
HEA180
2435.87
5.31
HEA200
2347.65
5.26
HEA220
2110.48
5.24
HEA240
2080.97
5.24
HEA260
1795.41
5.27
HEA280
1657.39
5.24
HEA300
1662.86
5.25
HEA320
1598.95
5.27
HEA340
1525.88
5.26
HEA360
1464.07
5.25
HEA400
1351.49
5.23
HEA450
1112.91
5.25
HEA500
945.43
5.26
HEA550
810.85
5.25
HEA600
710.16
5.23
HEA650
632.43
5.21
HEA700
609.54
5.17
HEA800
483.95
5.15
HEA900
419.78
5.12
HEA1000
349.67
5.1
Knowing the numerical value of the buckling coefficient, the nondimensional slenderness can be calculated through the formula given
in the EC3 (2005) [7], and the CCM97 (1997)[8] as in the Equation (4).
𝜆

𝑏 ⁄𝑡
28,4 𝜀 𝑘

4

The non-dimensional slenderness values considered in the design
codes (EC3 2005, CCM97 1997) can be obtained by replacing the
buckling coefficient by k = 4 in the formula of the Equation(4).
The design codes values of the non-dimensional slenderness and
those numerically estimated for the steel grades S235, S275 and S355
are given in the Table 3.
Table 3. The non-dimensional slenderness according to the
EC3(2005)[7] and according to the numerical approach for the HEA
webs.
According to
EC3(2005) and
according to the
CCM97(1997)
numerical approach
Profile
=d/tw S235 S275 S355 S235 S275 S355
HEA100
11.2
0.2
0.21
0.24
0.19
0.21
0.23
HEA120
14.8
0.26
0.28
0.32
0.23
0.25
0.29
HEA140
16.73
0.29
0.32
0.36
0.26
0.28
0.32
HEA160
17.33
0.31
0.33
0.38
0.27
0.29
0.33
HEA180
20.33
0.36
0.39
0.44
0.31
0.34
0.38
HEA200
20.62
0.36
0.39
0.45
0.32
0.34
0.39
HEA220
21.71
0.38
0.42
0.47
0.33
0.36
0.41
HEA240
21.87
0.38
0.42
0.48
0.34
0.37
0.42
HEA260
23.6
0.42
0.45
0.51
0.36
0.39
0.45
HEA280
24.5
0.43
0.47
0.53
0.38
0.41
0.47
HEA300
24.47
0.43
0.47
0.53
0.38
0.41
0.46
HEA320
25
0.44
0.48
0.54
0.38
0.42
0.47
HEA340
25.58
0.45
0.49
0.56
0.39
0.43
0.48
HEA360
26.1
0.46
0.5
0.57
0.4
0.44
0.49
HEA400
27.09
0.48
0.52
0.59
0.42
0.45
0.52
HEA450
29.91
0.53
0.57
0.65
0.46
0.5
0.57
HEA500
32.5
0.57
0.62
0.71
0.5
0.54
0.62
HEA550
35.04
0.62
0.67
0.76
0.54
0.59
0.67
HEA600
37.38
0.66
0.72
0.81
0.58
0.63
0.71
HEA650
39.56
0.7
0.76
0.86
0.61
0.66
0.75
HEA700
40.14
0.71
0.77
0.87
0.62
0.68
0.77
HEA800
44.93
0.79
0.86
0.98
0.7
0.76
0.86
HEA900
48.13
0.85
0.92
1.05
0.75
0.81
0.92
HEA1000
52.61
0.93
1.01
1.14
0.82
0.89
1.01

Based on the classification of the EC3 (2005) [7], and the CCM97
(1997)[8] about the local buckling, the internal walls slenderness,
under compression, are limited for each class of resistance from 1 to
4. By considering theses limits, the limits of the non-dimensional
slenderness are obtained. Under compression, an internal wall is in
0,58, in the class 2 if λ
0,67 and in the class 3 if
the class 1 if λ
λ
0,74. For a non-dimensional slenderness greater than that of
class 3, the internal wall is considered in the class 4.
4.2. Reclassification of HEA rolled profiles under compression
Knowing the webs non-dimensional slenderness of HEA rolled
profiles (given in the Table 3), and based on the limits given above, a
classification of these profiles under compression can be made. The
class of resistance is given for the EC3 (2005) and according to the
numerical approach in the Table 4.
Table 4. Classification of the HEA rolled profiles under compression
according to the EC3 (2005) [7] and to the numerical approach.
Classification according to
Classification according to
EC3 (2005) and CCM97
the numerical approach
(1997)
Profil
S235
S275
S355
S235
S275
S355
HEA100
1
1
1
1
1
1
HEA120
1
1
1
1
1
1
HEA140
1
1
1
1
1
1
HEA160
1
1
1
1
1
1
HEA180
1
1
1
1
1
1
HEA200
1
1
1
1
1
1
HEA220
1
1
1
1
1
1
HEA240
1
1
1
1
1
1
HEA260
1
1
1
1
1
1
HEA280
1
1
1
1
1
1
HEA300
1
1
1
1
1
1
HEA320
1
1
1
1
1
1
HEA340
1
1
1
1
1
1
HEA360
1
1
1
1
1
1
HEA400
1
1
2
1
1
1
HEA450
1
1
2
1
1
1
HEA500
1
2
3
1
1
2
HEA550
2
3
4
1
2
2
HEA600
2
3
4
1
2
3
HEA650
3
4
4
2
2
4
HEA700
3
4
4
2
3
4
HEA800
4
4
4
3
4
4
HEA900
4
4
4
4
4
4
HEA1000
4
4
4
4
4
4
- Notes:
The profiles HEA400 and HEA450 have changed the class of
resistance from the class 2 to the class 1 for the grade of steel S355.
The profile HEA500 has changed the class of resistance from the class
2 to the class 1 for the grade of the steel S275, and from the class 3 to
the class 2 for the grade of steel S355.
The profiles HEA550 and HEA600 have changed the class of
resistance from the class 2 to the class 1 for the grade of steel S235,
and from the class 3 to the class 2 for the grade of steel S275. For the
steel grade S355, the profile HEA550 has changed the class from 4 to
the class 2, and the profile HEA600 has changed the class from 4 to
the class 3.
The profiles HEA650 and HEA700 have changed the class of
resistance from the class 3 to the class 2 for the grade of steel S235.
For the steel grade S275, the profile HEA650 has changed the class
from the class 4 to the class 2, and the profile HEA700 has changed
the class from the class 4 to the class 3.
The profile HEA800 has changed the class of resistance from the class
4 to the class 3 for the grade of steel S235.
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6. Conclusion
A large number of tests allowed us to develop numerical programs
which have a good approximation with our research, and the results
are very approached to the theoretical ones.
This study permits us to remark one problem in the consideration of
a specific value of the buckling coefficient for the steel profiles
according to the EC3 (2005) and CCM97 (1997). The value of the
buckling coefficient of the steel profiles walls depend on the
dimensions of the walls which support them.
The numerical simulation of HEA profiles web’s behavior under a
uniform compression allowed us to notice that the numerical
buckling coefficients are often higher than that of a plate which is
supported on its four sides (k = 4). The simulation of the compressed
flanges buckling of the HEA rolled profiles under bending moment
permit to notice that their buckling coefficients are often higher than
that of a plate supported on three edges (k = 0,43).
The use of the numerical buckling coefficient value in the calculation
of the non-dimensional slenderness of the webs of rolled steel profiles
under compression allowed reviewing their current classification.
Some profiles which were considered in the class 4 according to the
EC3 (2005), have become in a better class, which allows to base their
resistance on the area of the cross section instead the area of the
effective cross section.
The use of the numerical buckling coefficient value in the calculation
of the non-dimensional slenderness of the flanges of rolled steel
profiles under bending moment allowed reviewing their current
classification. Some profiles which were considered in the class 3
according to the EC3(2005), have become in a better class, which allows
to design them according to their plastic resistance instead of their
elastic one.
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In recent years, there has been significant progress in using FRP materials as masonry in
civil engineering. In this regard, researchers have investigated the behavior of reinforced
beams with FRP and steel bars. One way to enhance these sections is pre-stressing FRP bars
to increase the bending and shearing strength of sections. Reinforcing with hybrid bar is a
new method in which GFRP and steel bars are combined. In this research, first, the type of
GFRP bars is determined, and then samples are pre-stressed. Samples are modeled using
LSDYNA software. Bending and shearing failure modes of reinforced beams with FRP, GFRP,
steel, and hybrid bars are analyzed, and finally load-displacement behavior and crack width
are compared.

2.1. Data Analysis method using LSYDNA:

1.Introduction
In 1893, for the first time, US Department of Transportation (USDOT)
invested on “Transfer of Composite Technology to Design and
Construction of Bridges” project. bars and non-metal tendons
outspreaded in 1980 because of their strength against corrosion. In
1983, AKZO Corporation (manufacturer of chemical materials in
Netherlands) and HGB Corporation, worked together on AFRP prestressed tendons. Japanese also worked on a national plan of using
FRP in reinforcing concrete structures. In 1980, Japanese researchers
began to produce techniques for using FRP in concrete structures. In
fact, in this research they focused on using FRP in reinforcing
concrete structures and replacing them with steel bars and prestressed steel tendons.
In 2005, Peter . h bischoff studied reinforced concrete beams with FRP
and steel bars and presented equations for cracking and deformation
of beams. He presented equations for stress-strain and load-moment
diagrams.
In 2009, Wenjun Qu conducted a Laboratory Investigation on bending
behavior of reinforced concrete beams with GFRP and steel bars. First,
he built eight concrete samples with different reinforcement
percentages of GFRP and steel and hybrid bars. After applying load on
beams and studying the output, he obtained some results. In 2014,
D.De.Domenico analyzed concrete elements reinforced with FRP bars.
His analysis was based on finite element (FE-base).
In 2015, Meher A.Adam conducted numerical laboratory on bending
behavior of concrete beams reinforced with GFRP bars. They
experimented nine models with different reinforcement percentages
and obtained some results.
2. Modeling:
LSDYNA and EXCEL were used in order to obtain results. First, a base
for modeling by collecting data was prepared and then models was
built in LSYDNA. After analyzing, results were stored in EXCEL and
presented them in diagrams.

LS-DYNA is one of the famous Hydro-codes that has great ability in
solving non-linear dynamic problems. Great ability of this code in
analyzing detonation problems, shock wave diffusion, forming metals
with large deformations, collision of bodies, Infiltration of the
projectile in the target, … and also having about 200 model types and
13 equations of state and many types of contact, has turned this code
into one of the strongest engineering software that can be used in
solving detonation and impact problems.
It should be noted that like many other engineering software, this
software cannot provide an accurate diagnosis of Physical
phenomenon alone.
Choosing proper Model type and equation of state, having information
about Material specifications and required parameters of model,
initial and boundary conditions, and Proper definition of contact
requires these numerical methods to be used along empirical results.
The method of solving has also a significant impact on results.
Lagrangian, Eulerian, Lagrangian-Eulerian Coupling, SMALE, MMALE
and SPH solution methods are used. Each solving method has
advantages and disadvantages. Solution method has to be determined
considering the type of problem.
2.2. Validation
To write this article, "Flexural Behavior of Concrete Beams Reinforced
with Hybrid (GFRP and Steel) Bars” article was used, and modeled the
results in software and compared them.
The mentioned article belongs to Wenjun Qu, Xiaoliang Zhang,and
Haiqun Huang cooperation.(fig 1-3).
They built eight concrete beam models with 210 centimeters length
and tested the push over experimentation on them. They achieved the
bending behavior of concrete beam reinforced with GFRP and steel
bars and in the end, they presented the results on a load-displacement
diagram.
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Figure 1. Concrete beam prepared by Wenjun Qu
Figure 4. Comparing the load-displacement diagram of B6 beam
obtained from the article and LSYDNA outlet
The obtained diagrams were overlapped from the test and software in
EXCEL to see the difference (Figure 4).

Figure 5. Specifications of used concrete in analysis
Figure 2. Eight concrete beam models prepared by Wenjun Qu

There were negligible differences between diagrams, so our model was
accurate, and we could begin the Main modeling.
3. Evaluation and analysis
After validation and ensuring that our model was correct, the main
modeling begins. To get started, material specifications of the model
were determined. We used the same concrete Specifications used in
Wenjun Qu ‘s article.

Figure 6. Specifications of used steel in analysis
To determine the used steel, we had limited choices. So steel is
determined according to figure 6.
3.1. Determining specifications of used GFRP in analysis

Figure 3. ASTM-C78 standard test machine

We had many problems determining the GFRP bar. There were a wide
range of numbers Because of physical specifications like the way of
twisting strings of the bar, thickness of strings, and …
In a long-term analysis on reinforced beams with GFRP bars, Yeonho
Park considered the tensile strength of GFRP bars in range of 655 to
1300 MPa (Table 1).
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Table 1. Specifications of GFRP bars by Yeonho Park
FRP
Bar
Type
GA
serie
s
Type
A
GH
Serie
s
Type
B
Steel
Grad
e 60

Bar
Size
(m
m)

Nomin
al
Diamet
er (mm)

Nomin
al Area
(mm2)

Guarante
ed
Tensile
Strength
(MPa)

Tensile
Modulu
s
of
Elastici
ty (GPa)

Tensi
le
Strai
n

4

13

126.7

690

40.8

1.50

5

16

197.9

655

40.8

1.50

4

13

126.7

1300

60.0

2.42

5

16

197.9

1259

64.1

2.24

200

9.00

200

9.00

4

12.7

129.0

5

15.875

200

620 (415
yield)
620 (415
yield)

Wenjun Qu classified GFRP bars into three groups and three different
strength based on their diameter.
Figure 8. Modeled samples in dimensions of 240*180 mm with 30
mm concrete cover
Table 2. Specifications of GFRP bars by Wenjun Qu

Figure 7. Modeled beam with 4.9 meters length
In ACI manual, tensile strength of GFRP bars and generally FRP bars
is considered 620.6 MPa Regardless of their diameter or twisting type
of strings. A Coefficient is multiplied only based on material of the
bars (Table 3).
Table 3. Considered coefficients for FRP bars by ACI

Exposure condition

Concrete not exposed
to earth and water

Concrete exposed to
earth and water

Fiber type

Environmental
reduction facto CE

Carbon

1.0

Glass

0.8

Aramid

0.9

Carbon

0.9

Glass

0.7

Aramid

0.8

Rebar diameter
(mm)
9.5
12.7
15.9

Tensile strength
(MPa)
778
782
755

Elastic modulus
(GPa)
37.7
45.0
41.0

3.3. How to get output in software
Most of Finite element software usually evaluate load and
displacement in two different diagrams with time factor. LSDYNA
software follows the same role and presents the output as
displacement-time and load-time diagrams (Figure 9).

3.2. Start analysis
After determining material specifications, we began to build models
and do analysis. Nine concrete models were used for this purpose.
three of concrete beams were reinforced with GFRP bars, three of them
with steel bars and reinforced the other three with Hybrid (GFRP and
Steel) Bars. Length of beams are 4.9 meters, their height are 18
centimeters and their width are 25 centimeters.

Figure 9. Force-time diagram output of LSDYNA

Amount of used reinforcement is determined using allowable
reinforcement amount equations (𝑝′ ) and its range is considered 0.6
to 1.4. Samples are considered 1.4𝑝′ 0.6𝑝′ and 𝑝′ respectively.
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Figure 10. Displacement-time diagram output of LSDYNA
In addition, considering the long analyze time, can be observed in
concrete beam (Figure 11).

Figure 11. Different types of cracks in concrete beam diagram output
of LSDYNA

Figure 13. Load-displacement diagram of concrete model with GFRP
bar with 1.4 𝑝′

Figure 14. Load-displacement diagram of concrete model with GFRP
bar with 𝑝′

As you see, each row contains two numbers: force and time. In a
similar way, the numbers related to displacement are obtained and
finally load-displacement diagram is drawn is EXCE (Figure 12-20).

Figure 15. Load-displacement diagram of concrete model with steel
bar with 0.6 𝑝′
Figure 12. Load-displacement diagram of concrete model with GFRP
bar with 0.6ρ’b
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Figure 16. Load-displacement diagram of concrete model
Figure 20. Load-displacement diagram of concrete model with
Hybrid bar with 𝑝′
3.3. Pre-stressing the samples
After getting outputs, we pre-stressed two reinforced concrete
samples with hybrid bars with different reinforcement percentages of
50 and 25 (Figure 21-22).

Figure 17. Load-displacement diagram of concrete model

Figure 21. Load-displacement diagram of concrete model with 1.4 𝑝′
and 25 percent of pre-stressing

Figure 18. Load-displacement diagram of concrete model with
Hybrid bar with 0.6 𝑝′

Figure 22. Load-displacement diagram of concrete model with 1.4 𝑝′
and 50 percent of pre-stressing

Figure 19. Load-displacement diagram of concrete model with
Hybrid bar with 1.4 𝑝′

Figure 23. Load-displacement diagram of concrete model with 𝑝′
and 25 percent of pre-stressing
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Obtained:
a.

Increasing percentage of reinforcement in concrete sample
from 0.6 𝑝′ to 𝑝′ , caused an increase of 5% in
displacement and 45% in loading capacity in yielding point.
and finally, applying more displacement to the sample
caused 37% increase in loading capacity but displacement
decreased about 26%.

b.

Increasing percentage of reinforcement in concrete sample
from 𝑝′ to 1.4 𝑝′ , caused an increase of 66% in
displacement and 98% in loading capacity in yielding point
and finally, applying more displacement to the sample
caused 20% increase in loading capacity but displacement
decreased about 4%.

c.

In total, increasing percentage of reinforcement from 0.6
𝑝′ to 1.4 𝑝′ caused:
An increase of 66% in displacement and 95% in
loading capacity.

Figure 24. Load-displacement diagram of concrete model with 𝑝′
and 50 percent of prestressing

An increase of 62% in loading capacity and decrease of
45% in displacement in failing point.

3.4. Comparing load-displacement diagrams of modeled samples
with GFRP bar
By analyzing reinforced samples with GFRP bars, these results were
obtained:
a.

All samples had almost the same function and the same
loading capacity until displacement of 90 mm. After
displacement of 90 mm, gradient of load-displacement
diagrams in the samples with greater percentage of
reinforcement increased.

b.

None of the reinforcements in samples yielded, all of the
samples failed when concrete crushed.

c.

Increasing ratio of reinforcing about 40% (increasing
percentage of reinforcement from 0.6 𝑝′ to 𝑝′ , ), caused an
increase of 15% in displacement and 56% in loading
capacity.

d.

Re-increasing the percentage of reinforcement from 𝑝′ to
1.4𝑝′ , caused an increase of 9% in displacement and 38% in
load capacity.

e.

In total, increasing percentage of reinforcement in
allowable range from 0.6 𝑝′ to 1.4 , caused an increase of
20% in displacement and 112% in loading capacity.

Load-displacement diagrams of three reinforced samples with GFRP
bars is presented in Figure 25.

Load-displacement diagrams of three reinforced samples with steel
bars is presented in figure 26.

Figure 26. Load-displacement diagrams of concrete samples with
steel bars
4. Conclusion
By comparing load-displacement diagrams of samples, we conclude
that the sample reinforced with hybrid bars has the best function. We
can benefit from the anti-corrosion property of GFRP bars by
arranging the reinforcements properly. The loading capacity can be
increased of sample by pre-stressing them about 65%, consequently,
displacement of samples decreased. By studying bending and
shearing behavior and failure modes of the beam, we found out that
using hybrid bars decreases the number of cracks Wider than 0.35 mm
in the same displacement and greater loading capacity. Pre-stressing
sample also decreases the number of bending and shearing cracks
wider than 0.35 mm in the same displacements.
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3.5. Comparing load-displacement diagrams of modeled samples
with steel bar
By analyzing reinforced samples with steel bars, these results were
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The phenomenon of soil swelling has been known for a long time. As construction grew in
arid and humid regions, the problems associated with swelling and fearful soils began to
receive more attention, a significant quality of research began to focus on expansive soils.
Algeria is fully concerned by the problem of swelling clays which are presented in the
different regions of the country. The swelling phenomenon affects various types of
structures each year (light buildings, pavements, etc.) causing considerable damage which
necessitates very costly underpinning operations, the construction of which is often not
controlled. Before starting any work and before treating the soil and using it as a
construction material, it is essential to know the general principles governing their behavior
as well, the problems that it may pose. Indeed and for the improvement of swelling soils, we
studied in this work the improvement of the behavior of a clay soil by the addition of two
types of waste, kiln dust and wood chips. An experimental protocol in the laboratory was
followed, the results found indicate that the two additions play a very favorable role in the
stabilization of the swelling of the soil.
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In environmental geotechnics, the valorization of dredged materials and their use in the
realization of certain works of public works is a way more and more explored by researchers
in recent years, and therefore constitutes a research axis in harmony with the concept
sustainable development. In this modest work, we proposed an experimental program based
on the characterization tests of the sediments of the dams in order to solve an environmental
and economic problem; therefore, to study the possibility of reusing the sediments in
applications, such as road works, foundations, etc. For these reasons, tests of immediate
Proctor and CBR were carried out on the sediments alone compared with those on sediments
treated with lime and sea water. We show in this study the influence of adding lime and sea
water as a corrector both particle size and mechanical to improve these geotechnical state
parameters, these optimal characteristics of densification and lift as well than their
mechanical resistance classes.
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In this research, an hybrid approach based on risk management and value engineering has
been developed to select contractors in construction projects. This model is designed based
on some criteria and sub-criteria derived from the literature whose importance is evaluated
by the bestworst method. The contractors were then prioritized using VIKOR methods and
Gray Relationship Analysis. According to the computational results, it can be observed that
the local risk strategic (0.348) has the highest score among the criteria and the other risk
weighted local scale (0.080) has the lowest score among the criteria. In terms of operational
risk, the technical error sub-criterion had the highest local weight (0.477) and the cheaper
sub-criterion the lowest local weight (0.165). In the strategic risk dimension, the social
dissatisfaction sub-criterion reported the highest local weight (0.380) and the environmental
dissatisfaction sub-criterion the lowest local weight (0.136). In terms of human resource risk,
the sub-criterion has the highest local weight (0.470) and the lowest local technical risk
(0.149). In the other risk dimension, financial risk sub-criterion has the highest local weight
(0.517) and external risk sub-criterion has the lowest local weight (0.096). In the engineering
dimension, the value of turnover volume sub-criterion has the highest local weight (0.469)
and the financial saving sub-criterion has the lowest local weight (0.251). Finally, the
prioritization of contractors based on the comparison of the results obtained from the
solution of VIKOR methods and the analysis of gray relations is reported. It is noteworthy
that a Monte Carlo simulation-based approach is used to compare the performance of these
methods.

1.

Introduction

In this research, the titles of risk management and value engineering
and BOT construction, operation and transfer projects are considered
as three important topics. Therefore, first, some topics have been
stated about these topics and their concepts, and then what is
considered in this research, namely the combination of risk
management and value engineering and its application in the best
way in the implementation of construction, operation and transfer
projects. Risk management or risk management is the systematic
application of management policies, procedures and processes related
to risk analysis, assessment and control activities. Risk management
is the process of documenting the final decisions made and
identifying and applying criteria that can be used to bring the risk to
an acceptable level. According to the definitions provided, the risk
management process has two stages, which are recognizing the risk
in the desired area and planning for the remaining processes. Risk
management is one of the central parts of the strategic management
of any organization. This method includes processes through which
organizations can methodically identify risks associated with their
activities. A successful risk management approach should be
commensurate with the level of risk in the organization and in line
with other activities of the organization. Other characteristics of
successful risk management include comprehensiveness of work,
engagement with daily activities, and dynamism in responding to
situations. Many projects that are assumed to be under control take
risks as an unrecognized event and try to control it. With this in mind
Basic concepts, it is possible to deal with risk; Therefore, first, the
potential risks of the project should be identified. This is possible by
categorizing the task structure and asking a few questions of oneself
or the members of the project team. The following suggested values
can be used to assign potential values to risks. From 85 ٪ upwards

Immediate - 85 % probable - 6 % medium - 50 % possible - 40 % low 15 % unlikely. The probability of each risk now being calculated can
be calculated. Another way is to assign a weight percentage to each of
the risks. The main problem with this method is that there is not
always enough experimental data available to do this accurately. This
method is usually done by experienced people.
They work to gain comprehensive experience of a variety of events in
different projects. In the next step, they assign a value to each risk.
This amount can be in terms of cost or time if needed; For example, if
the goal is to determine when the project will be completed, any ideas
about the duration of the activities can be considered a risk scenario.
At this stage, the true amount of risk can be obtained by calculating
the product of the values assigned to the risk and the probability of
its occurrence, and according to the results can be decided to take
action or postpone it. Therefore, in the first stage, the project risks are
identified at the highest level of WBS, and after doing this several
times, the issue will become much clearer. Value management is a
management model in the value approach that emphasizes
motivating people, developing skills and promoting synergy and
innovation with the aim of maximizing the overall performance of the
organization. Value management at the organizational level relies on
a value-based organizational culture that values both the interests of
stakeholders and customer satisfaction (internal / external) that at the
operational level, the use of appropriate tools and methods puts.
Value management through the senior manager tries to meet the
expectations of stakeholders and customers to get the best output
from inputs such as assets, property, materials and manpower. Value
management creates a focus on value throughout the organization by
integrating the efforts of operations managers and senior managers.
This is made possible by focusing on outputs that are in line with the
overall goals of the organization. The principles of value management
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include the model of teamwork management and effective
communication, which includes the use of value culture in the
organization and focus on the function of paying attention to what it
does to what it is and creating a platform for creativity and
innovation and using creative techniques. The need for quantitative
evaluation is the definition of measurement tools for accurate and
correct comparison and the next issue is the dynamics of individuals,
which includes encouraging people to work in groups to create
solutions and prevent confrontation and satisfaction and recognition
of cooperation with individuals and team results. And creating
mutual understanding and better support of team decisions and
encouraging change in the expression of conditions to make changes
is useful and effective.
Asgharizadeh and Nasrollahi (2008) in a study entitled "Identifying
and determining the weight of effective indicators in selecting
contractors for construction projects" in addition to identifying
indicators affecting the selection of contractors, the importance and
priority of these indicators has been determined using the AHP model
in group decision making. The most important indicators obtained
based on pairwise comparisons made by experts are: technical; Skillability;
Economic-financial;
Management-specialized
staff;
Equipment; Credibility and good record. Elahi et al. (2010) in a study
entitled "Design of a fuzzy expert system for contractor selection.
Appropriate in IT outsourcing "Identify important criteria for
selecting a contractor and provide its framework and determine the
importance of criteria and finally design a fuzzy expert system to
select the appropriate contractor in in-house IT outsourcing. Method
of obtaining knowledge from experts including technology experts
and managers Information is a questionnaire and its use in an
information technology company has been used to validate the
system and the results indicate the optimal performance of the
system.
2.

Research Method

The research method is in fact the action plan and implementation of
a research. The choice of research method depends on the goals and
nature of the research subject and its implementation possibilities,
and sometimes it is possible to research the research method.
It was decided that the mentioned factors be known. According to the
objectives and questions of the current research, the research method
used in this research is in terms of nature and analyticalcommunication method and in terms of purpose is applied and in
terms of collecting survey information. A survey because in this
research, a questionnaire has been designed to select the desired
factors in the implementation of construction and operation projects.
Considering that in multi-criteria decision-making models, the
optimal decision in three-dimensional space must be made based on
a series of criteria. This study is from the perspective of examining
and evaluating the factors affecting the ranking of factors affecting
the implementation of construction and operation projects and its
role
Factors in the process of improving the current situation are
analytical-communicative and because the research results can be
used to improve the evaluation process; It is practical. Therefore,
hypothesis and subsequent hypothetical test are not discussed in this
study; The purpose is to provide a method for "evaluating the factors
affecting the implementation of construction and operation projects."
3.

In order to collect information and conduct interviews about the
features of the model, a sample of 40 experts in the three categories
mentioned above was selected. Among these 40 people, 30
questionnaires that have the best level of response for the validation
of criteria have been selected. Finally, in order to complete the
questionnaire related to scoring criteria and sub-criteria, 5 highly
experienced experts have been used.
4.

Conceptual model of research

This section presents a conceptual research model that is a
combination of risk management and value engineering models. It
should be noted that the use of value engineering with the usual
method for the following reasons increases or decreases risk.
4.1. Descriptive findings
In order to investigate the characteristics of the statistical
population,descriptive statistics have been used. Information about
the demographic characteristics of the research sample is shown in
Table 1.
Table 1. Descriptive findings
Response
man
woman
30-40 years
40-50
50 and up
10-15
15-20
20 and up
Bachelor
Master
Phd

Property
gender
age
work
experience
degree of
education

Description of data by gender:

GENDER
woman
13%

man
87%
Figure 1. Distribution of respondents by gender

Description of data by age:

AGE

Society and Statistical Sample

In this research, in order to collect information, the opinions of
research experts in various fields of industry and universities have
been used. Therefore, through a semi-guided free interview, the
opinions of three groups of people were used in the research. These
three categories are:
1- University professors: This part of the society consists of people
who are familiar with the evaluation and management of executive
risks or evaluation of technology in theory and practice.
2- Managers, supervisors and experts of the construction industry: In
order to make the research results more practical, the opinions of this
group of experts, especially in the construction industry, have been
considered.
3- Consultants, teachers and experts in the field of consulting and
training services: This group of specialists have been selected due to
their close relationship and familiarity with different industries.

Relative frequency
87
13
57
30
13
45
35
20
20
67
13

50 and up
13%
40‐50
30%

30‐40
years
57%

Figure 2. Distribution of respondents based on the age of the
respondents
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5.

Numerical analysis

table below. Options are prioritized based on Q values and the option
with the lowest Q value is selected as the best option.

In order to achieve valid results, a consensus method has been used
in this research. In order to collect information, a committee of
experts was invited to participate in the meetings and they were
asked to evaluate the performance of the options in relation to the
criteria presented in Table 3 using the scales mentioned in Table 2.

Table 3. Maximum and minimum values of criteria

Table 4. Ranking of options based on R, S and Q values

Table 2. Pair comparison of BWM and VIKOR and GR techniques
Very
stron
gly to
extre
mely
more
impo
rtant

Very
stro
ngly
mor
e
imp
orta
nt

9

8

7

Degr
e of
impo
rtanc
e for
the
positi
veon

Degr
ee of
impo
rtanc
e for
the
negat
ive
criter
ion
5
4
3

Extre
mely
more
impo
rtant

2
3

6.

BWM
Mode
Stro
Stro
ratel
ngly
ngly
y to
to
mor
stron
very
e
gly
stro
imp
more
ngly
orta
impo
mor
nt
rtant
e
imp
orta
nt
6
5
4
GRA & VIKOR

Mode
ratel
y
more
impo
rtant

3

Equa
l to
mode
ratel
y
more
impo
rtant

Equa
lly
imp
orta
nt

2

1

In general, the final ranking of the options using GRA and VIKOR
methods is presented in the above sections, respectively. As can be
seen, the main difference between the two methods is the first and
second options, respectively. In fact, the third to fifth options are
equal in both methods, but the order of the first and second options is
different, and this can be due to the very different points of the first
and second options with the other options and, of course, the
proximity of the scores of these two options to each other. To know.
Therefore, it seems necessary to use sensitivity analysis to report the
best method and report the final result.
7.

Least Important
Moderately Important
Strongly Important

Ranking options

6.1. Ranking options using the GRA technique
After achieving the weights of the criteria, in the next step, the
potential options are prioritized based on the weights of these factors
and using VIKOR and GRA methods. Using the verbal scale presented
in Table 3 of the ranking, all experts were asked individually to
evaluate the options for these criteria. After achieving the priority
level of each expert, in the next step, the average of the grades is
calculated and the average decision matrix is obtained according to
Table 4.
Table 6. Average Option Scores

Table 7. Normalized decision matrix

6.2. Ranking options using the VIKOR technique
Similarly, the mean decision matrix for the vikor technique is as
shown in Table 8. In the next step, the maximum and minimum
values of the criteria are obtained using the equation presented in the
previous chapter. In addition, the values of R, S and Q were calculated
using the related equations by Vikor method, which are shown in the

Discussion

Considering that more than 90% of the credit of construction projects
is spent in the construction stage and the quality of a project largely
depends on this stage. Therefore, conducting extensive studies to
identify all the factors affecting the successful implementation of a
project is very important. In general, the issue of risk management in
the implementation of a project has always been one of the most
important concerns of managers of various departments of
organizations responsible for the implementation of this project. In
fact, it is these risks that in many cases increase costs and reduce the
effectiveness of some projects. At the result will definitely be one of
the dimensions studied in this research is risk management. On the
other hand, value creation in a project is so important that
researchers in this field of research have introduced a concept called
value engineering in the study and implementation of industrial and
service projects. Therefore, in this research, in addition to risk
management, the concept of value engineering has also been studied.
In fact, it can be said that the integrated model of this research is
based on the dimensions of risk management and value engineering.
Given that this study seeks to answer questions such as how can th
most important effective criteria related to risk management in
project implementation be identified and validated? How can the most
influential criteria related to value engineering in project
implementation be identified and validated? How can the weight of
criteria and sub-criteria related to risk management be determined?
How can the weight of criteria and sub-criteria related to value
engineering be determined? And what is the final prioritization of the
most important options in project success based on criteria and subcriteria related to risk management and value engineering?
Necessary calculations need to be made using efficient methods. For
this purpose, in this research, the best-worst multi-criteria decisionmaking methods to determine the importance of criteria related to
risk management and value engineering and Vickor methods and
analysis of gray relationships to prioritize the options including
"technology absorption", "financing by the contractor" "," Reducing
disputes "," Reducing the employer's responsibilities and obligations
"and" Risk transfer the executive structure of the research is as
follows: First, important criteria and sub-criteria are extracted from
the research literature, and then, using the method of validation, the
criteria that have the highest level of importance are scored by 30
experts. Questionnaires based on the best-worst method, final score
of criteria and sub-criteria were presented by 5 experts who have
higher work experience and executive position than other people.
These scores as input of the best-worst method help to determine the
final weight of criteria. Using Vickor methods and analysis of gray
relations and in accordance with the weight obtained from the
implementation of the best-worst method, the final prioritization of
options is done.According to the computational results, it can be seen
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that the strategic risk criterion has the highest local weight (0.348)
Value engineering criteria also have the lowest local weight (0.127)
among all criteria, considering that compared to other sub-criteria
and technical risk sub-criteria, it has the lowest local weight (0.149)
among all sub-criteria. Sub-criteria Other risks It can be said that the
financial risk sub-criterion has the highest local weight (0.517)
compared to other sub-criteria and the external risk sub-criterion
also has The lowest local weight (0.096) is 0. Among all sub-criteria.
Regarding the sub-criteria of value engineering, it can be said that the
sub-criterion of turnover volume has the highest local weight (0.469)
compared to other sub-criteria. And the financial savings subcriterion has the lowest local weight (0.251) among all sub-criteria.
Regarding the final ranking of options, it can be said that the option
of "financing by the contractor" has the highest priority and "the
possibility of absorbing technology" has the least importance. The
options of "reducing the employer's responsibilities and obligations",
"transferring risk to the contractor" and "possibility of absorbing
technology" are in the second to fourth ranks, respectively.

[14.] Eke, G., Elgy, J., & Wedawatta, G. (2019). Establishing a link
between contractor selection strategy and project outcomes: A
simulation study. Journal of Construction Engineering and
Management.
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In this work, the effect of improving soil characteristics by compaction techniques on the
dynamic response of foundations and structures, taking into account the effect of soilstructure interaction was determined. The dynamic response of foundations is presented by
the impedances functions, which are determined numerically by the CONAN program, based
on the cone method. In addition, the response of the structure will be presented according to
the lateral displacement in each level of it. This motion vector is a function of the forces in
each level; for this, the equivalent static method was applied, which allows to calculate the
seismic force at the base and the distribution of it on the height of the structure. The results
obtained show the efficiency of soil densification on the seismic response of MDOF frames.

1.

Introduction

Compaction techniques (otherwise known as mass densification) are
now widely used techniques to improve certain soil characteristics
significantly [1]. More specifically, dynamic compaction, which
consists of improving the mechanical properties of the soil by
transmitting high energy impacts to the loose soils, which initially
have a low bearing capacity and high compressibility potentials,
which produces the body and the surface waves propagating through
the middle of soil. In unsaturated soils, the waves move the grains and
rearrange them into a more dense configuration. In saturated soils,
the soil is liquefied and the grains rearranged into a more compact
state. In both cases, decreasing voids and increasing internal granular
contact will directly result in improved soil properties, as shown in
Figure 1.

the literature, the dynamic response of foundations presented by the
impedances functions [2,3]. These functions using in rheological
modeling by springs and dampers at the base of structures [4], for
which the movement of a foundation in any direction will impose.
The earthquake considered one of the most complex phenomena in
soils, because of its random propagation in the soil, which makes it
difficult to adapt. The equivalent static method considered a one of
the methods used in the seismic analysis of structures, which allows
calculating the seismic force at the base of the structure as shear
force, and the distribution of it at each level of the structure as static
forces [5].
2. Reference model
The structure is three degrees of freedom reinforced concrete frame
each level has a 5m long span with a section of (40x70cm2). Column
height is equal to h = 4m with a section size of (40x40cm2). The
structure rests on (2x2m2). It has the characteristics shown in the
Table 1.
Table 1. Parameters of structure

c

(g/cm3)
2.5

Figure 1. Displacement of soil grains under the effect of dynamic
compaction

f ck (GPa)

Ec (GPa)

c

c

0.035

25

0.2

0.05

The frame rests on two square foundations (2×2m2), founded on four
types of seating soil (see Figure 2) with the parameters given in Table
2.

The foundations considered as elements of contact between the soil
and the structure. They have played the role of intermediary between
the upper and the lower parts; it allows the transformation of the
loads of the structures on the soil or the opposite, because of that the
foundations must be well dimensioned for achieving this objective. In
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Table 2. Parameters of seating soil before and after compaction
Soil type

Vs (cm/s)

Before compaction

E

17000

s
(g/cm3)
1.8

After compaction

D

18500

2.0

Before compaction

D

30000

2.0

After compaction

C

36500

2.2

Soil condition

3.2. Equivalent static method

Shear modulus and elasticity modulus of the soil are defined by
Equations (1) and (2), respectively.
(1)
Gs Vs2s

E s  2Gs 1   s 

(4)

The equivalent static method is a simplification technique, makes it
possible to replace the dynamic calculation under the effect of a
seismic excitation at a force distributed laterally on a structure (see
Figure 4) [7]. The total seismic force at the base given by Equation 5 as
follows:
V 

(2)

(5)

S DS
W
R / Ie

Figure 2. Dimensions of reference model
3. Calculation method
The semi-analytical method used in this work combining two
methods one numerical allowing to calculate the dynamic
impedances of foundation by CONAN program, and the other
analytical allowing to calculate the seismic forces in each level of the
frame by the equivalent static method ESM. This method makes it
possible to calculate the vector of the lateral movement of the three
degrees of freedom frame, which considered free at the base as
defined by Equation 3:

 1 
 F1 .h12 
 F1 
 F 1 1 1
  1  1 

1   1 

2
 F2 .h2 
 2    F2 1 2 2 
 F2  
  K  F 1 2 3 K h  F  K  
2

 3
 3 
 F3 .h3 
 3 

(3)

Figure 4. Vertical distribution of the lateral static force
4. Results and analysis
Dynamic impedances are absolutely influenced by the shear wave
velocity of the soil. The effect of changing the latter will be determined
using densification technique on the values of dynamic impedances
using the same previous calculation tool. Figures 5-6 shows the
horizontal and rotational impedance variations function of
dimensionless frequency respectively.

3.1. Cone method
The cone model generally used to determine the values of the
rheological models considered in the modeling of subdomain by the
substructures method. In this model, the components of the
displacement field will vary along the depth in the shape of a
truncated cone, as shown in Figure 3, for the horizontal translational
degree of freedom [6].

Figure 5. Effect of soil densification on the horizontal impedance

Figure 3. Cone model
One of the numerical programs based on the cone model is the CONAN
tool, which allows to determine the static stiffnesses, the stiffness
coefficient and the damping coefficient as a function of the
dimensionless frequency. For example, in the case of applying a
horizontal force to a foundation placed on a homogeneous medium,
the terms of the dynamics impedances are given by Equation 4 as
follows:

Figure 6. Effect of soil densification on the rotational impedance
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The results show the efficiency of densification of the supporting soil
on stiffness and damping which are highly affected by its effect. A
considerable increase in stiffness and damping in all dynamic
impedances was observed. Therefore, compaction has a direct
influence on soil damping and stiffness in a proportionate manner.
The effect of the supporting soil on the response of three degrees of
freedom frame through dynamic impedances was calculated after
compaction of seating soil. Maximum lateral displacements at each
level of the frame before and after the densification of the supporting
soil are set out in Table 3, and are presented in the Figure 7.
Table 3. Maximum lateral displacements of the frame before and
after densification of the supporting soil

Displacement at
level 1 (cm)
Displacement at
level 2 (cm)
Displacement at
level 3 (cm)

Soil D-C
Before
After

0.210

0.200

0.198

0.181

0.374

0.370

0.365

0.333

0.500

0.490

0.471

0.428

Soil E-D before
Soil D-C before

0.6
Lateral displacement (cm)

Soil E-D
Before
After

increases the shear wave velocity in the soil, which causes a decrease
in lateral displacement in all levels of the structure.
5. Conclusion
In this work, a semi-analytical method was presented, for which we
determined the effect of soil densification by dynamic compaction on
the lateral displacement of a three degrees of freedom frame. This
method combines the cone method with the equivalent static method,
which makes it possible to achieve the following points:

Only the horizontal and the rotational impedances
influenced on the lateral displacement of structures.

The equivalent static method makes it possible to transform
the dynamic calculation to a static calculation, for which,
the seismic force in the soil was determined as a shear force
distributed on the height of the structure.

The dynamic compaction of supporting soils increases the
shear wave velocity in them, which causes an increase of
translation and rotation dynamics impedances, as well as a
decrease of lateral displacement of the structures.

Dynamic compaction minimizes the lateral displacement of
structures, which gives an economic reserve concerning
the dimensioning of the sections.

Nomenclature
SDS : Acceleration response at short periods

Soil E-D after
Soil D-C after

0.5

 : Angle

0.4

Ic : Column inertia

0.3

th
K i : Column stiffness on the i floor

0.2

c1: Damping coefficient

0.1

a 0 : Dimensionless frequency

0
4

6

8
Height (m)

10

12

Figure 7. Effect of soil densification on the lateral displacement of
the three levels of the frame
The effect of soil densification on the lateral displacement of the three
levels of the frame is well illustrated in the figure 7. The lateral
displacement of the structure is significantly reduced after the
densification of the supporting soil, particularly in the upper level.
The temporal variation of this displacement in the three levels of the
frame is presented in Figure 8.

i : Lateral displacement of the

ith floor

E c : Elastic modulus of columns

r0 : Equivalent radius of foundation
th
hi : Height of the static forces on the i floor

R: Response modification factor
Ie : Seismic importance factor ensures a seismic force of a superior
design for larger structures
th
Fi : Static forces on the i floor

ks : Static stiffnesses
k 1 : Stiffnesses coefficient

W : Total seismic weights
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This paper presents the results from elasto-plastic analyses of 3D finite element models to
investigate the bearing characteristics of diaphragm wall foundation under vertical and
combined load. The mobilization mechanism and distribution of friction resistance of the
foundation were analyzed. It is clarified that the mobilization characteristics of inner and
outer friction resistance of the wall are completely opposite. The vertical load of the
diaphragm wall foundation is borne by inner and outer friction, resistance of soil core and
resistance at the end of wall respectively. Moreover, the end resistance and core resistance
account for about 75% of the vertical load. Under the combined load, the horizontal load has
an amplification effect on the vertical settlement of the foundation. Additionally, the
calculation methods of the Eight-component Winkler spring model and rigid pile
displacement were used for determining the vertical load-bearing capacity and the
overturning stability. A comparison between results from the finite element analysis and the
theoretical calculation methods showed that the results of the numerical simulation
properly coincided with that of the displacement solution of theoretical model. The
conclusions obtained by the above methods all indicate that the foundation has the
characteristics of overall overturning failure under the combined load.

1.Introduction
In recent years, diaphragm wall has been used extensively in the
building facilities, such as high-rise buildings, bridges and subway.
Diaphragm wall foundation has great advantages in lowering the
construction cost and shortening the construction period, meanwhile,
diaphragm wall foundation has high stiffness, high horizontal bearing
capacity and strong seismic capacity. Thus, the diaphragm wall
foundation is widely used to resist high moments.
In bridge engineering, such as arch bridge, the foundations are
usually subjected to a vertical loading with a horizontal loading and a
moment. The vertical loading (V), horizontal loading (H) and moment
(M) can be transferred to the foundation through footing beneath the
building. Such a loading mode is defined as a combined loading mode.
Taiebat and Carter (2005) [1] employed the FEM to investigate the
behavior of suction bucket foundation under a combination of axial,
lateral and torsional forces, where it was shown that the torsional
force obviously reduced the axial and lateral capacities. Wang and Jin
(2008) [2] investigated the effects of overturning moment on the
bearing capacity of the suction bucket by the FEM, the results have
shown that the overturning moment induced by the eccentric
horizontal force reduced the axial capacity. Lian et al. (2011) [3]
presented a calculation method for the horizontal ultimate bearing
capacity and the overturning resistance. Le and Sung (2012) [4]
proposed equations for the vertical and horizontal load-bearing
capacities based on finite element analysis results. Liu et al. (2014) [5]
proposed simplified calculation methods for calculating the vertical
load-bearing capacity and the overturning stability of the wide-

shallow bucket foundation. The comparison between the results of
FEM and the simplified calculation methods shows that the proposed
equations properly predicted the capacities of the wide-shallow
bucket foundations.
Fan et al. (2018) [6] implemented the searching algorithm for the
optimal load reference point to obtain a unified equation to describe
the shapes of failure envelopes for skirted foundations, which can be
simply applied to express the 3D failure envelopes of skirted
foundations on both isotropic and anisotropic clay. Vulpe et al. (2013)
[7] provided a conservative closed-form solution to determine the
failure envelope for skirted spudcans. Then, this solution has a
reasonable agreement with the results of the finite element analysis.
Zhang and Shi (2014) [8] discussed the deformation law for a circular
foundation based on the finite element numerical analysis, it is
concluded that the horizontal load H and moment load M have a
strong coupling effect on the deformation law.
In this research, the bearing characteristics of diaphragm wall
foundation under the combined load of vertical (V), horizontal (H) and
moment (M) are studied based on the finite element simulation
method. Then, the results are compared with solutions of theoretical
models from literatures.
2.

Numerical modeling

2.1. Foundation model and soil properties
In this study, the establishment of numerical simulation model and
the determination of parameters are based on an engineering case of
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a diaphragm wall foundation. Sufficient boreholes were sunk to
obtain details of the soil layers distributions. Then, the plane
dimension diagram and detailed soil distribution of the diaphragm
wall foundation are shown in Figure 1.
Depth
① Miscellaneous fill

-1.0m

② Clay

(E) of 10.05 GPa, Possio’s ratio ( ) of 0.17, and the unit weight (γ) of
25.0 kN/m3. The interface between the foundation and the soil was
treated as contact, and detachment was allowed between the
foundation and soil. Three-dimensional 8-node linear brick elements
with reduced integration were used (C3D8R) for the model. The
discretized model area had a side length of 4 times of the diaphragm
wall, 50.0 m in longitudinal depth. With these model dimensions, the
calculated behavior of the diaphragm wall foundation is not
significantly influenced by the boundaries [9]. Thus, the numerical
model was constructed, as shown in Figure 2.

-13.5m
③ Fully weathered gneiss

-15.0m

5.0m

-15.54m

④ Strongly weathered gneiss

14.0m

-28.5m
⑤ Medium weathered gneiss

-32.0m

19.0m

50.0m

⑥ Medium weathered syenite -34.54m

-34.8m

1.0m

1.0m

12.0m

1.0m

⑦ Micro-weathered gneiss

Figure 2. Simulation model
2.2. Loading path

16.0m

The load values of the numerical simulation are listed in Table 2,
where V is the vertical load, H is the horizontal load, and M is the
overturning moment.

-50.0m

Figure 1. Soil distribution and details of foundation

Table 2. Values of applied load

It can be obtained from Figure 1 that the plane size of the diaphragm
wall foundation model is 12.0 m × 16.0 m, wall thickness is 1.0 m,
cushion cap is 5.0 m thick, and foundation embedded depth is 19.0 m.
In addition, there is 15.54m soil layer above the foundation. Then, the
soil was modeled as a linear elastic-perfectly plastic model, governed
by the Mohr–Coulomb criterion. Furthermore, the detailed soil profiles
are listed in Table 1, in which is the internal friction angle, c is the
Cohesion, E is Young's modulus, then is Possion's ratio.
Table 1. Mechanical parameters of soil layers
Layer
number
①
②
③
④
⑤
⑥
⑦

Soil type
Miscellaneous
fill
Clay
Fully
weathered
gneiss
Strongly
weathered
gneiss
Medium
weathered
gneiss
Medium
weathered
syenite
Microweathered
gneiss

(°)

c (kPa)

E

(MPa)

9

_

_

_

14.4

51.7

10.9

0.35

12.7

109.6

18.3

0.46

40.7

665

300

0.40

48.5

875

1950

0.33

62.0

1000

5300

0.36

56.3

1085

7700

0.35

The diaphragm wall foundation material was reinforced concrete.
Concrete was modeled as a linear elastic model, with Young's modulus

Load direction
value

V(kN)
68475

H(kN)
65521

M(kN·m)
183676

2.2.1. Vertical load
First of all, the load V was applied in vertical direction. During the
construction of the diaphragm wall foundation, the concrete was
poured by trenching in situ. In this process, the soil inside the closed
wall will not be removed. Therefore, the internal soil mass was
surrounded by a closed wall to form a relatively closed "soil core". Due
to the existence of soil core in the wall, the mobilization mechanism,
distribution and calculation method of friction inside the wall will be
complicated, which becomes the focus and difficulty of bearing
characteristics of the diaphragm wall foundation.
The closed wall foundation and the cap are combined to form an
integral structure, which is regarded as the "skeleton" in the soil. Thus,
the foundation and the soil inside and outside the wall can be borne
the load coordinately.
As shown in Figure 3, the simulation calculation shows that the
vertical load of diaphragm wall foundation is borne by inner friction
resistance, outer friction resistance, resistance of soil core and
resistance at the end of wall respectively. Furthermore, it can be
obtained from Figure 3 that the vertical load is mainly borne by the
end resistance and the resistance of soil core. The proportion of inner
and outer friction resistance is relatively few. Additionally, the side
resistance of diaphragm wall foundation increases gradually, and the
resistance provided by soil core decreases gradually. The reason is
that the friction outside the foundation is constantly mobilized with
the increase of the vertical load, and the compression of the soil core
increases. At the final loading, the total proportion of wall end
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resistance and soil core resistance account for about 75% of the
vertical load.

0

70

Friction resistance (kPa)
20
30
40
50
60

70

80

0

Inner friction resistance
Outer friction resistance
Resistance of the soil core
Resistance at the end of diaphragm wall

50

5
Depth (m)

60

Percentage (%)

10

40

Outer friction resistance
Inner friction resistance

10
15

30
20

20
25

10

Figure 5. Friction resistance at various depths of the soil

0

200

400
600
Load (kPa)

800

1000

Figure 3. Distribution percentage curve of vertical load
The displacement curves at various depths of the diaphragm wall
foundation and its surrounding and internal soil under the ultimate
load are further plotted in Figure 4. As shown in Figure 4, the
settlement of the soil above the middle part of the diaphragm wall is
basically synchronous with that of the foundation itself, that is, the
compression of the soil is relatively small. However, the displacement
of soil near the bottom of wall end is larger. Moreover, the settlement
of the soil below the bottom of the core decreases nonlinearly along
the depth. Furthermore, it can be concluded that the instability mode
of the diaphragm wall foundation under the vertical load alone is the
overall shear failure mode that the compaction area is formed at the
bottom of the foundation, the continuous sliding surface is formed in
the soil, and the sliding surface will extend to the ground.

0

0.5

Displacement (m)
1.0
1.5
2.0

2.5

3.0

2.2.2. Combined load
Under the combined load of V-H-M, the bearing characteristics of
diaphragm wall foundation were analyzed. Among them, V = 68475
kN, H = 65521 kN, M = 183675 kN·m. According to the parameters listed
in Table 2, the numerical model of diaphragm wall under combined
load can be simulated. Then, the results of mises stress nephogram
are shown in Figure 6.

5
10
Depth (m)

It can be obtained from Figure 5 that the mobilization mechanism of
inner friction resistance and outer friction resistance of the
diaphragm wall foundation is different. The inner friction resistance
is the bottom-up mobilization characteristic, while the outer friction
resistance is the top-down mobilization characteristic. This is due to
the different boundary conditions and displacement modes of the soil
inside and outside the wall. The deformation mode of the soil outside
the wall is mainly shear deformation. When the diaphragm wall
foundation is subjected to vertical load, the downward movement of
the foundation will be caused, then, the relative displacement
between the foundation and the soil outside the wall increases
gradually from top to bottom, and the corresponding outer friction
resistance is also mobilized from top to bottom. On the other hand, for
the soil core of the closed wall. When the foundation is subjected to
vertical load, the soil core and the foundation will sink synchronously
at the initial stage. With the increase of load, the resistance at the
bottom of the soil core increases, the upward displacement of the soil
core relative to the wall will be caused, so the inner friction resistance
is mobilized from the bottom to the top.

15
20
25
30
35

side wall
soil at the end of diaphragm wall
soil in the inner of the diaphragm wall

40

Figure 4. Displacement curve at various depths of the diaphragm
wall and soil

(a)Horizontal displacement nephogram

In addition, Figure 5 is the curve plotted by the values of the inner
friction resistance and the outer friction resistance at various depths.
The mobilization of side friction resistance is caused by the relative
displacement between foundation and soil.

(b)Vertical displacement nephogram
Figure 6. Mises stress nephogram
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Therefore, the curve of the horizontal displacement of the top of the
foundation with the horizontal load under the combined load is shown
in Figure 7. It can be seen from Figure 7 that the maximum horizontal
displacement of the foundation is 4.61 mm.

0

20

Horizontal load (MN)
30
40
50

60

70

-0.005
Settlement of top (mm)

5
Horizontal displacement of top (mm)

10

4

3

2

-0.010
-0.015
-0.020
-0.025
-0.030
-0.035
-0.040

1

Figure 9. Settlement of foundation under horizontal load

0
0

10

20

30

40

50

60

70

Horizontal load (MN)
Figure 7. Horizontal displacement of foundation under combined
load
Therefore, the horizontal displacement of the foundation at various
depths in the final stage of the combined load is shown in Figure 8.
0

Horizontal displacement (mm)
1
2
3

4

5

0

Depth (m)

5
10
15
20
25

Figure 8. Horizontal displacement of foundation at various depths
under combined load
It can be observed from Figure 7 that the horizontal displacement of
the foundation increases with the continuous application of the
combined load, and the obvious inflection point is not found in this
curve. Then, it can be seen from figure 8 that the foundation rotates
at a point at the end. In summary, it is concluded that the foundation
under combined load has the characteristics of overall overturning
failure.
Moreover, the vertical displacement caused by horizontal loads is
shown in Figure 9.

It can be observed from Figure 9 that the foundation has a downward
displacement in the vertical direction due to the horizontal load, and
the settlement increases with the increase of the horizontal load. It is
concluded that the horizontal load has an amplification effect on the
vertical settlement of the foundation.
3.

Theoretical model

3.1. Eight-component Winkler-beam model
The Eight-component Winkler spring model, proposed by Sun (1992)
[10], was adopted to simulate the soil reactions on the diaphragm wall
foundation. Then, the Winkler-beam model, in which the foundation
is modeled by beam elements and the soil reactions are simulated by
spring elements, was applied to simulate the diaphragm wall-soil
system.
As shown in Figure 10(a), this model uses eight types of springs to
simulate the different components of the soil reactions acting on the
diaphragm wall with an equivalent rectangular section of width B
(perpendicular to the direction of lateral loading) and length A
(parallel to the direction of lateral loading).Springs k and ks represent
the horizontal subgrade reaction and vertical shear stress on the
outer of the diaphragm wall, respectively; springs kV and kc represent
the normal shear stress and the horizontal shear stress on the end of
the diaphragm wall, respectively; springs k’s is the horizontal shear
stress on the outer sides of the diaphragm wall. Correspondingly,
springs αk and εks represent the horizontal subgrade reaction and
vertical shear stress on the inner of the diaphragm wall, respectively;
springs βk’s is the horizontal shear stress on the inner sides of the
diaphragm wall. Furthermore, α, β, ε are all reduction factors less
than 1.0. Figure 10(b) shows the mechanical calculation model of the
Eight-component Winkler spring model. Set the rotation angle of the
foundation around a point on the central axis as θ . Then, h
represents the effective height of resistance of soil inside the
foundation. Thus, h can be taken as half of the embedded depth of the
foundation for non seismic forces. Additionally, the horizontal shear
stress (k’s) on the sides of the wall and the vertical shear stress (ks) of
the front and rear walls are constant. While the horizontal shear
stress (k ) is expressed to be a function of depth (y) as follows:
𝑘

𝑚 𝑧

𝑦

kN/m3

(1)

where m is the proportional coefficient of k (kN/m4), z0 is the distance
from the top of the foundation to the ground(m).
For multi-layer soil, the function of m is as follows:
𝑚

∑

𝑚 𝑙 𝑙

2∑

2𝑙

(2)

where li and lj are the thickness of each layer of soil(m), L is the depth
of the foundation embedded in the soil(m).
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k's

𝜆
M

x0

H

βk's

b

𝜂

z0
x

0

B

𝜉

a
A

y0

V

𝐵
𝐴
𝑏
𝑎

y
θ

M

(15)
(16)
(17)
(18)
(19)

where a0, b0, A0, B0 are the calculated widths of the inner side, inner
front, outer side and outer front of the foundation respectively(m); a,
b, A and B are the lengths of the inner side, inner front, outer side, and
outer front of the foundation respectively(m); PC is the horizontal
friction at the end of the foundation(kN); 𝜎 and 𝜎 are the normal
stresses on the outside and inside of the foundation, respectively(kPa);
𝜏 and 𝜏 are the shear stresses on the outside and inside of the
foundation, respectively(kPa); y0 is the distance from the top of the
foundation to the point of rotation(m).

τy
σx

ks

εks

ks

ks

αkθ

kθ

kθ1

εks

αkθ

kθ

kθ2

εks

αkθ

kθ

kθ3

σ'x

h

PC
σy

τx

τ'x

b

B

3.3. Case calculation

kv

kv

In this study, calculation theory of the Eight-component Winkler
spring model and calculation model of rigid pile displacement
included in the Chinese standard JTG D63-2007(Ministry of Transport
of the People’s Republic of China) [11] are used to analyze the
horizontal displacement of this project.

a
kc

kc

A

(a) Mechanical model
(b) Stress calculation model
Figure 10. Eight-component Winkler spring model [10]

3.3.1. Calculation theory of the Eight-component Winkler spring
model

3.2. Analysis of mechanical model
According to the mechanics calculation model shown in Figure. 10(b),
the following two equilibrium equations can be listed.
𝐹

0

𝑀

0

𝐻

𝑃

(3)

2

2

𝜏 𝐴 𝑑𝑦

𝛽𝜏 𝑎 𝑑𝑦

𝛼𝜎 𝑏 𝑑𝑦

0
(4)

(5)
(6)

By integrating the above formula and solving them simultaneously,
the following results can be obtained.
𝑡 𝐻
𝑡 𝑡
𝑡
𝑡

𝑡 𝑀
𝑡
𝑀
𝜃𝑡
𝜃𝑦

⎨𝑦
⎪
⎩ 𝑥
1
𝑚𝐵 1
𝑡
3
𝐴 𝑘 1 𝜉 𝐿
1
𝑚𝐵 1
𝑡
2

Based on the project case, the detailed parameters required for the
analysis are listed in Table 3.
Table 3. Calculation parameters of Eight-component Winkler spring
model
value
16
12
13
9
19
7
0.2
0.2
12
12
3318.188
59.61

Parameter
𝜎 𝐵 𝑑𝑦

𝑀 𝐻𝑦
𝜎𝐵 𝑦
𝑦 𝑑𝑦 2 𝜏 𝐴 𝑦
𝑦 𝑑𝑦
⎨
⎪
𝛼𝜎 𝑏 𝑦
𝑦 𝑑𝑦 2
𝛽𝜏 𝑎 𝑦
𝑦 𝑑𝑦 𝑃 𝐿 𝑦
⎪
⎪
⎪
𝐴
⎪ 2
𝜃𝑘 𝐵𝑑𝑦
𝜃𝑥 𝑘 𝐵 𝑏 𝑑𝑥
𝜃𝑥 𝑘 𝐵𝑑𝑥 0
4
⎩
𝜎
𝑚 𝑧
𝑦 𝑦
𝑦 𝜃
𝜏
𝑘𝜃 𝑦
𝑦

⎧𝜃
⎪

(13)
(14)

σx

H

⎧
⎪
⎪
⎪
⎪
⎪

𝐿 ℎ
𝑎𝑏
𝐵
𝛽𝑎
𝐴
𝐵 1
𝐴
𝑏
𝑎

(7)

𝜂 𝐿

𝜂𝜆

𝜉𝜆

𝐽

𝜂 𝐿

1
𝑚𝐵 𝑧
2

𝜂𝜆
2𝑘 𝐴

2
𝐴 𝑘 1 𝜉 𝐿
𝜉𝜆
3
𝐽𝜃
𝑃
1
𝐽
𝑘 𝐴 𝐵 𝑎 𝑏
8
1
𝐽
𝑘 𝐴 𝐵 𝑎 𝑏
8

1

𝑚𝐵 𝑧

1

𝜉 𝐿

𝜉𝐿

1
𝑊
𝐴𝑘
4

𝐴
𝑘 𝐵𝐿
2

𝜂 𝐿
𝜂 𝐿

𝐽𝐿

𝜂𝜆
𝜂𝜆

A
B
a
b
L
h
α
β
ks
k’s
kc
m

unit
m
m
m
m
m
m
_
_
MN/m3
MN/m3
MN/m3
MN/m4

Based on the above formulas, the rotation angle and horizontal
displacement at the top of the foundation were calculated as follows:
𝜃
𝑥

1.08 10 𝑟𝑎𝑑
2.06 𝑚𝑚

where E is the rotation angle at the top of the foundation(rad); xE is
the horizontal displacement at the top of the foundation(mm).
Then, the horizontal displacement values of the variation depths
along the diaphragm wall foundation obtained by the mechanical
model are plotted in Figure 11.

(8)
(9)
(10)
(11)
(12)
(13)
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0.0

Horizontal displacement (mm)
0.5
1.0
1.5
2.0

2.5

Similarly, the horizontal displacement values of the variation depths
along the diaphragm wall foundation obtained by this method are
shown in Figure 12.

0

4.

Analysis and discussion of results

Depth (m)

5

Based on the numerical simulation, Eight-component Winkler spring
model and the calculation model of rigid pile displacement, the results
of these three different methods are shown in Figure 13.

10
15

0

20

0

25

5
Depth (m)

Figure 11. Calculation results of Eight-component Winkler spring
model

3.3.2. Calculation model of rigid pile displacement
Based on the calculation model of rigid pile displacement included in
the Chinese standard JTG D63-2007(Ministry of Transport of the
People’s Republic of China) [11], the detailed calculation parameters
are listed in Table 4.

value
4.893×1010
36.25×103
0.3
21.8
254.844

Parameter

EI
m’
β’
λ’
W0

unit
kN·m2
kN/m4
_
m
m3

where EI is the bending stiffness of foundation(kN · m2);m’ is in
accordance with Chinese standard JTG D63-2007(Ministry of
Transport of the People’s Republic of China); β’ is the ratio of shear
proportional coefficient to vertical proportional coefficient at a
certain depth; λ ’ is the ratio of the total bending moment on the
bottom of the foundation to the resultant horizontal force; W0 is the
edge elastic moment of foundation bottom.
The calculation procedures and formulas are all in accordance with
the Chinese standard JTG D63-2007(Ministry of Transport of the
People’s Republic of China) [11], the results are further obtained as
below.
𝜃

1.735 10 𝑟𝑎𝑑
𝑥
3.30 𝑚𝑚

where S and xS are the rotation angle and horizontal displacement
at the top of the foundation respectively.
0.0

0.5

Horizontal displacement (mm)
1.0
1.5
2.0
2.5
3.0

3.5

4.0

0

Depth (m)

5

4

5

10
15
20

Table 4. Calculation parameters of calculation model of rigid pile
displacement

Horizontal displacement (mm)
1
2
3

FEM calculation
JTG D63-2007
Eight-component Winkler-beam model

25

Figure 12. Horizontal displacement of foundation at various depths
under three methods
It can be observed from Figure 13 that the horizontal displacements
calculated by the three methods are highly coincident, which shows
that the above three methods have a properly applied for this case. In
addition, it can also be concluded from Figure 13 that the foundation
of diaphragm wall rotates at a point at the end of the wall, and the
foundation is characterized by overall overturning failure under
combined load. It further shows that the foundation of diaphragm
wall has large rigidity and high bearing capacity
5.

Conclusion

In this paper, based on the case of a diaphragm wall foundation
project, the finite element analysis software ABAQUS was used to
establish the 3D finite element calculation models, thus, the bearing
characteristics of diaphragm wall foundation under vertical load and
combined load were discussed. Furthermore, the results of numerical
simulation were compared and verified by the calculation model of
rigid pile displacement included in the Chinese standard JTG D632007 and the Eight-component Winkler spring model. The following
conclusions can be drawn.
(1) The vertical load of the diaphragm wall foundation is borne by the
four parts of resistance of inner friction, outer friction, soil core and
the end of wall respectively. Then, the end resistance of wall and soil
core resistance account for about 75% of the vertical load. Moreover,
the mobilization mechanism of inner friction resistance and outer
friction resistance of the diaphragm wall foundation is different
under the single vertical load, that is, the inner friction resistance is
the bottom-up mobilization characteristic, while the mobilization
characteristic for outer friction resistance is the top-down mode.
Additionally, the instability mode of the diaphragm wall foundation is
the overall shear failure.
(2) The diaphragm wall foundation has the characteristics of overall
overturning failure under combined load. Furthermore, the
horizontal load has an amplification effect on the vertical settlement
of the foundation.

10
15
20
25

Figure 12. Calculation results of JTG D63-2007

(3) The maximum horizontal displacements of diaphragm wall
foundation calculated by FEM, rigid pile displacement method and
Eight-component Winkler spring model are 4.61 mm, 3.30 mm and
2.06 mm respectively. Therefore, the results of the numerical
simulation properly coincided with that of the calculation model of
rigid pile displacement included in the Chinese standard JTG D632007 and the Eight-component Winkler spring model.
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Nomenclature
A : The external side length of diaphragm wall foundation
A0 : The calculated widths of the outer side
a : The internal side length of diaphragm wall foundation
a0 : The calculated widths of the inner side
B : The external front width of diaphragm wall foundation
B0 : The calculated widths of the outer front
b : The internal front width of diaphragm wall foundation
b0 : The calculated widths of the inner front
c : The Cohesion
E : The Young's modulus
FX : The resultant force in the horizontal direction
h : The effective calculation height inside foundation
H : The load in horizontal direction
I : The moment of inertia
J : The calculation parameters of the Eight-component Winkler spring

model
kc : The horizontal proportional coefficient of shear stress on the end
of the diaphragm wall
ks : The vertical proportional coefficient of shear stress on the outer
front of the diaphragm wall
k’s : The horizontal proportional coefficient of shear stress on the outer
sides of the diaphragm wall
kV : The normal proportional coefficient of shear stress on the end of
the diaphragm wall
k : The horizontal proportional coefficient of shear stress on the outer
front of the diaphragm wall
L : The depth of the foundation embedded in the soil
li : The thickness of ith layer of soil
lj : The thickness of jth layer of soil
M : The moment load
Mn : The summation of moment loads
m : The proportional coefficient of k
mi : The proportional coefficient of ith layer of soil
m’ : The proportional coefficient in accordance with Chinese standard
JTG D63-2007(Ministry of Transport of the People’s Republic of China)
PC : The horizontal friction at the end of the foundation
t1 : The calculation parameters of the Eight-component Winkler
spring model
t2 : The calculation parameters of the Eight-component Winkler
spring model
t3 : The calculation parameters of the Eight-component Winkler
spring model
V : The load in vertical direction
W0 : The edge elastic moment of foundation bottom
x0 : The horizontal displacement of foundation top
xE : The horizontal displacement of foundation top calculated by the
Eight-component Winkler spring model
xS : The horizontal displacement of foundation top calculated by
Chinese standard JTG D63-2007
y : The depth
y0 : The depth of the rotation point
z0 : The distance from the top of the foundation to the ground
α : The reduction factor of k
αk : The horizontal proportional coefficient stress on the inner front
of the diaphragm wall
β : The reduction factor of k’s
βk’s : The horizontal proportional coefficient of shear stress on the
inner sides of the diaphragm wall
β’ : The ratio of shear proportional coefficient to vertical proportional
coefficient at a certain depth
ε : The reduction factor of ks
εks : The horizontal proportional coefficient shear stress on the inner
front of the diaphragm wall
: The internal friction angle
𝜎 : The normal stresses on outer front of the diaphragm wall
𝜎 : The normal stresses on inner front of the diaphragm wall
𝜏 : The shear stresses on the outside of the foundation
𝜏 : The shear stresses on the inside of the foundation
E : The rotation angle of foundation top calculated by the Eightcomponent Winkler spring model
S : The rotation angle of foundation top calculated by Chinese
standard JTG D63-2007
λ : The calculation parameters of the Eight-component Winkler
spring model

λ ’ : The ratio of the total bending moment on the bottom of the
foundation to the resultant horizontal force
η : The calculation parameters of the Eight-component Winkler
spring model
ξ : The calculation parameters of the Eight-component Winkler
spring model
: The Possion's ratio
γ : The unit weight
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Self-compacting concrete is concrete that flows under its own weight and, without the need
for any vibration, completely (even with dense rebars), fills the formwork and maintains its
homogeneity. Self-compacting concrete must have all three properties of filling, tearresistant and permeability. To make self-compacting concrete in order to achieve the desired
flow, it uses more fine-grained and lubricant additives and the largest size of smaller
aggregate than ordinary concrete. Concrete itself is a brittle material, so different materials
are used to make it resistant to tensile and bending, one of which is fiber. The presence of
steel fibers in concrete reduces its fragility and increases the formability of concrete. By
bridging the breaking concrete, the fibers increase its capacity and even increase its
compressive strength. The most widely used fibers in fibrous concretes are steel fibers. The
mechanical properties of hardened concrete and the rheological properties of fresh concrete
change with the addition of fibers. In this paper, the mechanical properties and rheology of
self-compacting concrete containing different percentages of steel fibers have been
investigated. By collecting the experimental results of different researchers, the effect of
steel fibers on mechanical properties and rheology has been evaluated. The results show that
with increasing steel fibers, the compressive and tensile strength of concrete increases while
the performance of concrete decreases.

1.
Introduction
Concrete in a broad sense refers to any material or compound that is
composed of a cementitious adhesive. Concrete is the second most
consumed human substance after water and its use in any society is
one of the indicators of technology advancement in that society [1]
Self-compacting concrete is concrete that flows under its own weight
and, without the need for any vibration, completely (even with dense
rebars), fills the formwork and maintains its homogeneity. Selfcompacting concrete must have all three properties of filling, tearresistant and permeability. The most important advantages of using
self-compacting concrete are reducing the construction period of
concrete structures, ensuring compaction, especially in areas where
vibratory application is difficult, better concrete surface coating,
easier placement, better durability, more freedom in organizational
design, construction of thinner sections By concrete, reduction of
vibration-induced noise pollution, less energy consumption, safer
work environment, reduction of manpower and consequently
reduction of cost]. The largest size of aggregate smaller than
conventional concrete is used [3] In the years following, 1893, the
problem of durability of concrete structures was the most important
field of research in Japan. On the other hand, the gradual decline of
skilled workers in the Japanese manufacturing industry reduced the
quality of construction [2] For this reason, in 1891, Okamara proposed
the need to use SCC1 self-compacting concrete. The first research
papers to the basics.
Needed for self-compacting concrete in Japan, published around 1898
to 1988. These articles focused on the properties of fresh concrete such
as filling capacity, flow capacity and separation resistance under the
headings of high performance concrete and high performance
concrete.
The first sample of self-compacting concrete was completed in 1999.
This concrete was called high performance concrete, while at the same
time high performance concrete was referred to as high durable

concrete by Aitkin et al. So Okamara and Ochi have since proposed the
name high-performance self-compacting concrete. In 1881 the first
articles on the use of self-compacting concrete were published under
the title Self-compacting. In 1888, the first guidelines for the use of
self-compacting concrete in Japan were published by the Japan
Society of Civil Engineers (JSCE).
Concrete itself is a brittle material, so different materials are used to
make it resistant to tensile and bending, one of which is fiber. The
presence of steel fibers in concrete reduces its fragility and increases
the formability of concrete. By bridging the breaking concrete, the
fibers increase its capacity and even increase its compressive
strength. The most widely used fibers in fibrous concretes are steel
fibers.
The mechanical properties of hardened concrete and the rheological
properties of fresh concrete change with the addition of fibers. In this
paper, the mechanical properties and rheology of self-compacting
concrete containing different percentages of steel fibers have been
investigated.
The use of self-compacting concrete provides very valuable
advantages in construction, including the reduction of permeability
due to the high volume of fine particles in the mixture, better
ductility: due to the reduction of modulus of elasticity of selfcompacting concrete compared to normal concrete It has a relatively
higher ductility[4] Longer life of molds due to less pressure applied to
the molds (up to about 51% due to lack of external vibration increases
the life of molds[5] Construction in a shorter time due to higher
density and Use of filler in comparison with ordinary concretes to
gain strength.
The initial occurs faster and the possibility of rapid operation of the
structure and efficiency in production is provided [4] On the other
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hand, the use of mineral additives and industrial waste pozzolani has
improved the mechanical properties of concrete durability[5].
Wind ash is a material obtained from the extraction of flue gases from
coal and non-plastic and fine silt fuels and has pozzolanic properties
that are effective in improving the properties of concrete [6] Wind ash
is one of the waste materials of thermal power plants. OH et al[7] by
reducing 05% of cement consumption with control ash.
The permeability was 51% compared to control concrete. Sadr
Mumtazi et al[8] have reported a reduction in corrosion rate of 01% by
replacing 01% of 4-bed ash and the percentage of nanosilica in selfcompacting concrete. Koning et al. [0] and Hauke et al. [9] reported that
self-compacting concrete containing different amounts of fly ash has
the ability to achieve high strengths. Previous studies have shown
that the use of mineral air additives such as air ash and kiln slag can
increase slump at no cost[10] Also, the use of air ash improves the
rheological properties and reduces the cracking potential of
concrete[11] The use of air ash requires cement, fine fillers and sand
Reduces the fact that the above items are required for the production
of self-compacting concrete in large quantities[12] In high-volume fly
ash concretes, which have replaced about 61% by weight of cement
with fly ash, excellent mechanical properties and durability have been
reported[13].
Fiber concrete has good properties such as high ductility, excellent
strength, energy absorption and cracking stability, which is why it has
many applications for it[14] In general, the addition of steel fibers
improves the strength properties And the ductility of the concrete is].
[06 But the amount of fibers added to the concrete mix must have a
specific and optimal amount. According to studies, adding a
percentage of [07] 0.1% to one [15] steel fibers to concrete with the aim
of creating isotropic conditions and reducing fragility weakness[16]
control and preventing the growth of concrete cracks [17] and
increasing tensile strength, flexural strength and stiffness by stress
transfer across the cross section of a crack[18]] If the fibers are ribbed,
the process will be in the form of a conflict between the fibers and the
matrix. When the matrix is cracked, the stress is divided between the
fibers and the matrix, and since then the total stress is increasingly
transferred to the fibers] [88]. The results obtained in some studies
show that the compressive strength of fibrous concrete due to fibers
not only does not improve but also in cases where the density is not
placed properly due to the creation of voids in the concrete, also
reduces the strength]. [81 However, in the study of Karihaloo and [19]
Vriese, an 80% increase in compressive strength and in the study
Sun et al. [20] A 00% increase in high fiber volume samples has been
reported. On the other hand, an 80% increase in compressive strength
when using hooked steel fibers has been found in some studies.
[Siddique. [21 et al.] [22] It will have resistance that can be considered
as the air trapped in concrete. Also by increasing the percentage of
fibers the density decreases and the permeability increases.
2.

Table 1. Mix design alameri
cement
430
430
430
430
430
430

Sand
840
840
840
840
840
840

gravel
675
675
675
675
675
675

LSP
130
130
130
130
130
130

sp
4.5
4.5
4.5
4.5
4.5
4.5

Fiber(5)
0
0.5
0.75
1
1.25
1.5

Table 2. Compressive strength alameri
Fiber(%)
0
0.5
0.75
1
1.25
1.5

7 days
27.5
30.4
35.6
34.5
33.3
33.1

28 days
35.4
37.6
45.2
43.2
42.5
42.1

Figure 1. Compressive strength
Table 3. Tensile strength alameri
7 days
Fiber(%)
0
27.5
0.5
30.4
0.75
35.6
1
34.5
1.25
33.3
1.5
33.1

28 days
35.4
37.6
45.2
43.2
42.5
42.1

Mechanical properties

In 2013, Abbas Al-Amiri investigated the effect of steel fibers on some
mechanical properties of self-compacting concrete [23].
In this research, 6 mixing schemes presented in Table 1 has been used.
Consumable concrete is a type of self-compacting concrete without
fibers and fibers with percentages of 0.5-0.75-1-1.5. sample was used
to calculate the compressive strength with dimensions of 150*150 mm
according to the regulation [24] IQS: 349-1882. Also 6 sample of
cylinders with a diameter of 110 mm and height 211 mm is used
according to IQS Regulations [25]: 293-1881.
In 2111, Ahmed et al. Investigated the effect of steel fibers on the
mechanical properties of self-compacting concrete [26] Consumable
concretes were self-compacting without fibers and fibers with
percentages of 1%, 3% and 5%. 5 sample to calculate the compressive
strength with dimensions 150*150 mm is used according to IS [27]
standard. To evaluate the tensile strength, 1 cylinder with a diameter
of 111 mm and a height of 300 mm according to the standard [28] IS:
1911-1888 was used.
The results of the experiments of the above researchers are shown in
Table 3 and Figure 1.

Figure 2. Tensile strength
As can be seen in Figure 1 and Table 3, with increasing the percentage
of steel fibers, the compressive strength of concrete at different ages
has an upward trend. 28-day compressive strength of Abbas Al-Ameri
samples increased by 0.75% with the addition of 51.1% of steel fibers,
which can be said that the optimal percentage in this mixing design
is 51.1%. While the optimal percentage in the design the mixture of
Ahmad et al. Is 3%, which leads to an 11.8% increase in 29-day
compressive strength. Table 4 and Figure 2 show the tensile strength
of 5-day and 28-day fiber-reinforced concrete. In Abbas Al-Amiri
mixing plan, by adding 1.1% of steel fibers, we see a significant
increase in 28-day tensile strength by 32.7%.
While in the mixing plan of Ahmad et al. With the addition of 3% of
steel fibers, the tensile strength of 28 days increased by 7.82%.
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3.

Conclusion

The results of this study are as follows:
 The addition of steel fibers increases the compressive strength
of self-compacting concrete, which is due to the fact that the
fibers increase its capacity by bridging the breaking concrete,
and ultimately increase its compressive and tensile strength.
 The tensile strength of self-compacting concrete increases
dramatically with the addition of fibers. The fibers improve the
tensile strength by being perpendicular to the crack plate.
 Adding steel fibers reduces the efficiency and flow of concrete.
Also, the ability of self-compacting concrete to pass through the
space between the rebars is greatly reduced by increasing the
percentage of fibers.
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The use of composite columns is increasing due to the combined cooperation of concrete and
steel in many structural systems around the world. Composite columns not only have many
advantages in construction but also significantly improve the mechanical properties of
structural members compared to reinforced concrete and steel members alone. These include
increased enclosure, increased shear strength and thus increase member efficiency. Also, the
use of composite columns reduces the final cost of construction of the structure. In Article
B, two specific types of CFT and SRC columns with steel fibers are discussed and with the help
of ABAQUS finite element software, these columns are modeled and subjected to cyclic
loading and their energy absorption and hysteresis diagrams are compared with each other
and their advantages and disadvantages. It is specified and finally how these structures help
to reduce the final cost is examined.

1.

Introduction

The use of composite columns is increasing due to the proper
cooperation of concrete and steel in many structural systems around
the world. Composite columns not only have many advantages in
construction but also significantly improve the mechanical properties
of structural members compared to reinforced concrete and steel
members alone. These include increased enclosure, increased shear
strength and thus increased member efficiency. Composite columns
are made with different sections, so they have structural diversity.
Composite columns are divided into the following four groups in
terms of location of concrete, steel and FRP3

Modeling:

1. Steel pipes filled with CFST concrete
2. FRP pipes filled with concrete with or without CFFT internal
reinforcement
3.steel sections buried in concrete or reinforced concrete steel
sections SRC
4. DSTC double layer steel columns

The most important properties of steel are high ductility and
durability, high yield strength and tensile strength and good thermal
conductivity. In addition, the properties of stainless steels have anticorrosion properties. For steels, there are several ways to measure
properties. For example, tensile strength, flexibility and stiffness can
be measured by tensile strength tests. Hardness is measured by
impact testing and hardness is measured by measuring the
penetration resistance of the hard sink. Tensile test is a test to
determine the reaction of steel to the application of force. The answers
are expressed by the relationship between stress and strain. By
measuring the ratio of stress to strain, the elasticity of the material
can also be measured. The ratio of stress to strain in the elastic range
of metals is called the Young's modulus. The elastic modulus of steels
is in the range of 190-210 gigapascals, which is about three times the
elastic modulus of aluminum. In modeling, three types of steel are
used for reinforcements, braces and dampers with the specifications
mentioned in the following tables.

Chen and Lin [6] in their analytical research that uses different steel
cross-section shapes and designs
Reinforcement
reinforcement
networking
was
performed,
investigating the confinement factors for high-confined concrete
parts and partially confined concrete, and also Mirza and Scrabek,
using their research, showed that these parabolic areas can be
simplified and A rectangular shape was observed in which case the
concrete with high confinement is located along the life of the steel
section up to half the width of the steel section wings and the concrete
continues with a partial confinement of half the width of the steel
section wings along the section life to the center line of longitudinal
reinforcements. Unenclosed concrete remains as external parts.

Column modeling individually
In this research modeling and research, the Standard/Explicit Model
module of ABAQUS 6.14.2 finite element software has been used. Loaddisplacement diagrams at the site of load application have been
studied and analyzed.
2.

Behavioral characteristics of models
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Table 1. Fiber concrete plastic damage specifications
Dilation
Angel

Viscosity

Eccentricity

fb0\fc0

K

0.1

1.16

0.666

30.5

Parameter
0.001

Table 2. Behavioral curves of concrete in the nonlinear compressive
zone
Stress

Stress

Inelastic

Stress

Inelastic

(MPa)

(MPa)

strain

(MPa)

strain

(MPa)

12.342636

0.003940

9.147820

0.006152

5.994836

6.293636

Stress

7.347664

12.185450

0.004051

9.009165

0.026190

5.836360

8.301422

12.026420

0.004088

8.849530

0.006373

5.678930

9.087816

11.866984

0.004272

8.692798

0.006484

5.518661

9.821314

11.707856

0.024382

8.534394
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3.

Figure 2. Boundary condition

CFT column modeling

The element used in concrete modeling in Abaqus software is the next
three elements and 8 homogeneous C3D8R nodes. This element does
not have special conditions and is not designed for concrete, but is
used in all models whose material behavior is complex. Each of the
desired models includes 2 parts.
Steel can 50 * 4 shelh/extrusion Concrete with dimensions of 496 *
496 of shel/extrusion type

Figure 3. Src columns

Figure 1. Cross section

Figure 4. Von mises cft
As can be seen, von Mises stresses, which are one of the rupture
criteria, are shown in these figures for the CFT column. The red dots
indicate the points with the most stress. And the foot of the columns
has more stress than the other points.
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space of the building. A smaller, lighter skeleton rests on the
foundation. Which will again reduce costs.
3.1.6.

Fire Proof

In sections buried in concrete, concrete acts as a steel cross-section
protector against fire.
4.

Conclusion

It was observed that by using steel and concrete composite sections
and also using fibers in them, the bearing capacity of the columns can
be increased and the amount of damage can be reduced. Also, the use
of this type of sections has reduced costs which can improve
construction management.
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Figure 5. Von mises SRC
3.1.

Advantages of steel-concrete composite column

3.1.1.

The optimal location of the steel section

In CFT columns, due to the placement of the steel wall around the
cross section just where the flexural and tensile stresses are most
effective, it causes a significant increase in the stiffness and strength
of the cross section. In SRC columns, their location is a factor in the
rapid installation of the column.
3.1.2.
in SRC

High flexural strength at beam-to-column connection

Delay in local buckling

In composite sections, the steel column (compact, non-compressed)
becomes more stiff due to contact with the hardened concrete, and
buckling is delayed or does not occur. Therefore, buckling will be
delayed as long as the contact between concrete and steel is reduced,
such as cracking of concrete or separation of concrete and steel.
However, in CFT columns, the concrete will remain in contact with the
concrete wall as the concrete cracks to prevent over-expansion of the
concrete wall. Therefore, the concrete core transmits lateral buckling
modes to the outside, so thinner steel sections are used to ensure that
the yield strength reaches the wall before buckling occurs.
3.1.4.

High confinement in concrete

Steel sections increase the enclosure in the concrete core and
consequently increase the strength and ductility in the concrete. Due
to the cross-sectional shape and the created ring tension or belt
tension, the circular sections of the CFT (CCFT) columns form more
confinement than the rectangular sections of the CFT (RCFT) and SRC
sections.
3.1.5.

Save on construction costs

In CFT, the steel tube plays the role of a durable formwork for the
concrete, which reduces human and material costs. CFT construction
speed is much faster, especially in medium to high-rise buildings. The
cost of the members themselves is much lower than that of a steel
structure, with the cost of CFT almost equal to the cost of reinforced
concrete members. Also, compared to steel flexural frame, in nonbraced CFT frame, the saving of steel increases with increasing
classes. Relatively simple connection details of the beam to the can
column can be used. This reduces costs and simplifies design.
With high-strength concrete, CFTs are stronger per square foot than
conventional reinforced concrete columns. Where high strength is
desired, a smaller column size can be designed to increase the useful
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A current structures complication in Functionally Graded Materials FGM is the analysis of
the distribution of the displacement and thermal stresses in the original thickness. The
interest of this study is the analysis of thermoelastic behavior of the bending of sandwich
plates FGM using third-order plates of travel theories (TSDPT) and sinusoidal theory (SSDPT).
In this article we use a type of sandwich plate FGM «Type: Metal / Ceramic / Metal» composite
materials. It is assumed that the material properties and the coefficient of thermal expansion
of the plate vary continuously in the thickness direction according to a simple power law
distribution function of the volume fraction of the components. We can say that the proposed
theory is accurate and simple to solve the thermoelastic behavior of the bending of FGM
sandwich plates.

1.

2.

Introduction

Many natural environments exhibit unidirectional and continuous
variations in their elastic properties. Living tissue, the earth's crust,
the oceans and even cortical bone are some of them. Drawing their
inspiration from the nature that surrounds them, the scientists
(researchers and engineers), preferred the advantages of this type of
material in terms of mechanical behavior and this is how we quickly
appear, in the years 1980, the graded materials evaluated
(Functionally Graded Materials "FGM"[1]. They make it possible, for
example, to reproduce the structural and material properties of
biological tissues such as bone at different stages of its development
(growth, aging or pathology).
Functionally Graded Materials (FGMs) are a type of composite material
produced by continuously changing the volume fractions in the
thickness direction to obtain a well-defined profile. These types of
materials, have received much attention recently due to the
advantages of decreasing the disparity in material properties and
reducing thermal stresses [2]. Continuous variation of mechanical
properties confers on the material. optimized behavior. FGMs are
particularly used in high technology applications: aeronautics,
aerospace, nuclear, semiconductors, and in Civil Engineering and also
find biomedical applications [3].
In this paper, an associated theory of shear and strain of sandwich
plates is developed for the analysis of thermoelastic bending of
sandwich plates made of FGM. This theory is simplified by the
application of the boundary conditions of free traction to the plate.
The effects of shear deformations are all included for sandwich plates
in FGM are presented. The effects of the temperature field on the
normal stresses and the tangential stresses of the sandwich plate in
FGM are studied.

Theoretical Approach

Let us take the case of an FGM plate sandwich composed of three
heterogeneous microscope layers as shown in Figure 1. Several
hypotheses aimed at simplifying the complexity of the problem are
introduced. Those are:
(*) The surface layers of the plate are of graded gradation materials
having material properties varying in the z direction (thickness).
(*) The core layer is made of a homogeneous isotropic material.
(*) The plate is symmetrical compared to the median plane z = 0.
(*) The lower and upper layer of the plate is completely made of metal.
(*) The central layer is an entirely ceramic layer.

z
Ceramic
y

x

Figure 1. The dimensions of the sandwich plate FGM rectangular.
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The effective material properties for the layers, such as Young's
modulus, Poisson's ratio, and coefficient of thermal expansion, can be
expressed as:

E (n)( z )  E



m  Ec  Em



Table 1. The effect of the dimensionless deflection (w) for different
FGM sandwich plates (T3 = 0).
k

V (n)

Numerical results are shown in Table 1 using different plaque
theories. We report the values of the dimensionless maximum
deflection in the center of the plate for the different types of FGM
plates and different values of the material index "n". The thermal
loading is assumed to vary linearly through the thickness (T3 = 0).
Numerical results are shown in table 1 using different plaque theories.
We report the values of the dimensionless maximum deflection in the
center of the plate for the different types of FGM plates and different
values of the material index "k".
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Where Ec and Em are the corresponding properties of the ceramic and
metal.
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Figure 2. Displacement variation, stress and shear stress
0,5

2,8
2,6

0,3

2,2

T3=100
T3=0
T3=-100

2,0
1,8
1,6

w

T3=100
T3=0
T3=-100

0,4

T3=100
T3=0
T3=-100

0,4

2,4

0,2

0,2
0,1

1,4

z/h

1,2

0,0

z/h

0,0

-0,1

1,0

-0,2

-0,2

0,8
0,6

-0,3

0,4

-0,4

0,2

-0,4

-0,5

0,0
0

2

4

6

8

10

a/h

12

14

16

18

20

-3,0 -2,5 -2,0 -1,5 -1,0 -0,5 0,0

 xx

0,5

1,0

1,5

2,0

2,5

3,0

0,0

0,2

0,4

0,6

0,8

1,0

 xz

Figure 3. Distribution of normal stress and shear stress across the thickness of the FGM sandwich plate for (n = 1.5).
In the Figure 2, shows that the variation of displacement (w) decreases
compared to the thickness (z/h) for the plates in FGM. The decrease is
between those of ceramic plates (Al2O3) and metal (Al). It can be
observed that the deflection of the metal-rich FGM plate is greater
compared to the ceramic plate.
Contains the graph of the axial stress ( xx) through the thickness (z/h)
of the thick plates in FGM. The stresses are in tension above the
median plane and in compression below the median plane. It is
important to observe that the maximum stress depends on the value
of the exponent of the volume fraction k.

The transverse shear stresses ( xz) have been plotted through the
thickness distribution (z/h). The maximum value occurs at a point on
the median plane of the plate, and its range for a thick FGM plate is
greater than, for a homogeneous plate.
In Figure 3, shows the effects of the ratio of the thickness (a/h) on the
non-dimensional displacement power plant (w) for the FGM plate and
which subjected to a non-uniform temperature distribution field. It
can be seen that the thickness ratio effect and the elongation effect
are expressed as the displacement variation (w) of the plate under the
uniform temperature distribution T3 = 100; and it is less pronounced
at the non-uniform plate of temperature T3 = -100. But when T3 = 0,
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the displacement in the center of the plate takes intermediate values
between non-uniform and uniform of the thermal plate.
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The thick-walled homogeneous vessel subjected to uniform internal pressure was analyzed
considering finite strains to calculate the capacity increase due to work hardening behavior
with respect to the Elastic-Perfectly-Plastic material model. The assumptions of linear
isotropic work hardening and Tresca yield criterion are employed to model the material
behavior in the plastic zone of the container. Green strain tensor including the second order
terms is calculated in Cartesian coordinate system and transformed to polar coordinate
system by considering -independent components due to the axisymmetric conditions of
loading, geometry, mechanical properties and boundary; consequently, a nonlinear
compatibility equation in the plastic zone of the tanker is derived. The numerical results
show that the behavior of the vessel made of the material with the linear isotropic strain
hardening behavior is improved and its capacity is increased.

1.

Introduction

A pressure vessel is a container used to hold gases (or liquids) at a
pressure higher than the ambient pressure. In the chemical plants
and petroleum refineries, the high pressure vessels are required.
Mostly, pressure vessels with shapes made of sections of cylinders,
spheres and cones are used. A common design is a cylinder with
torispherical or hemispherical end heads. This form is much easier to
construct and analyze and safer to operate. The elastic design of
pressure vessels is uneconomical because of the required high
internal pressure; therefore, the through-thickness plastic
propagation occurs in the thick-walled pressure vessel.
In isotropic strain hardening behavior, the shape of the yield surface
expands with increasing stress, but the shape will be remained the
same. In the uniaxial loading case, a specimen deforms to the yield
point and then will harden. In the case of a material with ElasticPerfectly-Plastic behavior, when the stress reaches the yield point,
plastic deformation will occur, but the stress level will remain at the
yield stress level. When the stress level decreases, the elastic strain
relief will occur. In the case of the isotropic strain hardening material
model, when the yield point is reached, the stress will be increased to
produce more plastic strain. If the stress level remains unchanged, no
further plastic deformation or elastic strain relief occurs. In contrast
to the isotropic strain hardening material model, plastic deformation
or elastic strain relief occurs in the Elastic-Perfectly-Plastic material
model if the stress level remains unchanged. The hardening rule
explains the way the yield surface changes with plastic deformation.
In the isotropic strain hardening model, the yield points in
compression and tension are initially the same. The yield surface is
symmetrical about the stress axes, therefore the yield points in
compression and tension remain the same while the yield surface
develops with plastic strain.
An efficient analytical solution of thermo-elastic behaviour of multilayered spherical pressure vessel was developed [1]. An analytical

procedure based on calculus of variations is used for the shape
optimization of a pressure vessel [2]. The Ritz method is employed for
the stress and deformation analyses of standard pressure vessels
made of orthotropic material [3]. The temperature dependence of the
relevant properties of steel and aluminum is considered to calculate
the elastic limits of functionally graded material pressure vessels
under combined thermo-mechanical loads [4]. An overview of test
standards and regulations relevant to the fire testing of pressure
vessels is presented [5]. Some analytical solutions in the classic
problems of exact solutions for stresses in functionally graded
pressure vessels are corrected [6]. A new concept for modular
composite pressure vessels is developed countering the
disadvantages of the common monolithic design [7].
In the present work, an elastoplastic analysis of a cylindrical, thickwalled, internally pressurized container made of homogeneous
material with linear isotropic strain hardening behavior is performed.
A nonlinear compatibility relation for plastic strains under
axisymmetric conditions is derived by satisfying the Tresca yield
criterion based on Green strains. The improvement in behavior and
the increase in capacity are observed.
2.

Governing Equations

The governing equations are derived considering axisymmetric
conditions of geometry, mechanical properties, loading and boundary
conditions. The equilibrium equation for elastic or plastic zones of the
cylinder is simplified and written in Eq.(1).
𝜎 𝑟

𝜎 𝑟

𝜎 𝑟 ⁄𝑟

0

1

The compatibility equation for elastic zone of the cylinder is given in
Eq. (2).
𝜀 𝑟

𝜀 𝑟

𝜀 𝑟 ⁄𝑟

0
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The parameters 𝜎 𝑟 and 𝜀 𝑟 are radial stress and radial strain;
moreover, the parameters 𝜎 𝑟 and 𝜀 𝑟 are circumferential stress
and hoop strain respectively. Moreover, 𝜎 𝑟 and 𝜀 𝑟 are the first
derivatives of 𝜎 𝑟 and 𝜀 𝑟 with respect to 𝑟 , respectively.
0, and Hooke’s law in
Considering the plane strain condition, 𝜀 𝑟
the elastic zone, we get
𝜀 𝑟

1

𝜀 𝑟

𝜈 𝜎 𝑟

𝜈 1

𝜈 𝜎 𝑟 ⁄𝐸

𝜈 1

𝜈 𝜎 𝑟

𝜈 𝜎 𝑟 ⁄𝐸

1

3
4

The finite strain in the Cartesian coordinate system can be obtained
as follows:
𝐸

𝑢

1
𝑢
2

,

𝑢

,

5

,

In the Cartesian coordinate system, the displacements 𝑢 and 𝑢 in
the plastic zone are determined. These displacements can be obtained
in the polar coordinate system.
𝑢

𝑢 𝑐𝑜𝑠𝜃

𝑢 𝑠𝑖𝑛𝜃

6

𝑢

𝑢 𝑠𝑖𝑛𝜃

𝑢 𝑐𝑜𝑠𝜃

7

By substituting Eq. (6) and Eq. (7) into Eq. (5) and applying the chain
rule, the plastic finite strains in the polar coordinate system for
axisymmetric conditions are obtained as follows:
𝜀

𝑢

𝜀

𝑢
𝑟

𝑢,
2

8

1 𝑢
2 𝑟

9

,

A nonlinear compatibility equation for the plastic zone of the cylinder
is calculated from Eq. (8) and Eq. (9).
𝜀

𝜀

𝑟

1

𝑟

2

4𝜀

10

The effective stress of vessel subjected to internal pressure is
calculated based on Tresca yield criterion as follows:
|𝜎

𝑟 |

|𝜎 𝑟

𝜎 𝑟 |

𝜎

11

The differential increment of plastic strain is calculated in Eq.(12).
𝑑𝜀

𝑑𝜎

12

𝑑𝜀

ℎ

𝜕𝑓
𝜕𝜀

𝑑𝜅

3.

𝑑𝜀 𝑑𝜀

𝑟𝜎

Formulation

𝑟

3𝜎 𝑟

𝐹 𝜎

𝑓 𝜎 ,𝜅
𝜎 𝑟

𝐹 𝜎

𝜎 𝑟

𝜎 𝜅 ⁄2

0

14
15

2

𝑛 𝑑𝜀 𝑑𝜀 𝐹 𝜎
𝜎

18

19

𝜎 𝑟

where 𝑐 is a radius between 𝑎 and 𝑏. The plastic strain at radius 𝑐 is
vanished. Integrating from Eq. (17) for 𝑎 𝑟 𝑐, one has
𝜀 𝑟

𝜀 𝑟

20

0

By considering Eq. (10) and Eq. (20), the plastic circumferential strain
can be calculated explicitly.
𝑙𝑛 𝜀 𝑟
𝑐
𝑙𝑛
𝑟

𝑎𝑟𝑐𝑠𝑖𝑛 2𝜀 𝑟
𝜋
𝑖
8

𝑎𝑟𝑐𝑡𝑎𝑛ℎ

1

4𝜀 𝑟

.

21

in which the parameter i is the square root of -1. After numerically
calculating the circumferential plastic strain from Eq. (21), the radial
plastic stress can be calculated by combining the equilibrium equation
and Eq. (17) as follows:
𝐻 𝜀 𝑟
𝑑𝑟
𝑟

𝜎 𝑟

𝐶 𝑙𝑛 𝑟

22

𝐶

The integration constants are obtained by satisfying the boundary
condition at the inner radius and the continuity of the elastic and
plastic radial stresses at 𝑟 𝑐.
𝑙𝑛

𝐶

𝑎
𝑐

𝑙𝑛 𝑎
2𝑙𝑛 𝑎⁄𝑐

𝜎
1
2

𝑐
𝑏

𝐼 𝑐

𝑐
𝑏

1

2𝐼 𝑐

𝜎

𝐼 𝑎

23

𝑃

𝑙𝑛 𝑐
𝑙𝑛 𝑎⁄𝑐

𝐼 𝑎

𝑃

24

where the parameter 𝑃 is the internal pressure. The function 𝐼 𝑟 is

16

𝜕𝐹 𝜕𝐹
𝜕𝜎 𝜕𝜎

The parameter 𝑛 for Tresca yield criterion is 1. The differential
increments of the plastic strains in the radial and circumferential
directions have been calculated.

25

𝐻 𝜀 𝑟
𝑑𝑟
𝑟

𝐼 𝑟

The internal pressure can be obtained by considering the continuity
of the elastic and plastic circumferential stresses at the radius 𝑐.
𝑃

The equivalent plastic strain is
𝑑𝜀

0

The inner radius and outer radius of the cylinder are a and b,
respectively. The plastic zone is established from inner radius and
spreads toward the outer radius. By applying the boundary condition
and Tresca yield criterion, the radial stresses of the elastic zone for
perfectly plastic or work hardening models are calculated as follows:

13

Based on the theory of associated plasticity, the potential, yield, and
stress functions are
𝑔 𝜎 ,𝜅

17

The differential equation of the elastic zone for cylindrical tanks is
derived by combining the equilibrium and compatibility equations
with Hooke's law as follows:

𝐶

𝜕𝑔 𝜕𝑔
𝜕𝜎 𝜕𝜎

𝑑𝜎
𝐻

The parameter 𝐻 is the slope of the stress-strain curve for uniaxial
tensile loading in the plastic region.

where the parameter ℎ is introduced in Eq. (13).
𝜕𝑓 𝜕𝑔
𝜕𝜀 𝜕𝜎

𝑑𝜎

𝑑𝜀

𝜎

𝑙𝑛

𝜎
1
2

𝑐
𝑎

𝑐
𝑏

𝐼 𝑐

𝐼 𝑎

26

In the case of the perfectly plastic model (𝐼 𝑟
0), the capacity of the
pressure vessel when 𝑐 approaches 𝑏 is given by
𝑃

𝜎

𝑙𝑛

𝑏
𝑎

27

The increase in the capacity of the pressure vessel by considering
isotropic strain hardening based on Green strain is
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28

𝐻 𝜀 𝑟
𝑑𝑟
𝑟

4. Results and Discussion
The circumferential strain against various amounts of the
parameters 𝑎 and 𝑏 is shown in Fig. (1). Fig (2) and Fig. (3) demonstrate
the plastic strain field in dimensionless coordinate system. The
increment in capacity of the pressure vessel made of steel with
2400 𝑘𝑔⁄𝑐𝑚
mechanical properties 𝐸 2 10 𝑘𝑔⁄𝑐𝑚 and 𝜎
for various amounts of 𝑎 and 𝑏 is depicted in Fig. (4). The elasticity
modulus and yield stress are shown by the symbols 𝐸 and 𝜎 ,
respectively. In this work, by approaching 𝑎 to 𝑏, the increment of the
pressure vessel capacity approaches to zero; consequently, the effect
of the strain hardening on the capacity of the thin-walled cylindrical
tanker is negligible. According to Fig. 4, for constant amount of the
radius 𝑏, the capacity increment of the pressure vessel is increased by
increasing the thickness of the thick-walled cylindrical tanker.

Figure 4. The capacity increment (𝐻 ⁄𝐸

0.5%)

5. Conclusion
An elastoplastic analysis of a cylindrical, thick-walled, internally
pressurized reservoir made of homogeneous material with linear
isotropic strain hardening behavior is conducted. A nonlinear
compatibility relation based on Green strain assumptions for plastic
region under axisymmetric conditions of loading, geometry,
mechanical properties and boundary conditions is derived by
satisfying the Tresca yield criterion. The improvement in behavior
and the increase in capacity are observed. It is shown that for
constant amount of the outer radius, 𝑏, the capacity increment of the
pressure vessel is increased by increasing the thickness of the thickwalled pressure vessel.

Nomenclature
Figure 1. The circumferential strain for various 𝑏

Figure 2. The radial strain against ratios of 𝑎/𝑏

𝑎
𝑏
𝜎
𝜎
𝜀
𝜀
𝐸
𝑢
𝑢
𝑢
𝑢
𝜎
𝜎
𝜀
𝑓
𝑔
𝐹
𝑑𝜀
𝑃
v
Δ𝑃
𝐻
𝐸
𝑐

: Inner radius of the cylinder
: Outer radius of the cylinder
: Radial stress
: Circumferential stress
: Radial strain
: Circumferential strain
: Green strain in 𝑥 direction
: Displacement in 𝑥 direction
: Displacement in 𝑦 direction
: Displacement in 𝑟 direction
: Displacement in 𝜃 direction
: Effective stress
: Yield stress
: Plastic strain tensor
: Stress function
: Potential function
: Yield function
: Equivalent plastic strain
: Internal pressure
: Capacity of the pressure vessel
: Increment of the capacity
: Slope of the stress-strain curve
: Elasticity modulus
:Radius of the plastic deformation initiation
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In this study, the results of vibration analyses applied to an icon timber building,
Turşucuzade Pavilion, is presented. The structure is still under construction to recreate its
original form. For this reason, as the first step of an ongoing project, the dynamic properties
of the structure are investigated when the timber frames are completed. Operational modal
analysis is pursued to extract its dynamic properties such as mode shapes and dominant
frequencies of the incomplete building. Three Kinemetrics accelerometers are used with two
sets of measurement. They have been located on the centroid of first floor, second floor and
roof level of the building at the first set for mode shapes and dominant frequencies. Then
records were gathered from three corners of second floor to obtain the torsion mode. Thereby
dynamic characteristics of the incomplete timber building were extracted and evaluated.

1.

Introduction

The wooden buildings of Turkey are the products of thousands of
years of cultural heritage of people who live in this region. There are
many distinctive styles of traditional architecture in Turkey [1].
Cultural and social factors, material availability, and climate are the
main factors forming the historical and traditional environments [2].
The Turkish Ottoman-style house with its tiled roof and overhanging
timber and brick bays above a heavy stone first floor wall, has become
an identifiable icon recognized worldwide [3].

reinforced concrete structural system. Finally in 2016 the building
was decided to be reconstructed with its original structural system.
Detailed studies were conducted for its restitution and restoration
projects [6]. After that, the reinforced concrete system was demolished
and the construction of timber building was started. Figure 1 shows
reinforced concrete form of the pavilion and its plan dimensions and
shape with used terminology.

In high seismicity zones timber was generally used to build frame
structures. Masonry was restricted to the ground floor, and lighter,
more flexible wood construction was used above [4]. The configuration
of the bracings reflects the layout of the structural system of
contemporary steel structures. In this respect, timber buildings can
be assumed as the precursor of this branch of modern engineering.
Aras (2013) [5] studied the timber framed structures and details of
hımış and bağdadi construction techniques were presented.
Today in Turkey the number of timber structures abounds, but most
are in danger of losing cultural characteristics despite recognition as
cultural heritage. On the other hand, increasing public awareness has
resulted in promising developments for timber buildings. Recently,
the attempts of municipalities and governorships for the protection
of historical structures have attracted attention. The Istanbul
Metropolitan Municipality especially has spent funds and valuable
care on the historical structures of the city. This study was initiated
over one of the reconstruction project of an icon timber pavilion,
Turşucuzade Pavilion, managed by the Istanbul Metropolitan
Municipality.
Turşucuzade Pavilion is located on the heart of the historical
peninsula of Istanbul. Hagia Sophia Mosque Museum, Blue Mosque,
Yerebatan Cistern and Historical Hippodrome are located in its
neighborhood. It was built in 19th century as a timber structure.
However, in 1990, it was demolished and reconstructed with

Figure 1. Reinforced concrete form of Turşucuzade Pavilion and its
plan
This study is presented as the first step of an ongoing research which
includes monitoring of dynamic properties of Turşucuzade Pavilion
during its reconstruction. The reconstruction of the studied building
is still continuing. The reported vibration measurements are taken
from building when the timber frames are completed. In this respect,
detailed information is given below. Operational modal analysis is
pursued to extract its dynamic properties such as mode shapes and
dominant frequencies of the incomplete building. Three Kinemetrics
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accelerometers are used with two sets of measurement. They have
been located on the centroid of first floor, second floor and roof level
of the building at the first set for mode shapes and dominant
frequencies. Then records were gathered from three corners of second
floor to obtain the torsion mode. Thereby dynamic characteristics of
the studied building were extracted and evaluated. During the
measurement the constructional works were in progress.
2.

The Studied Pavilion during the Vibration Measurements

Turşucuzade Pavilion is a three story pavilion but it contains a
penthouse on the staircase. Structural system of the pavilion is
completely timber and the performed reconstruction aimed to rebuild
it with its original characteristics. On the other hand, the foundation
of the pavilion was constructed with as a combination of reinforced
concrete and steel materials in order to eliminate the negative effects
of soft soil propertied on the building. The acceleration measurements
were gathered from the pavilion on 03.07.2017 when the construction
works were continuing. Figure 2 shows the pavilion under
construction on 03.07.2017.
On this date, the main structural elements, such as columns, beams
and braces, were almost erected. The first and second story floor slabs
were completed. The third floor slab’s main girders were placed but
slab covers and roof elements were not placed yet. Figure 3 and Figure
4 shows details of structural system of the pavilion.

Figure 2. Turşucuzade Pavilion under construction on 03.07.2017

3.

Acceleration measurements for modal identification

Three Kinemetrics, TSA-SMA accelerometers, with three sensors
oriented along with X, Y and Z directions, were used for data
collection. The linear acceleration range of each sensor is +-4 g. Each
accelerometer has its own data storage unit and works separately
without a mutual data acquisition system. The required
synchronization for the dynamic identification is provided by GPS
(Global Positioning System) antenna. The acceleration records
gathered by three accelerometers at the same time are analyzed for
mode extraction.
For the purpose of dynamic identification in the studied structure,
two sets of measurements are taken. In the first measurement, three
accelerometers are located on the area in front of stair case at each
story. This location is necessitated by the uncompleted slabs of the
third floor. The first set of measurement can give mode shapes of the
structure through its height. In the second measurement three
accelerometers are located on the three corners of the second floor.
Thereby the torsional mode of the building was aimed. Figure 5 shows
the used accelerometers during the second set of measurement.
The modal parameter estimation of a structural system based on its
vibration response is very important and many signal processing
techniques have been developed and validated. These techniques are
ranging from frequency domain algorithms based on the Fourier
transform, such as peak pick (PP) and frequency domain
decomposition (FDD), to time domain algorithms, such as the
Eigensystem realization algorithms (ERA) and the stochastic system
identification (SSI) [7, 8]. The frequency domain methods are the most
practical methods to apply existing civil structures [9]. In this study,
PP method is preferred, since presentation of the signal in frequency
domain indicates the dominant frequencies. Moreover, modal
displacement in each dominant frequency is computed as the square
root of the power density of the signals [10]. In that respect PP is a
practical approach for modal identification.
Figure 6 shows the frequency domain presentation of the signals
taken from the first set of measurement. As it is seen along with X and
Y direction, two mutual dominant frequencies are detected as 2.65 Hz
and 3.46 Hz between 0 and 5 Hz. This finding prove that at these
frequencies the structure has modal displacements in both X and Y
directions. Thereby, it can be concluded that these modes are torsional
modes. The third dominant frequency of the structure in X direction
is determined on 5.81 Hz, while it is on 5.12 Hz in Y direction.
The power of the signals on at the dominant frequencies can be used
for mode shape extraction. Although, the first two mode shapes of the
studied uncompleted timber structure were composed of torsional
modes and they can be drawn to elaborate the variation of modal
displacements. In that respect, the first mode shape of the structures
is presented in Figure 7.

Figure 3. Foundation and slab system of Turşucuzade Pavilion

Figure 5. Accelerometers on the corners of the second floor
Figure 4. Structural timber elements in Turşucuzade Pavilion
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Figure 6. Frequency domain representation of the signals recorded
through the height of the structure
Figure 8. Frequency domain representation of the signals recorded
on the second floor of the structure

4.

Conclusions

Presenting the first step of an ongoing research which consists of
monitoring of dynamic properties of Turşucuzade Pavilion during its
reconstruction, this study determined the dynamic characteristics of
the uncompleted structure. Two sets of measurement were used in
dynamic identification, when the constructional works were
continuing.
In the first set of measurement three accelerometers were located
through the height of the structure, on three floor levels. The
determined mode shapes indicated that the dynamic behavior of the
uncompleted structure is composed of torsional modes.
In the second set of measurement, three accelerometers were located
on three corners of the second floor. The results also showed torsional
behavior of the structure. Furthermore, it is determined that,
diaphragm action on the second-floor level does not exist.

Figure 7. Extracted mode shapes at 2.65 Hz in X and Y directions
FFT presentation of the signals, are shown in Figure 8 for the second
set of measurement. As it is seen, Corner A and Corner B have the
same dominant frequency and close enough power along with X
direction, while the same is valid for Corner B and Corner C along with
Y direction. Moreover, Corner A’s frequency representation is similar
to that of Corner C in X direction. These results reveal that, X mode of
the structures is formed by the movement of A-B sides of the building
at 2.52 Hz. At this mode Corner C does not move. This is an indication
of torsional behaviour. The same interpratation is valid for the Y
mode at 2.531 Hz as the movement of B-C side but not Corner A.
Finally, at 2.666 Hz all corners move along with Y direction. All these
results indicate the torsional behavior of the structure. Moreover,
different dominant frequencies obtained the corners can be the sign
of non-rigid slab properties.

The construction of the pavilion is still ongoing. There was scaffolding
around the building (Figure 9). After its removal, more detailed
dynamic measurements will be performed to determine the dynamic
properties of the completed pavilion. The interpretation of the results
altogether will give valuable knowledge about the dynamic behavior
of timber structures.

The obtained dominant frequencies are also different from that
obtained in the first set of measurement. All the measurements were
recorded while the constructional works were in progress. For this
reason, there were many source of vibration. The previous studies
revealed that the magnitude of the vibration affects the dominant
frequencies of the structures [11].

Figure 9. The reconstrcuted Turşucuzade Pavilion with the
surrounding scaffolding system
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In hot-mix asphalt concrete, bitumen is used as the adhesive, and this material has a
significant effect on the performance of mixed asphalt. In this study, Gilsonite, as a part of
bitumen and modifier, has been studied in order to improve the performance of mixed
asphalt. Indirect tensile tests were performed on hot-mix asphalt samples with different
amounts of Gilsonite and aged for each of the samples with long-term aging, short-term
aging, and non-aging. The results show an increase in tensile strength and vertical
compressive stress due to increasing the amount of Gilsonite, also in long-term aging, the
highest tensile strength and vertical compressive stress are obtained. In examining the
results of toughness and fracture energy, aging reduces both.

1.

Introduction

Bitumen used in asphalt mixtures is composed of organic compounds
such as asphaltene, maltin and resins. Due to their polar nature,
asphaltenes react with oxygen to produce carbonyl and sulfoxide
compounds, which harden bitumen, increase hardness and viscosity.
This process is called aging. In other words, the change in bitumen
properties over time is called the aging of the asphalt mixture[1].
Aging is not a type of damage, but it does expose the asphalt mixture
to damage such as cracking and stripping. Due to the increasing
prices of petroleum products and limited resources, we must look for
an economical and effective way to maintain the current asphalt, and
by examining the main factors that overshadow the aging of asphalt
can be the aging process delayed. As a result of aging, the asphalt
mixture becomes harder and more brittle and loses its adhesiveness
and flexibility, which is the most prominent feature of asphalt
pavements, to a considerable extent. The most essential mechanisms
are evaporation of volatile gases, reaction with oxygen, physical
hardening due to molecular change and separation of bitumen and
aggregate phases, and leakage and porosity. In general, there are two
types of methods for applying aging: It is aging in bitumen, and
Applying aging in a mixture of bitumen and materials. The aging of
asphalt mixture is affected by both the type of bitumen and the type
of materials. Aging of bitumen alone is not suitable for predicting the
performance of the mixture, and the type of aggregate also affects this
process. Asphalt aging generally occurs in two short stages, during
mixing, transport, spreading, and compaction of asphalt, and longterm aging, which occurs gradually because the bitumen hardens
during service. The short-term aging that occurs during fabrication
and execution is mainly related to oxidation and evaporation. Longterm aging that occurs during service is often associated with
oxidation and physical hardening. Oxidation is the irreversible and
permanent hardening of bitumen. Oxidation aging is an irreversible
reaction between bitumen components and oxygen in the air and can
occur during mixing, application, and service life. The aging in the
laboratory is simulated according to the ASSHTO R30-2 test protocol.
For short-term aging, the asphalt mixture is kept in the laboratory at
154 ° C for two hours or at 135 ° C for four hours in the oven. For longterm aging, the asphalt mixture is kept in the oven at 85 ° C for 120
hours (five days)[2].

In 1961, Traxler identified the causes of bitumen aging as oxidation,
loss of volatiles, time that changes the structure of bitumen,
polymerization due to light radiation, especially ultraviolet rays, and
compression polymerization[3].In 1984, Petersen attributed aging in
bitumen was achieved by the loss of oily (petroleum) substances due
to evaporation or adsorption, changes in the composition of bitumen
due to reaction with oxygen in the atmosphere, and changes in the
molecular structure that causes thixotropic changes[4]. One of the
well-known experiments to simulate fatigue and creep fractures is
the indirect tensile strength (ITS) test. Many researchers use this test
to evaluate the failure as well as the moisture sensitivity and fatigue
life of asphalt samples. This test is essentially a diagonal compression
test in which a cylindrical specimen is subjected to a compressive
force applied to a lateral surface. This loading method creates tensile
stresses along the loading diameter. Initially, there was no specific
standard for measuring indirect tensile strength; however, in 2007, a
standard method was developed exclusively for measuring the
indirect tensile strength of asphalt mixtures under the name of
ASTM-D6931-07[5]. Islam et al. investigated the effect of aging on the
strength properties of asphalt mixtures using an indirect tensile
strength test and concluded that aging increases the indirect tensile
strength of aged samples. Also, one-day aging in the laboratory by the
oven is equivalent one year of aging is in place[1]. Thomas et al.
Studied the effect of aging on indirect tensile strength and concluded
that the indirect tensile test is a cost-effective test in terms of sample
preparation and collection both in the laboratory and on site, as well
as data analysis[6]. An indirect tensile strength test can measure the
resistance capacity of hot-mix asphalt against crack growth at low
temperatures, and the results can be used as a parameter in the
design. However, the service life of asphalt can be influenced by other
parameters. Such as aging, moisture, freeze-thaw cycle. The effect of
humidity, as well as the effect of thawing and freezing cycle by
researchers on indirect tensile strength, has been done[7, 8]. By adding
polyester fibers to the asphalt mixture using indirect tensile testing,
Anurag et al. Examined parameters such as toughness and indirect
tensile strength and concluded that the fibers increase the values of
both parameters[9]. Montreo et al. Investigated the effect of
nanomaterials on damage caused by aging and moisture by using an
indirect tensile strength test on an asphalt mixture and concluded
that nanoclay performed well against aging and nano-iron performed
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well against moisture damage[10]. However, few studies have been
performed on the effect of aging using indirect tensile tests and the
effect of additives on asphalt mixtures. In this paper, the effect of
gilsonite is studied as a part of petroleum bitumen on short-term and
long-term aging of hot-mix asphalt in laboratory. Also, the
parameters such as indirect tensile strength, toughness, fracture
energy and vertical compressive stress have been investigated.

2.

Materials Used

2.1.

Aggregates

2.3.

Gilsonite is a natural resinous hydrocarbon that is used in this
research. Generally, if bitumen reaches the ground surface through
cracks and fractures, it will form a natural bitumen lake, and if it stays
as a closed mass near the surface, it will gradually solidify and oxidize,
and transform to a hard solid substance called Gilsonite. The Gilsonite
used in this research is provided by Sormak company, and its
properties are listed in Table (3)[11].

Table 3. Physical properties of gilsonite

Table 1. Specific gravities of aggregate (gr/cm )
3

Size fraction

Standard

Coarse aggregate

ASTM C
127

(12.5-2.36 mm)
Fine aggregate
Filler(<0.075 mm)

Apparent
specific
gravity

ASTM C
128
ASTM C
188

Bulk
specific
gravity

1

Ash Content wt%

10-15

2

Moisture Content wt%

≤3

3

Volatile Matter wt%

50

4

Fixed Carbon wt%

5

Solubility in CS2 wt%

65-75

6

Specific Gravity @25Cº

1.02

Color in mass
Color in streak or powder
Softening Point (Cº)
Penetration @ 25Cº, 10 -1
mm
Solubility in
trichloroethylene

2516

7
8
9

2655

2317

10

2295

2295

11

2423

The way the aggregate is distributed on the pavement layer is
determined according to the ASTM D 3515 standard, and the materials
grading curve is shown in Figure (1).
Applied Gradation
Lower Limit

Upper Limit

120
Passing Percent(%)

Result

2706

Specific gravity of aggregate blend

100
80
60
40
20
0
0.1
1
Sieve Size (mm)

10

100

Figure 1. Gradation curve
2.2.

Test

No

Aggregates used in this research are made of lime. By using the results
of tests, the physical and mechanical properties of materials are
determined, and listed in Table (1). The amounts of coarse aggregate
(2.36-19mm), fine aggregate (0.075-2.36mm) and fillers (less than
0.075mm) are 63%, 32% and 5% respectively.

0.01

Gilsonite

Bitumen

The bitumen used in this research is from the AC 85/100 type, and its
properties are listed in Table (2).
Table 2. Results of tests performed on asphalt cement (AC 85/100)
Test name

Average
values

Standard

Penetration, 25 °C, 100 g, 5 s (1/10mm)

91

ASTM D5

Softening point (°C)

48

ASTM D36

Specific gravity (25 °C, kN/m3)

1023

ASTM D70

Flash point (°C)

234

ASTM D92

Ductility, 25 °C, 5 cm/min

+100

ASTM D113

Loss on heating(wt)%

0.5 max

ASTM D6

3.

Test
Method

Black
brown
175-195

ASTMD3174
ASTMD3173
ASTMD3175
ASTMD3172
ASTM-D4
ASTMD3289
--------------ASTM-D36

0

ASTM-D5

62-72

ASTMD2042

28

Methods

Marshall specimen were utilized to perform the tests. First, in order to
specify the optimum bitumen content for aggregate, the Marshall test
was conducted according to ASTM D1559 Standard[12]. The optimum
bitumen content for NMAS of 12.5 mm was obtained as 5.9%, with 75
Marshall hammer hits to both sides of the specimens and an air-void
content of 4%. Before fabricating the specimens, graded aggregates
were placed in drying oven at 160-170 oC for 24 hours to be dried. The
bitumen needed to prepare the specimens was heated in the drying
oven at 145 oC before being mixed. Three samples were made for
asphalt mixture containing different percentages of gilsonite.
According to the World Road Association (PIARC), the Gilsonite powder
used to modify bitumen should be completely passed through the 50
sieves. Due to previous research and limitation in the use of gilsonite
up to 20% by weight of bitumen, in this study 0%, 5%, 10%, 15%, and
20% by weight of bitumen gilsonite was used [13-15]. Gilsonite powder
used in this study is passed through a 200 sieve, and after considering
different Gilsonite and bitumen mixing methods by researchers, a
four-blade agitator with the rotational speed of 1000 RPM was used at
180 °C for 60 minutes to mix Gilsonite and bitumen [16, 17].
The AASHTO R30-02 standard is used to simulate the natural aging of
asphalt with a lifespan of 5 to 10 years. Short-term aging in this
standard is a simulator of aging that occurs during mixing,
transportation, and storage during construction and production, and
long-term aging simulates the performance of asphalt over many
years[2].
In this method for Short-term aging state, the mixture of aggregates
and bitumen in an unconcentrated state are subjected to aging as
follows: 1- Pour the mixture of aggregates and bitumen in a noncompacted state with a maximum thickness of 2 inches in the pan. 2Place the pan at 135 ° C for 4 hours. 3- The mixture should be stirred
every hour. Before describe the steps for long-term aging, it should
be noted that short-term aging is required before applying long-term
aging. 1. The loose mixture of aggregates and bitumen that have
already been subjected to short-term aging should be compacted by a
Marshall compaction hammer in 75 strokes on each side of the
sample. 2- After compaction, let the sample cool in the Marshall mold
for three hours, and then remove the sample from the mold by the
jack and let it stay at 25 ° C for 16 hours. 3- Now place the dense and
cooled samples at 85 ° C for 5 days and nights. 4. After five days,
remove the samples from the oven and let them cool for 16 hours at
room temperature (25 ° C). Do not touch the samples for 16 hours.
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Indirect tensile strength test is originally a diametric test in which
cylindrical specimens are put under the compressive forces exerted
on their lateral surface. Such loading causes tensile stress along the
loaded diameter. As a result, the specimen fractures along the loaded
diameter.
According to ASTM and ISRM Standards, experimented specimens
with diameter D and thickness H should have a ratio of D to H as 0.5.
The purpose of this research is to consider the properties of indirect
tensile of asphalt mixtures, including indirect tensile strength,
toughness, total fracture energy, and vertical compressive stress
along the cross-sectional diameter of the specimen[18, 19]. The
experiment is performed at 25 oC in the UTM device with 5mm/min
loading rate (Fig.3). Since the change in specimen diameter is aligned
with horizon, strain at any moment and consequently the horizontal
strain at failure moment can be calculated according to the strain
equation = L/L. The total fracture energy to failure is obtained by
knowing vertical displacement of forces (the area under the force
curve – vertical displacement) (Fig.2). Moreover, the following
equations indirect tensile strength, vertical compressive stress, and
fracture energy[20-22].
σx = 2P/πtd

As shown in the figure, the toughness is equal to the sum of the areas
A and B, which of course, if the vertical axis is in terms of force, we
must divide the sum of the areas by the area of the broken cross
section. In this experiment, the cross-sectional area of the fracture is
equal to the height of the sample multiplied by the diameter of the
sample, which is e Considering that in this experiment, the effect of
aging and Gilsonite percentage on the changes of four output
parameters, toughness, total fracture energy, horizontal tensile stress
and vertical compressive stress along the cross-sectional area of the
sample was investigated. The result is summarized in Tables 4, 5, and
6.
Table 4. Results of ITS tests on non-aging specimens
G.C
(%)
0
5
10
15
20

H.T.S
(MPa)
0.647
0.829
1.172
1.249
1.519

T
(MJ/m2)
3.652
4.797
5.478
5.559
5.247

T.F.E
(kJ)
23.423
30.610
35.433
36.300
33.911

V.C.S
(MPa)
1.941
2.486
3.517
3.747
4.557

(4)

σy= 6P/πtd

(5)

Gf= Area/t.d

(6)

Table 5. Results of ITS tests on short-term aging specimens

x (Pa): indirect tensile strength, P(N): applied load, t(m):m the
thickness of the test specimen, d(m): diameter of the specimen, y(Pa):
vertical compressive stress, Area: area under the load –displacement
curve, Gf (J/m2): fracture energy

G.C
(%)
0
5
10
15
20

H.T.S
(MPa)
0.761
0.954
1.199
1.302
1.554

T
(MJ/m2)
3.844
4.494
4.843
5.105
4.757

T.F.E
(kJ)
24.278
28.000
31.020
32.585
30.754

V.C.S
(MPa)
2.282
2.863
3.598
3.906
4.662

Table 6. Results of ITS tests on long-term aging specimens
G.C
(%)
0
5
10
15
20

Figure.2. Definition of toughness and fracture energy[9]

4.

Results and discussions

Given that the UTM machine transmits the results in the form of
force-displacement and indirect tensile-displacement stress (Fig.2),
the horizontal axis of this diagram represents the vertical, and its
vertical axis represents the force (as shown in the figure). The vertical
diagram can also be in terms of pressure) and, as shown in the figure,
the total failure energy parameter is equal to the area under the
diagram to the extent that the vertical deformation is twice the
vertical deformation of the specimen when under maximum force.

Long–term aging

Figure 3. Scheme of the UTM device and how to
fracture the samples

H.T.S
(MPa)
0.768
0.978
1.303
1.515
1.876

T
(MJ/m2)
4.320
4.369
4.257
4.356
4.130

T.F.E
(kJ)
24.704
27.011
27.502
28.023
26.571

V.C.S
(MPa)
2.304
2.935
3.908
4.546
5.629

Examining Figures 4 and 5, it can be seen that increasing the values
of Gilsonite in the asphalt mixture increases the tensile strength. Also,
in long-term aging, we see the highest amount of tensile strength of
1.876 MPa.Also, increasing the Gilsonite values increases the vertical
compressive stress, and the difference between the increase in tensile
strength and the vertical compressive stress Not-aging
increases with
increasing Gilsonite values. In samples without Gilsonite, both tensile
strength and vertical compressive stress are almost equal and in the
amount of 20% Gilsonite, the difference is the highest aging is 17%
and, 19%, respectively.
Gilsonite increases the resistance of asphalt mixture against aging.
The reason for this is the increase in hardness of asphalt mixture due
to the presence of Gilsonite and as a result, its greater resistance to
aging. Examination of the results shows that increasing Gilsonite by
up to 20% increases tensile strength and vertical compressive stress.
For results related to short-term aging without aging, up to 10%
Gilsonite, tensile strength and vertical compressive stress of samples
without aging less than the aging is short-term and in 10% of the
amount of Gilsonite is approximately equal and with increasing the
amount of Gilsonite in the asphalt mixture, no significant difference
in tensile strength and vertical compressive stress of samples with
short-term aging and non-aging is observed.
Examination of Figures 6 and 7 related to toughness and fracture
energy shows that except in samples without Gilsonite, in other cases,
Gilsonite reduces the toughness and fracture energy. This can be due
to the inflexibility and brittleness of the asphalt mixture due to the
presence of Be Gilsonite.
At 15% Gilsonite, we see the highest amount of toughness and fracture
energy. In general, with the increasing amount of Gilsonite, toughness
and fracture energy first, increase and then decrease. Only in samples
without Gilsonite, toughness and fracture energy in long-term aging
are slightly obtained in samples with short-term aging and no aging.
The reason for this is the increase in viscosity of bitumen due to
Gilsonite and thus increase the hardness of the asphalt mixture.
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2.1

Not aging
Short-term aging
Long-term aging

1.9
1.7
1.5

6.5
5.5
4.5
3.5
2.5

Not aging

1.5

Short-term aging
Long-term aging

0.5
0

5

10

15

20

Gilsonite content(%)

1.3
1.1
0.9

Figure 7. Effect of different amounts of gilsonite on vertical
compressive stress

0.7
0.5
0

5

10

15

20

Gilsonite content(%)

5.

Figure 4. Effect of different amounts of gilsonite on tensile strength

6.5
5.5
Toughness(MJ/m^2)

Vertical compressive stress(MPa)

Horizontal tensile stress(MPa)

By examining the manner and shape of failure of specimens, this
issue can be proved, so that in specimens with long-term aging during
the failure of the specimen is halved, but in specimens without aging
and in short-term aging, it is not halved during failure. Figure 3 shows
one batch of the non-aged asphalt sample and another batch of 120 h
are aged sample.

Conclusion

This study investigates the effect of Gilsonite and aging on hot asphalt
mix using indirect tensile test. Based on the findings of this study, it
is possible to predict reflective cracks and thus calibrate design
parameters by considering the effect of aging. However, further study
of different asphalt mixtures and a wide range of temperatures may
be more useful and comprehensive in forecasting, modeling, and
design. However, the results of this study are summarized below.
Gilsonite increases the tensile strength of asphalt mix. This increase
is high in samples with long-term aging.

4.5
3.5

The highest values of toughness and fracture energy were obtained in
samples containing 10% Gilsonite without aging.

Not aging

2.5

The values of toughness and fracture energy in samples without
Gilsonite in long-term aging are slightly higher than the toughness
and fracture energy of samples in short-term aging without aging.

Short-term aging

1.5

Long-term aging

0.5
0

5

10

15

20

Gilsonite content(%)
Figure 5. Effect of different amounts of gilsonite on toughness

40.5

With increasing Gilsonite values, tensile strength and vertical
compressive stress increase, but toughness and fracture energy,
except in samples without Gilsonite, first increase and then decrease.
The total fracture energy of all specimens is approximately a constant
coefficient from the fracture energy to the yield point, and aging, the
percentage of gilsonite in the bitumen, and the aggregate diameter of
the specimens do not have a significant effect on this coefficient.

Total fracture energy(kJ)

35.5
30.5
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Reinforcement of concrete structures is very important today. Several methods have been
proposed for retrofitting. One of these methods is the use of strong epoxy-based adhesives.
Using these adhesives, in addition to strengthening the concrete and repairing cracks in
concrete structures, the main components of the structure, such as beams and columns, can
be glued together well. This article examines the history of using epoxy adhesives and their
use in civil engineering. Then a product with the brand name "Megapoxy PM" is introduced
and its specifications are stated.

1.

Introduction

There is a new kind of concrete known as epoxy resin. It is strong,
fast-growing, rugged, and simple to build, but short-forming and
quick-drying. It also has exceptional energy efficiency.corrosion,
water abrasion, and chemical abr; as well as temperature abr all but
the cold-temperature resistant In manufacturing, polyester-modified
epoxy resin is commonly used.
Epoxy resin concrete is a form of engineering material used in
polymer concrete that has grown in popularity faster than others. In
the middle of the twentieth century, polymer concrete was used in the
construction industry in the United States. Polymer resin concrete
was first used to fix Portland cement concrete members in the 1970s,
mostly for road and bridge components [1-2]. The US government
spent a lot of time in the 1980s researching polymer resin concrete
and prefabricated polymer concrete, such as drainage parts, cellars,
cellar covers, and computer components, among other things [3].
Marinela, Barbuta, and colleagues investigated the mechanical and
physical properties of epoxy polymer concrete subjected to
temperatures of up to 250 degrees Celsius. When exposed to
temperatures below 250 ° C, epoxy polymer concrete has higher
mechanical properties than ordinary cement concrete, according to
the findings. Sadowski, S Czarnecki, and colleagues investigated the
height 3D roughness parameters of concrete substrates and epoxy
resin adhesion. The effects of curing temperature and hardener form
on the mechanical properties of bisphenol F-type epoxy resin were
investigated by Nan Ji Jin, Jaeheum Yeon, and colleagues [4-7].
In the United States, Japan, and Europe, studies primarily concentrate
on macroscopic mechanical properties and microstructural aspects of
polymer concrete materials.
China started researching and using polymer concrete in the midtwentieth century. However, in our country, research on epoxy resin
concrete is currently focused on the material's mechanical properties,
so epoxy resin concrete has a large research and development space.
[eight] The concrete temperature shrinkage coefficient curve was
drawn by Liu Keifei et al, who used their own independent research
and production of epoxy resin concrete adhesive to conduct a

temperature contraction coefficient experiment. When the difference
between the initial and final temperatures reached 40 degrees Celsius,
the concrete temperature shrinkage coefficient curve was drawn.
When asphalt concrete and epoxy resin concrete were both at the
same temperature, the temperature shrinkage output of epoxy resin
concrete was investigated. Liu kefei and xu zhisheng measured the
compressive strength and compressive modulus of epoxy resin
concrete and cement concrete at room temperature and high
temperature. Under high temperatures, the mechanical properties of
epoxy resin concrete are found to be superior to those of cement
concrete.
Cheng Jingwei investigated the effect of the base concrete on epoxy
resin aging results. In the master's thesis, the finite element model is
developed, and the test data analysis is compared. A new type of epoxy
resin base concrete is built to meet the basic mechanical properties
such as compressive performance, tensile properties, bending
resistance, and interface adhesion performance after the mixture
ratio is continuously optimized. In addition, the shock resistance and
aging resistance of new materials is investigated [9].
In the last two years, [10] Lei Wolong of Tianjin University has
researched the mechanical behavior and deformation characteristics
of epoxy resin concrete using rubber particles. The deflection line was
drawn under the loading of epoxy resin concrete for 7 days with
different particle sizes and different rubber material. In the study of
rubber particles with different proportions with different size of epoxy
resin concrete non-standard specimens of compressive strength,
splitting strength, flexural strength, and deformation characteristics,
the experiment was carried out with different sand replacement
ratios. The ultimate strain values and mechanical properties of
different rubber material were determined.
Wang Wei, Zhu Cixiang, and colleagues conducted a thermal stress
study of an epoxy resin concrete laminated structure [11]. Abaqus is
used to assess the structure's stress during the curing, curing, postcuring, and using stages. Epoxy resin concrete is expected to have a
higher interfacial strength than conventional concrete. The effect of
the aggregate's elastic modulus on epoxy resin concrete is discussed.
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Since its introduction, epoxy resin concrete has been widely used by
both domestic and international scholars.
The mechanical properties of epoxy concrete composite materials
have made significant improvement and breakthrough after half a
century of trials and discovery.
2.

Use of epoxy in civil engineering

The use of epoxy resin materials in hydraulic engineering and
industry has increased in recent years, thanks to the introduction of
several new polymer epoxy resin materials. When looking into it
further, epoxy resin concrete is widely used in the field of civil
engineering, especially the epoxy resin concrete reinforcement
technology used in building structure reinforcement [12]. Epoxy resin
adhesive for epoxy resin has important applications in the concrete
field; the material is commonly used in concrete members of adhesive
and repair, bridge engineering, runway repair, road repair, and
structural fracture reinforcement, among other things. Epoxy resin
concrete is commonly used for concrete member bonding and repair.
With the rapid growth of industrial and civil construction in our
country, the actual traffic volume of many large-scale bridges has
exceeded the original design traffic volume plan. When a local
fracture or damage occurs in a bridge, it must be fixed as soon as
possible, causing traffic congestion and disruption in travel and
transportation. Damaged road parts can be repaired by applying
epoxy resin concrete adhesive to the broken surface.
Bridge construction also makes use of epoxy resin concrete. The
bridge is a civil engineering device that can withstand high stress,
and prestressed reinforced concrete is also used in its construction.
Zhang Junjuan, et al. explain the material structure and
characteristics of modified epoxy fast patch materials, as well as the
expansion joint replacement construction technology. The expansion
joint replacement construction process has been in use for six
months, and the performance test results show that it has an
excellent impact. Kang Benjin, Ren Hongmei, and others discovered
the method of quality control in the construction of epoxy resin
concrete under steel bridge through study and testing of the concrete
pavement of epoxy resin in steel bridge. According to Yun Wen et al.,
the perfusion epoxy resin concrete pavement structure has good
adaptability to high stress, high water resistance, good fatigue
resistance, and good rutting efficiency. The use of perfusion epoxy
resin concrete in the Chongqing Yangchuan Yangtze river bridge
yielded promising results [13]. Epoxy resin concrete is also used in the
field of road repair and airstrip construction. The runway has
stringent wear and effect resistance criteria. Epoxy resin or a suitable
plasticizer may be applied to the cement paste when paving the lane,
resulting in a runway that is both abrasion and impact resistant.
Abrasion resistance is also in high demand on the highway and
national highway, particularly in wet weather to prevent the car from
turning or skidding on the brakes [14].
Epoxy resin concrete reinforced concrete shear walls are a popular
epoxy resin concrete application. (15) Hu Zhirong, a master's thesis
student at the South China University of Technology, studied the fire
resistance of reinforced concrete shear walls with epoxy resin
concrete in 2012. For the fire-resistant construction of reinforced
concrete shear walls with epoxy resin concrete, experimental data
and analysis methods are given, which has some guiding significance
for the design and implementation of actual reinforcement
engineering. In 2017, Zhou Wenping and Huang Haikun used the
prestressed steel bar method to strengthen the difficult problems of
the materials used in the upper and lower ends of the modern
prestressed steel rod, as well as the shear wall's anchorage end. For
consistent work, the experimental study used epoxy resin concrete as
the filling medium instead of the original cement grouting material.
The epoxy resin concrete meets the design and construction criteria,
according to the test results [16]. The use of epoxy resin concrete in
concrete structures has some implications for the design and
implementation of real reinforcement engineering. The engineering
department, as well as people from all walks of life, are increasingly
interested in and appreciating it.
3.

Applications of epoxy adhesive (MEGAPOXY PM)

Epoxy resins and adhesives, in addition to being used in the
composite industry, also have many applications in other advanced
industries such as aircraft manufacturing and the aerospace and

defense industries. However, most of the use of epoxy resin adhesives
is in the reinforcement of concrete structures by FRP and related
works. Resin adhesive is available in different viscosities and there
are different concrete hardeners for them, which makes their use
conditions different and we can make the right choice based on our
conditions and needs. Epoxy resins are much stronger and more
durable than polyesters and vinyl esters, and epoxy resins are used to
strengthen and repair concrete structures. Epoxies are baked at
temperatures close to 3000 degrees, which makes them very resistant
to heat. The sintering temperature of epoxies can increase, which
means that their resistance to heat will increase.
Various applications of epoxy resin include the construction of highpressure tanks, the construction of high-strength structural
members, bulletproof vests, aircraft factories, electronics, civil
engineering, etc. This chemical can also be used to cover surfaces and
floors, industrial flooring, tank lining and ducts.

4.

Types of epoxies based on the curing method

Epoxy adhesives are generally divided into two groups of onecomponent and two-component epoxy adhesives according to the
curing method.
5.

Single component epoxy adhesives

One-component epoxy adhesives are cured after application at a
temperature between 250 and 300 ° C and do not require hardening.
This group had excellent adhesion and showed very good resistance
in bad weather conditions.
6.

Two-component epoxy adhesives

In addition to the ability to bake at high temperatures, twocomponent epoxy systems can be cured at ambient temperatures and
even zero degrees with the help of catalysts and hardeners. For this
reason, this group of adhesives is much more widely used in industry.
After the hardener is added to the epoxy, the chemical process of
crosslinking begins with the production of heat until it is fully cured.
This group of adhesives is very adaptable to environmental
conditions and they can be formulated for any application.

Figure 1. Megapoxy pm
7.

Case study: Megapoxy PM

This paste-shaped material with a working time of 45 minutes and
high strength is used to install all kinds of stones and joints.
Megapoxy adhesive has a two-component structure with an epoxy
base. When this paste is properly solidified, it becomes a solid that is
resistant to other chemicals and, due to its very high strength, forms
a permanent chemical bond that does not change over time. It does
not become chemical. This adhesive, while flexible, is resistant to
pressure and still maintains its strength.
8.

How to use

In order to use PM correctly in the four corners and the center of the
desired surface, this material should be used, which in general, about
10% of the desired surface space is covered by this material.
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To execute, first mix the two components A and B of the desired
adhesive evenly, and place it as a bite in five points on stone, concrete
or metal form in the required amount. If not mixed completely and
correctly, it does not have the necessary efficiency and loses its full
adhesion and always remains in the form of dough. Table 1 lists the
uses.
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Bondıng
Precast Concrete Articles
Grouting Bolts
Natural Stones
Bricks And Ceramics
Metals

Fıllıng And Repaır
Concrete Pipes And Tanks
Fibreglass Articles
Concrete Floors And Stairs
Concrete Columns
Insitu Formed Concrete

Table 2 Lists Cured Properties.
Maxımum operatıng temperature
densıty
Tensıle strength
Tensıle bond strength
Compressıve strength
Flexural strength







70°c
1.45 kg per litre
25 MPa
10 MPa
80 MPa
15 MPa

Gluing FRP veneers to concrete structures
Reinforcement of cracked concrete beams
Reinforcement of cracked concrete columns
Gluing steel members to concrete members in the structure
Construction of composite structures

One of the most important uses of megapoxy is to glue two beams or
two columns together. According to the mentioned results, the
compressive strength of this material is about 80 MPa, the
compressive strength of which is almost equal to the compressive
strength of HPC concrete. Therefore, using this adhesive, two layers of
concrete columns can be glued well together. Also, the flexural and
tensile strength of adhesives is almost higher than the flexural and
tensile strength of concrete, so by carefully bonding two concrete
beams to each other, it is possible to have a completely uniform
concrete with high strength.

Financial justification
By using Megapoxy for retrofitting, retrofitting costs are drastically
reduced. It is possible to easily repair the cracked surface by preparing
these products from Megapoxy Company or, if necessary, to glue two
concrete surfaces with steel. Compared to FRP coatings, using
Megapoxy is quite economical.
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In construction industry, mega projects have common challenges and circumstances that
makes the construction managers of these projects emphasis and concentrate to complete
milestones and other major activities of the project to deliver it on time. Some of these
circumstances are the unrealistic duration of the project, lack of contractors experience in
constructing mega projects, the unique design of the project, shortage of manpower and
materials, projects locations and lack of risk identification and management. In this research,
the author intend to find out how the experienced construction managers can participate to
overcome all challenges based on the full utilization of principles and knowledge of
construction management. This requires full investigations of the required actions, roles,
and responsibilities of active and experienced construction manager. The best practices and
techniques that construction managers is adopting on daily basis will be investigated to find
out how milestones can be tracked to ensure that the project will be delivered on time. Process
of project monitoring and control will be also investigated to find out how milestones can be
completed on time. Study findings will be based on analysis of the questionnaires survey a
combined with interviews that is carried out with some experienced construction managers
to identify the necessary norms, actions, and necessary level of required experience and
personality that construction managers must have to deliver projects on time. In the
conclusion, internal coordination of construction manager with project team including
knowledge sharing of implications of construction management can be utilized to complete
and deliver the project on time
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Industrial buildings consist of an important part of steel constructions in Turkey. These
structures, which are generally used to cover large spans, are formed by bringing one or more
frame systems side by side. Steel materials is used more than reinforced concrete in such
structures due to the lightweight and high strength. In this study, the tapered steel I section
is used to model a hangar in Samsun province. Finite Element analyses are carried out to
perform the behavior of the hangar under seismic loads. The hangar has a single span system
with a width of 16 m and a length of 20 m and a height of 7.5 m. In this study, IPE profile in
columns, trusses and purlins, and box profiles in side X braces. Sap2000 software is used for
Finite Element models to investigate the mechanisms of the hangar made of tapered steel I
sections. The study aims to perform intensive parametric studies to provide a depth
understanding of the advantages of tapered cross-sectional models corresponding to the
constant cross-sectional models. It is found that the models made of tapered I section
members have 8 % less weight than the corresponding constant section members. As a result
of that, it may be possible to reduce to construction cost by using tapered steel I sections
since this also decrease the seismic load effects in the hangar compared to the constant
cross-sectional model.

1.

Introduction

Industrial buildings take place in a significant part of the investments
in the construction sector. This type of structure is the preferred type
of building for covering large volumes. It is of great importance that
the static system of these types of industrial buildings is selected
properly and it provides the economic implementation of this
structure [1].
Nowadays, the use of steel material in the design of many buildings is
less than reinforced concrete structures. This ratio is the opposite for
industrial buildings. The most important reason for this situation is
that the completion time is short and it can be put into operation
immediately. In addition to covering large spans, the lightness of the
steel structures are less affected by the earthquake, and therefore it is
possible to design more economical structures.
Structures with a single-storey rigid steel frame system are made for
various purposes. Especially in such structures, to ensure the most
effective use of structural steel, the tapered members might be
considered an ideal system. Tapered members provide relatively
lightness and of course, most importantly, economy by comparing to
the regular members [2].
Aydeniz [3] studied the tapered members in a factory building.
Analysis of the structure was made under static and dynamic effects
using the SAP2000 package program. Akgöz [4] examines the buckling
analysis of columns of tapered cross-section under an axial
compressive load. It is taken into account that the cross-section
constantly changes along the length of the column. A detailed
parametric study was carried out to investigate the effects of cone
ratio and boundary conditions on the buckling loads of tapered
columns.

Jin, et al. [5], recently developed constrained shell finite element for
the analysis of elastic buckling of thin-walled elements and their
applicability to conical steel sections using a set of numerical
examples. They introduced a method to calculate their resistance.
Tankova et al. [6] carried out both experimental and numerical studies
on the buckling behaviour of web tapered I-section steel columns,
considering stocky and slender columns. The test results were used to
validate the numerical models in Abaqus software.
Quan et al. [7] worked on the tapered I-section member to evaluate the
second-order effects. They defined the failure of the member by
limiting the strains. They compared the results of their new method
with the predictions of the Eurocode 1993-1-1 [8] design guide. The
proposed method was recommended.
As shown in the literature studies mentioned above, the use of
variable cross-section elements is not very common. However, it may
become more popular as the research on the tapered members
increase. Therefore, this study aims to perform intensive parametric
studies to provide a depth understanding of the advantages of tapered
cross-sectional models corresponding to the regular cross-sectional
models.
2.

Numerical parameters

In this study, tapered steel I-section was used to design a hangar as
shown in Figure 1. The hangar was also designed by regular members
to be able to compare the results with the design of the hangar made
of tapered members. Therefore, two identical structures with regular
and tapered cross sections were performed. Turkish design guide for
steel structures [9] was taken into account to determine the structural
members. Approaches of design with load-resistance coefficients
(YDKT) were used and Table 1 summarises the loading combinations.
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Figure 4 shows both the portal frames made of regular and tapered
members in the parametric study. The profiles used in the numerical
analyses are shown in Table 2.

Figure 1. Structural model used in the parametric study
The hangar made of regular steel cross-sections was designed based
on the Turkish design guide [9]. After that, the same structure was
designed by using tapered I-section members as summarised in Table
2. To generate the appropriate tapered member, the regular steel
sections were cut as shown in Figure 2. Figure 3 illustrates how to
create the tapered I section by welded two cutting pieces in Figure 2.

a)

Portal frame made of regular members

Table 1. Combinations used (YDKT) [9].
KOMBİNASYONLAR
1.4G
1.2G+1.6S
1.2G+1.6Q+0.5S
1.2G+1.6S+Q
1.2G+1.6S+0.8W
0.9G+1.6W

1.2G+1.0Q+0.5S+1.6W
1.2G+1.0Q+0.2S+1.0EX
1.2G+1.0Q+0.2S+1.0EY
0.9G+1.0EX
0.9G+1.0EY

b) Portal frames used in numerical analyses.
Figure 4. Regular cross-section model.

Table 2. Cross section values (mm).
Regular sections
Tapered sections

Members

Section

Columns
Beams
Columns
Beams

IPE300
IPE300
IPE270/200-340
IPE270/340-200

3.

Analysis Results

Finite element analyses were carried out by using Sap2000 software.
The behaviour of the hangar under seismic loads was examined by
comparing the stress distributions in the tapered beams, the
maximum horizontal deformations at the top of the tapered columns
and the self-weight of the structure with the results of the
corresponding structure made of regular members.
Figure 5 compares the stress distributions in the structural models
made of regular steel members with the tapered steel members. As can
be seen from the comparison that the stresses in the hangar made of
regular members are distributed scarcely compare to the tapered
model. The reason for that the cross-section is used more economical
than the corresponding structure. Because the section sizes are
determined based on the critical member which is exposed to higher
loads than other structural members.

Figure 2. Tapered cross-section made of IPE270.

The maximum horizontal deformations at the top of the columns in
the hangar made of regular and tapered members are 15 mm and 23
mm, respectively.

Figure 3. Typical tapered I-section used in the parametric study.
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sections. After determining the regular cross-sections for each
structural member based on the Turkish design guide [9]. Then, the
tapered cross-section structure was modelled by only revising the
columns and beams as tapered members and re-analyzing the
corresponding tapered model under the same loadings. It has been
determined that tapered steel members can be used to design the steel
braced frames by using smaller members compared to the hangar
made of regular members. The the IPE300 was used for 6 m high
column in the regular structural system while the IPE270 was
sufficient for tapered structural system. Likewise, this is the case with
regular and tapered beams.

a)

Made of regular members

The detection of crossing the same span with a smaller profile is the
desired and expected event in this study, as well as explaining the
situations in which variable cross-section profiles are preferred. One
of these situations is that it is used to pass large openings. To explain
this situation in more detail, if a large span is passed with a fixed
cross-section profile, the profile is dimensioned according to the most
critical point, and this situation is used in the place that is subject to
a very low load, so the economy disappears, but this problem is
eliminated if modeling is done as a variable. While the higher profile
is used in the critical place, the profile size can be reduced where there
is less loading. For this purpose, cost analysis and evaluation can be
made.
It was mentioned in this study that the other reason why tapered
section modelling is preferred is also based on lightness. In this case,
it can be stated as follows, since the profile size used in the regular
cross-section is larger, the tapered profiles will be lighter, this
lightness has been obtained by calculating around 8%. This situation
will inevitably provide economic gain to the regular system and it is
one of the reasons to be preferred.

b)

Made of Tapered members

Figure 5. Comparison of stress distributions in the structural model

made of regular or tapered members
4.

Discussion of the Numerical Results in Terms of Cost

In this study, it was mentioned that the modelling of tapered crosssection members has economic results. It has been revealed as a result
of the calculations that the use of tapered cross-section members
reduces the weight of the structure by 8%. This change in the weight
of the building had a positive effect in terms of cost, as smaller steel
sections were used. At the same time, the decrease in the weight of the
building may also have a positive effect on the cost during the
foundation process. However, labour to generate the tapered crosssections may have a negative effect on costs. In this study, the weight
of the building has been examined as a result of the modelling and
design. The self weights of the structures made of the regular and the
tapered members are shown in kN in Table 3.
Table 3. Comparison of building weights between regular and

In summary, the result of this study shows that tapered sections give
more economical results than regular sections in dimensioning such
an industrial building, but these results do not mean that they will
give the same results in different building types. In the construction
sector, it should be aimed to provide optimum engineering service by
considering time, cost and budget concepts while projecting and
implementing them.
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Cross
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Beams
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Total

Regular crosssection(kN)
34.13
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40.99
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Tapered crosssection(kN)
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83.89
28.46
38.61
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The total weight of the regular cross-section structure was calculated
as 20.39 tons. The total weight of the variable cross-section structure
was calculated as 18.87 tons. There is a difference of 1.52 tons between
them. To show as a percentage, the structure with regular crosssection is 8.06% heavier than the structure made of the tapered crosssection.
5.

Conclusion

In this study, two different analyzes of the steel hangar project were
examined. The investigations aim to examine the hangar made of
regular and tapered steel members and to reveal in which conditions
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Resistant existing buildings or design of earthquake resistant buildings is one of the issues
in earthquake prone countries. Using metal dampers as an energy consuming system is an
acceptable way to control the failure of structures and improve their seismic performance.
These energy absorbing systems deplete the earthquake input energy by deforming the
metal parts used in them and as a result of their entry into the plastic area and creating
many deformations, by increasing the damping of the structure. In structures where
dampers are used, the presence of dampers reduces the energy received by other members
of the structure and does not cause much deformation in them, that is, before the
compression brace buckles, the damper surrenders and leads to increased ductility of the
system. Among the types of dampers, TADAS is one of the most effective and economical
tools for absorbing seismic input energy into the structure of triangular-shaped metal
dampers. These dampers are mostly used in the bracing system and have the ability to absorb
a lot of energy under the behavior of hysteresis. These dampers are embedded in the
structure so that they are deformed due to the relative displacement due to lateral load. In
this review article, we will review the studies and research done on this system in recent
decades, and while evaluating the current situation, we will identify and discuss some
research gaps for future studies.

1.

Introduction

Wind, traffic, and earthquakes are all common dynamic and
environmental loadings that civil structures are subjected to.
Earthquakes, in particular, cause extensive damage to building and
bridge systems. For example, during the 1985 earthquake in Mexico
City, more than 132 buildings collapsed or were severely damaged.
The Loma Prieta earthquake struck Northern California in 1989,
causing extensive damage to over 200 buildings [1]. Structural
vibration controls have been extensively developed and successfully
applied in various civil structure locations to prevent or mitigate such
harm. Passive, active, semi-active, and hybrid structural vibration
control systems are the four main categories [2, 3], and many state-ofthe-art review publications briefly address these categories [2–13].
Control systems can be used to mitigate seismic hazard in modern
structures as well as in retrofitting low-lateral-strength structures
like precast frames [14–20]. Passive systems are one of the most
common structural vibration controls among all categories [21–26]
because they are inexpensive and protect structures from seismic
loads without requiring any external energy or a control algorithm
during operation. Passive control systems are distinguished by the
fact that they provide additional damping and/or stiffness to the
structure without requiring any external energy. Seismic isolation
systems and energy dissipation devices are two types of such systems
(dampers). Various seismic isolation systems have been installed and
implemented in large-scale civil structures with high logistic value
over the last few decades [27–30]. Hysteresis devices, relativistic
devices, tuned mass dampers, magnetic negative stiffness devices,
resetting passive stiffness devices, and viscous dampers are all types
of passive energy dissipation devices [31]. Hysteresis devices are often
classified as metallic or friction dampers, with energy dissipation that
is independent of loading rate. The inelastic deformation of the
constitutive material of metallic dampers dissipates steam. Metallic
dampers have a number of advantages over active and semi-active
dampers, including stable hysterics behavior, rate independence,
temperature tolerance, and durability, as well as the fact that practice

engineers are familiar with their material behavior. A number of
researchers have documented the utility of passive devices, as noted
in the literature. It is also concluded that, among the various forms of
passive dampers, metallic dampers have gotten the most attention
from civil engineers so far. Skinner et al. [32], Kobori et al. [33], and
Nakashima et al. [34] highlighted the advances of metallic dampers,
despite the lack of updated studies that present and advance detailed
reviews of metallic control systems. As a result, this paper provides a
detailed state-of-the-art study of metallic damper production and
application in structural vibration control systems since the 1970s.
2.

Testing Procedure of Metallic Damper

Two tests can be used to measure the efficiency of metallic dampers:
I the quasi-static cyclic test and (ii) the shaking table test. The quasistatic test may be performed on the energy dissipation system itself
or on a structure with energy dissipation devices installed. The quasistatic cyclic test is a normal procedure for determining the ability of
an energy dissipating system on which deformation is placed,
according to FEMA 461 [35]. Loading may be in the form of shear,
bending, or torsion in the quasi-static cyclic test, with the loading
procedure consisting of many gradual or constant amplitudes of cycle
displacements. The loading rate is not a significant factor during the
test since metallic dampers are rate-independent. The damper must
be assembled on a scaled or full-scale structure for the shaking table
test, depending on the shaking table dimensions. In the simulation,
artificial or real ground motion records are used as input loading.
FEMA 461 [35] contains detailed information on both studies.
3.

Hysteresis Behavior of Metallic Dampers

The hysterics are caused by the nonlinear behavior of metal materials.
Metallic materials have an advantage in terms of heat dissipation.
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In linear systems, dynamic energy is particularly important. The
behavior of metal materials under cyclic loading is briefly described
in this section. When the stress level approaches the elastic limit, the
metallic material plasticizes, and when subjected to higher stresses, it
enters the stress hardening process. The elastic modulus (E) of the
material recovers as the material unloads under cyclic loading. When
a load is applied in the opposite direction, the material begins to yield
and soften at a lower stress level than the yield stress, which is the
stress at which the material begins to yield and soften. The
Bauschinger effect [36] is what it's called. The material's hysteric
behavior will continue as long as the strain does not reach the yield
plateau and the maximum positive and negative stresses do not
exceed the yield stress. Even after unloading from stresses greater
than the yield plateau, the material retains its initial elastic stiffness.
As the material approaches full pressure, the Bauschinger effect
becomes more dramatic. During this range of cyclic loading, the metal
content encourages a certain post yield stiffness, and the yield
plateau disappears. Figure 1 depicts general schematic hysteresis
loops of metallic materials. [37] 1a However, depending on the
geometry of the metallic dampers, the hysteretic behavior can vary
slightly. Metals like steel, aluminum, lead, and copper have similar
hysteresis patterns. A bilinear or trilinear Elastoplast model is often
used to simplify the stress–strain relationship of steel materials. The
hysterics behavior of form memory alloys (SMA) differs slightly from
that of other metals. Figure 1 depicts the hysteresis loops of SMA. 1a.
Based on the material temperature in relation to the authenticate
finish temperature, Af [38], SMA exhibits two distinct behaviors. After
unloading, the strains obtained during loading recover as the
temperature rises above Af. During this operation, a large amount of
energy is dissipated without any residual strains, a phenomenon
known as super elasticity. If the material temperature is below Af after
unloading, residual strains remain, and if the material reheats again,
residual strains recover. The shape memory effect is the name for this
phenomenon.

Figure 1. Hysteresis behavior of a metallic and b SMA materials
4.

Steel Dampers

Kelly et al. proposed the first steel dampers in 1977. [39] In the early
1970s. After that, the torsional U-strip damper is used. As shown in
Fig. 1, a beam damper, a flexural beam damper, and a single-axis
damper were designed and tested for use in structures. [32] 2a–d. The
U-strip damper is made up of a steel strip in the form of a U that is

positioned between the moving plates (Fig. 2a). The U-strip damper is
only deformed in one direction, resulting in a wide elastic range
deformation. The torsional beam damper is made up of a square or
rectangular plate with fixed ends, with the middle section subjected
to torsional and flexural movements (Fig. 2b). The torsional beam
damper has a high load-bearing capacity and can be used at the
foundations of buildings to avoid structural uplifting caused by
extreme earthquakes. The flexural beam damper, on the other hand,
is a little more complicated. The damper's main component is a square
or circular portion that is anchored at the bottom and top and allows
rotation and displacement (Fig. 2c). This seismic damper is durable
and dissipates seismic loads in both directions. A large beam with a
high loading capacity makes up the single-axis beam damper (Fig. 2d).
Tyler [40] proposed a tapered-steel energy dissipation system that
combines two or more beams to form a compact damper that is ideal
for the diagonal portion of flexible frame structures. This system is
made up of a cantilever made up of a tapershaped round steel bar or
steel plate welded to the anchorage plate at the bottom (Fig. 2e). The
system dissipates energy by taking advantage of the plastic
deformation of steel. Pinelli et al. [41] suggested a new steel damper
design based on a steel tube. A rectangular steel tube is cut into a taper
shape on two sides of the proposed device, distributing stresses evenly
along the tapered portion of the tube (Fig. 2f). Another form of steel
damper is the buckling-restrained brace (BRB), which was first
introduced by Takeda et al. in 1976 [42]. As can be seen in Fig. 3a, the
BRB, consists of traditional bracing (as the core) encased in a square
hollow steel portion filled with mortar material. The steel core can
withstand axial loads, while the inflled material prevents shear
transfer to the outer tube when compressed. Different core
configurations were formed for the BRB, including circular core
(CBRB), cross and crosswise core, and linear core (Fig. 3c) [43, 44]. Since
1987, these have been widely implemented around the world,
especially in Japan and the United States [45]. For example, Black et
al. [44] performed extensive research on the BRB and came to the
conclusion that it is a more effective and realistic alternative to
traditional bracing systems. Zhao et al. [46] developed another BRB
system called the angle buckling-restraine brace (ABRB) to address key
issues with BRBs such as inconsistent material behavior, low-cycle
fatigue existence, and steel core geometric imperfections. 3a. The
ABRB is made up of four angled steel plates with stiffeners and
connectors welded to the ends. Two more angle plates are welded
together to form a square tube around the four angle plates. At the
welded ends of the angle plates, ABRB failure has been observed.
Furthermore, during rapid loadings, the steel core was designed to
stay in the elastic range. The H-type steel unbuckling brace (SUB) was
designed by Hao et al. [47] and consists of a steel plate core confded in
a steel element. As shown in Fig. 1, the steel core plate's end is
attached to Phillips formed steel plates. 3rd Dimension Under
compression and tension loadings, the confiding factor prevents the
steel core from buckling. The SUB damper adds stiffness to the frame
system to regulate structural displacement. Dongbin et al. [48]
recently proposed a new form of BRB damper with a circular heart
(CBRB). The damper is made up of three circular steel tubes, with the
central tube with slotted holes being restrained against out-of-plane
buckling deformation by the inner and outer tubes. The core tube is
spot welded to the restrained tubes in the center. The CBRB is much
lighter than current BRBs. Bergman [49] suggested the added damping
and stiffness (ADAS) system, which is a well-known metallic damper.
ADAS is made up of X-shaped steel plates that are bolted together in
parallel to the base plate to provide additional damping and stiffness
to the structure. On the basis of the ADAS principle, Tsai et al. [50]
created the triangular-plate added damping and stiffness (TADAS)
system. TADAS works in the same way as ADAS, with many triangular
steel shaped plates welded in parallel to the base plate and the narrow
end bolted to another plate). To improve the damping and stiffness of
moment resistant frames, both ADAS and TADAS dampers are
recommended. Shih et al. [51, 52] designed a rhombic ADAS damper
with hinge supports on both ends made of low yield strength steel.
Unfavorable axial forces on the plate are eliminated by the hinge
supports. Low yield strength steel's strain hardening property aids in
preventing local cracks in the damper. Furthermore, the mechanical
properties of low yield strength steel minimize yield displacement
while improving the damper's energy dissipation capacity and
ductility [53]. Damper symmetry also minimizes the effects of welding
on damper efficiency.
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Historic and archaeological sites are often subjected to harmful environmental as well as
human factors. Covering these sites with protective structures or shelters does not always
render the desired result, since the authentic character of the site may be impaired. By
building walkable covers above the area, social interest in historic remains can be promoted,
as visitors can observe them from above without intruding activity or influence the ambient
conditions. In addition, these walkways can be equipped with lateral cables to shift foils
above the site, whenever visits are prevented by the weather. The aim of the study is to
determine which are the detrimental loads and effects on such light structures. Firts three
typologies of adapted footbridges are introduced. For each type, requirements of strength,
stability, human induced vibration and effects of wind, including vortex are being verified.
From these developments clearly results that vortex shedding is the most critical condition,
albeit simple adequate systems can be installed for mitigating this detrimental effect. Hence,
future improvements should emphasize on improving torsion stiffness or, as an alternative,
including multiple connections, such as in cable structures.

1. Introduction

2. Loads and requirements

The recent corona pandemic and confinement of human interaction
has clearly revealed that cultural activity is an important societal
need. Care for historic remains and past civilisations determine
cultural identity and should be remembered or allowed to be
discovered. On one hand, historic sites should be accessible to the
broad public, allowing to display the cultural heritage and thus
improving social interest. On the other hand, important remains
should be protected from human influence as well as from
environmental impact [1]. For this, light covers of various types have
been developed. A discussion was raised whether these covers may
not be harmful in certain ways, for instance the existence of
unwanted shadows, insufficient ventilation or increase of humidity.
In addition, the cover may result in harming the authentic character
of the site. Preservation and authenticity have gained importance as
ICOMOS [2] has set up guidelines and is promoting a shift towards a
sustainable long-term approach. However, the focus still is on
protection and does not consider any possibility for the public to walk
above historic sites. The latter would provide both : allow the public to
see remains albeit from a bird’s eye position and protect the site from
environmental and human impact.

Obviously, a walkable cover necessarily means people will be guided
along a well-defined path. Thus, the cover does not encompass the
whole area of the site and needs to be a footbridge. Should the whole
area be covered, visitors will be unable to see anything of the remains.
There should be no contradiction with the requirement to be able to
shelter the whole area, since the footbridge may be equipped with
cables running from its edges to the perimeter of the site enabling to
draw foils between both limits. Hence, the cover becomes essentially
a footbridge.

The idea of creating elevated walkways for visitors certainly is not
original and has been applied in the Acropolis museum, at a Roman
villa in Sicily and recently at the Kipdorp site above 16th century
fortifications of the city walls [3].

The horizontal clearance of the footbridge should be at least 2 m,
allowing easy passage for visitors, the slope being limited to 1/12 for
access by wheelchair users. In addition, larger spaces should be
present at preferred locations. Another important requirement is to
consider a horizontal load of 1 kN/m, caused by people leaning on
railings, which often occurs on panoramic viewpoints. This load also
produces a torque of 1.1 kNm, since the railing should be 1.1 m high.
Obviously, the design will have to comply to comfort and stability
requirements due to vibration and rain-wind effect [5]. This is being
assessed in par 4.

Hence, this research concentrates on the development of walkable
covers and tries to develop this type of structures for typical
situations. Obviously, each situation may require an individual
approach. Nevertheless, proposals for exemplary conditions may
inspire particular projects and perhaps result in an alternative way of
historic site tourism. The ultimate aim shall be to establish which
loads or effects are more detrimental than others. This may result in
improvement of the proposed designs.

According to the relevant code [4], large footbridges should be
designed for a vertical load of 2.5 kN/m² and possibly a service vehicle
of 80 kN. As the number of visitors should be limited, a vertical load
of 1.5 kN/m², which applies to rural walkways, has been considered
and the service vehicle has been reduced to 3 kN. Wherever people
can assemble, like at a central viewpoint, the design load has been
increased to 2.5 kN/m², which corresponds to half of a normal crowd
load. People in charge of exploiting the site should carefully oversee
the limitation to these conditions, which are a very realistic
assumption. In addition to this, wind load has to be considered as well
as vibrations and comfort conditions for the public.
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3. Reference cases
A large survey among existing archaeological and historic sites was
conducted This enabled to distinguish between smaller sites of about
50*50 m, as is the Birdoswald Roman fort and farmhouse with parts
of the Hadrian wall (UK), shown in fig.1 and larger sites of 200*200 m,
as the Palace of Galerius near Gamzigrad (Serbia).). Some of these are
more circular, as the Bogazkale Hittite settlement (Turkey), whereas
others are approximately square. Most sites are at ground level, others
having a higher object, like a tower or elevated part of the remains. In
most cases intermediate supports would certainly be disturbing.

Figure 2. Straight passage – various views
The cross-section consists of 2 lateral tubes (1100*80mm) and 2 lower
tubes (1300*80mm). The upper tubes show a tendency to buckling, the
lowest modes corresponding to a single and 2-wave lateral pattern.
The steel grade was increased to S 460 for tackling this problem. The
final design shows a unity check of 0.97 and satisfies all requirements.

Figure 16. Birdoswald Roman fort with parts of Hadrian wall
These data have been summarized in Table 1 of the reference cases
under consideration.

Concerning the effect of people walking on the footbridge, some
natural frequencies are within the critical domain of 1.25 to 2.3 Hz for
vertical vibration and 0.50 to 1.20 Hz for lateral movement. Hence, the
accelerations have been determined according to [6]. These values
should not exceed 0.5 m/s² for vertical – and 0.1 m/s² for horizontal
vibration
Table 2. Vibration frequencies straight passages

Table 7. Reference cases
Nr

Form

Dimension

1

Circular

Diam 200 m

2

square

200*200m

3

square

50*50m

Nr
Level
Remains
at
ground level
Ground level + 1
higher
10 m above
ground level

Suppo
rts

2
3
4
5
6

No
No
Allowe
d

Obviously, some sites may be underground or be larger than the
dimensions of Table 1, or be located below the ground surface.
However, the research had to be limited. Aesthetics will be an
important requirement, albeit the structure should not be a
monument or eye-catcher itself, since the people’s attention should
keep concentrated on the remains. Visitors should be able to interpret
the site and understand what it stands for. The design has therefore
been kept simple and straightforward. Most elements of the
footbridges are circular tubes. This is inspired by the fact that tubes
provide a dynamic aspect to longer structures and produce soft shade.
4.Design proposals
4.1 Straight passage
This concept would apply to a rather large circular site of 200 m
diameter and the site not having any elevated parts. To cover the
whole area, a straight arch footbridge is proposed, containing a
central wider part for agreeable oversight and panoramic view. Both
entrances are also wider and invite visitors to start their tour. The
model can be seen in Fig. 2.

Frequency
0.29 Hz
0.63 Hz
0.87 Hz
1.08 Hz
1.24 Hz
1.30 Hz

Mode type
Lateral
Lateral
Vertical
Vertical
Longitudinal
Longitudinal

These requirements certainly are satisfied, since vertical
accelerations are limited to 0.0035 m/s² and horizontal ones to 0.0069
m/s². Dynamic effects due to wind are equally excluded, since the
critical wind velocity is out of the range of wind, as the Strouhal
number equals 0.174. Rain-wind induced vibrations are sheltered,
since the Scruton number equals 94, which exceeds the critical lower
boundary of 20. The Scruton number is expressed as in eqn.(1).
𝑆

2

2𝛿 𝑚
𝜌𝑏

(1)

In eqn (1) s equals the logarithmic damping decrement, me the
effective mass,  the air density and b the characteristic width of the
structure, in this case the span of the flat arch.
This design is light and allows a complete glass floor for maximum
transparency. The arch springs are at ground level, just outside the
site and allow limiting the slope of the entrance. It might be
considered to include an elevator for wheel chair users in the
abutments. The straight passage is a simple structure and does not
conflict with more important objects as historic remains.
4.2 Tripod
This typology would be adequate to cover a rectangular area that may
include a higher object, for instance a tower or series of remaining
columns. Two legs of the tripod would surround the freestanding
higher object. The structure is more complicated and covers a larger
area. The general layout is similar to the straight passage, since wider
entrance is provided at each leg and a central viewpoint is located at
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the highest area. The 3 legs together constitute an arch, although the
transfer of the arch compression force is disturbed due to the angular
rotation of the arch branches. Fig. 3 shows views from above and from
below of the tripod alternative. The top view, also shows the subjacent
site area and the location of the higher object.
Initially, the objective was to have a circular hole at the centre of the
tripod. However, due to the deviation of the thrust force, the ring had
to be reinforced heavily and the horizontally curved tubes would be
exposed to heavy bending as well as buckling. As a consequence, the
central area has to be closed completely with hollow core steel plate.
The latter also enables to redistribute compression force from the
inside tubular members towards the opposite direction. The lowest
stability modes relate to buckling of this connection plate.
The dimensions of the tubes are similar to those of the straight
passage and the unity check renders a maximum value of 0.97. As can
be expected, the fundamental frequency is higher than for the
previous typology and reaches 0.64 Hz for rotational vibration. The
acceleration of the structure equals 0.00082 m/s² and is acceptable.
All frequencies and the corresponding mode type are shown in table
3. Fig. 4 shows the fundamental modes.
Table 3. Frequencies Tripod
Nr
1
2
3

Frequency
2.60 Hz
3.11 Hz
3.45 Hz

Mode type
General torsion
Lateral legs
Vertical torsion

Figure 4. Tripod vibration modes
4.3 Circle
The idea of this typology is to allow elevated view from the perimeter
of a smaller site, containing an elevated part and to walk completely
around all remains. Visitors are able to physically approach each part
to a maximum distance of half the ring diameter. A circular footbridge
of approximately 250° is built around the perimeter, both ends being
at ground level. This alternative approaches most the existing
walkways that may be found in certain museums. Unfortunately, the
ring needs to be supported by at least 2 intermediate columns, which
have been designed as V-shaped tubular piers. The general layout is
seen in Fig. 5.

Figure 3. Tripod – various views

However, the wind loads can have a negative effect on this structure,
since the critical wind speed equals 19 m/s² and the Scruton number
equals 16.12 Hz. This means that vortex and rain-wind induced
vibration is not excluded. Since this vibration is essentially torsional,
it may effectively be eliminated by the simple solution of sealed TLCD
(sealed tuned liquid column dampers) [7]. The latter is a simple device,
which can be fabricated by any constructor and is less costly than
tuned mass dampers. It is explained more in detail in par. 6.
This design is more imposing and eye-catching than the straight
passage and prevents the incidence of light at the central area, the
glass floor being limited to the three legs of the tripod. Again, the arch
springs are at ground level, just outside the site and allow limiting the
slope of the entrance. This is a more complex structure and may
conflict with more important objects as historic remains, although it
allows to approach the elevated object more efficiently.

Figure 5. Circle alternative – views

The system of tubes is much lighter than those of the previous
typologies. The lower tube is limited to CHS 500/12 whereas the upper
edge members correspond to CHS 480/12. Obviously, this results from
the smaller scale of the structure. In addition, the supports can be of
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the type CHS 480/10, the thickness being close to the limit for local
crippling. Clearly, the largest span sections are subjected to large
torsion and the critical buckling modes originate from the combined
effect of torsion and bending, as can be seen in Fig. 6.
Since these elements are the lightest, the unity check for the columns
is the most critical and reaches 0.99. The lateral edge tubes show a
unity check of 0.86. Should a plated connection of the lateral tubes be
added, in particular on the lower tube and the web tubes, the stability
modes would certainly render higher critical load, thus seriously
improving the buckling load. However, this would decrease the degree
of transparency of the tubular structure and its overall quality. The
natural frequencies vary from 1.48 Hz to 6.64 Hz and are at the edge
of the critical range. Table 4 associates them with the mode type.
Table 4. Frequencies Ring
Nr
1
2
3
4

Frequency
1.48 Hz
1.81 Hz
2.43 Hz
2.45 Hz

Mode type
Torsional
Vertical torsion
Vertical torsion
Lateral

The alternative without intermediate supports has also been
considered. Torsional effect and the cantilevering character of the
structure introduce massive stability problems. The typology becomes
unrealistic, since the size of the tubular elements should be tripled at
least.
5. Critical phenomena for footbridges
The structural type of the 3 proposals is rather different. The straight
passage essentially is an arch structure, relying on the action of
thrust force. It shows large stiffness in the arch plane and lateral
stiffness is increased by the larger width at the arch springs. However,
this structure has the largest span of all 3 and thus would be expected
to show the lowest resistance to lateral vibration. Indeed, the mode
shape associated to the lowest frequency corresponds to lateral
movement. Nevertheless, this structure is the most reliable and does
not require any additional countermeasures.
The second proposal of the tripod also is an arched structure, albeit
the thrust forces of the 3 legs are rotated. Hence, the thrust force
induces some unwanted effects, mainly at the central converging
area. As a result, torsion becomes an important factor and the mode
shape associated with the lowest frequency is torsional. Possibly, this
structure may be improved by providing closed section plated
members. It is uncertain whether this would be sufficient to mitigate
the critical condition of vortex shedding. The human induced
vibrations are unimportant, precisely because of the 3-dimensional
character of the structure.
The third proposal of a ring has the smallest overall dimensions and
also has additional supporting columns. Hence, it would be expected
to show the largest stiffness. However, the circle seems to perform
poorer than both other alternatives. Obviously, the open structure has
insufficient stiffness to resist torsional vibration and by this it is
particularly sensitive to vortices. In addition, the human induced
vibration becomes more important, also due to torsional effects.
Hence, the open structure, desirable for its transparency, would be
improved also by using closed section plated structures.
Albeit the first alternative is practically not critical in view of vortex
shedding, both other structures certainly are. This has come as a
surprise, since generally, it is believed that comfort values and human
induced vibrations are the more detrimental phenomenon. The first
alternative thus seems preferable from the structural point of view. It
behaves perfectly for all phenomena.
However, the analysis has shown that all vortex vibrations are due to
torsion or lateral movement. This type of wind-induced vibration can
be easily counteracted. Mitigation of vertical vibrations would be
counteracted effectively by tuned mass dampers only. The latter adds
considerable mass to a type of structure that is meant to be as light as
possible. The effective countermeasure for mitigation is the STLCDdevice, presented in next paragraph.
6. TLCD dampers
As 2 of the proposals for walkable covers show vibration problems,
which have to be overcome by dampers, an especially well adapted
type is hereby being presented. Dampers of the TLCD-type are less
complicated and certainly as reliable and efficient as tuned mass
dampers, provided they are used for lateral and torsional vibration.

Figure 6. Circle mode shapes
The natural frequencies vary from 1.48 Hz to 6.64 Hz and are at the
edge of the critical range. Table 4 associates them with the mode type.
The second vibration mode corresponds to the vertical-torsional
deformation and results in 0.13 m/s² acceleration, which is
considerably larger than for the other typologies, this being due to the
lighter mass of the structure. The critical wind speed equals 16.21 m/s
Hence, wind may certainly generate vortex and rain-wind induced
vibration, since the Scruton number equals 18.9. As the vortex
originates from torsional movement, sealed TLCD-dampers can easily
prevent this type of vibration.

The tuned liquid column damper (TLCD) relies on the motion of a
liquid mass in a rigid U-shaped tube. The external motion of the
structural member on which the damper is fixed, induces a phasedelayed motion of the liquid mass. This motion creates internal forces
in the tube, counteracting the external force. In addition, the kinetic
energy accumulating in the structural element is dissipated by
turbulent damping forces. arising from a built-in orifice plate with
small opening. The effectiveness of a traditional TLCD with open
vertical tubes decreases rapidly for frequencies exceeding 0.5 Hz. In
addition, the open tubes are not really reliable since dust, rain and
other liquids can penetrate. Therefore, it is useful to seal both the tube
ends, as pressure can be built up. The undamped natural frequency is
thus increased, away from the aforementioned critical range. The
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principle of the sealed tuned liquid column damper is shown above in
Fig. 7. The weight of such devices is considerably lower as the liquid
may also be ethanol, thus avoiding freezing or many other weather
conditions. As the weight is low, the presence of these dampers does
not influence the results obtained and the designs remain valid. In
addition, different STLCD’s may be installed thus covering all critical
frequencies. The picture below in Fig. 7 clearly shows anybody may
build such dampers and no particular skills are necessary to produce
them.

[4.]

EN 1991-2. Eurocode 1 : Actions on structures. Part 2 Traffic loads
on bridges (+ AC 201) CEN Brussels (2004)

[5.]

Feldman, M., Heinemeyer, Ch., Lukic, M, Caetano, E., Cunha, A.,
Goldack, A., Keil, A., Schlaich, M., Hicks, S., Smith, A., Hechler, O.,
Obiola, R., Galantie, E., Waarts, P. Human-induced vibration of
steel structures (Hivoss) Final Report. DG Research Eur Comm.
RFCS (2010)

[6.]

Vrouwenvelder, A., Vortex vibration tamed. Bouwen met Staal
176, 2004, 18-25 (in Dutch)

[7.]

De Corte, W., Delesie, C., Van Bogaert, Ph. Sealed tuned liquid
column dampers : a cost effective solution for vibration damping
of large arch hangers. Proceedings of the 5th International
Conference on Arch Bridges ARCH 07 (2007), 409-416

Figure 7. STLCD fabricated and tested
7. Outlook further developments
It has become clear that improvements of the proposed structures are
possible, mainly by adapting some structural characteristics.
However, these measures are in opposition to the view and purpose of
the footbridges. Therefore, further developments will be concentrated
on exploring the use of light cable structures, including lateral ties
and struts, thus hoping to decrease possible lateral movements.
Although cable structures are even more flexible, o more complex grid
of connections may reduce the effect of the critical vortex
phenomenon.
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Steel truss structures are a powerful and reliable type of bridge girders. The complex part of
trusses are the nodes, especially if more than 4 members are converging. Such nodes require
providing internal welds; inaccessible after completion, which may be forgotten during
assembling. This study assesses whether all of the internal welds are indispensable. The
latter is tested for a particular bridge, consisting of hollow core profiles, intersecting at the
nodes. After determining the member forces, including bending moments, an alternative
load path is indicated, which must occur if the internal welds are missing. According to the
relevant code, weld stresses are determined by evenly distribution of forces. Formulas are
given to determine the weld stresses. In ULS some of the welds require a small amount of
strengthening if the internal welds are omitted. In addition fatigue resistance was
determined. Although the fatigue damage increases in this particular case it is still
acceptable. Certainly for this example internal node welds may be left out, although this does
not necessarily apply to more complex node cases. Further steps for research are given.

1.Introduction

2.

In both smaller bridges and in larger roofs of buildings, steel trusses
are again being used. This is related to the fact that designers have
rediscovered the many advantages of trusses and also due to the
strong character of this type of load-carrying structure. In particular,
the use of hollow core profiles for the members is considered as an
important factor. In addition, the latter have a neat view, in contrast
to the rather complex members, produced in the 19th and early 20th
century. Obviously, the simplicity of connecting the truss nodes is in
favour of hollow core profiles, whether they be cold formed or
assembled from plates.

2.1 General approach

If the truss bars can be simple, the character of truss becomes more
complex for the nodes. The Warren-truss has the simplest nodes,
since the number of members connecting at a node is maximum 4.
This type of truss may also be used in arch bridges, especially of the
tubular type (2015) [1]. In some trusses the number of bars,
intersecting at the same node may reach 5. In addition, hollow core
profiles may collapse due to the lateral pressure or tension
perpendicular to their thin walls. This may require additional internal
stiffening of the profiles at the nodes. The latter may require
optimization of this type of stiffening (2014) [2] of as a result, truss
nodes often need to be welded in a particular sequence and some of
the welds cannot be reached, nor inspected after completion of the
steel structure. The latter certainly complicates the work, and may be
at the origin of misunderstandings and omissions.

Welded nodes

In the Eurocode on steel connections EN 1993-1-8 (2015) [3], evenly
distribution of normal as well as shear stresses is assumed in the
throat section of fillet welds. Hence, should the problem be simulated
by elaborate FE-models, uneven distributions, including high stress
concentrations will be found. This would lead to a completely different
stress pattern in the welds compared to the aforementioned rule.
Therefore the approach is to use stress resultants as normal force and
bending moments, rather than constitute continuous models. This
also allows to derive a set of formulas to calculate the weld stresses.
2.2 Internal welds
To clarify the problem, the upper node of an 80 m railway truss bridge
is shown in Fig.1. In this case the members are also fabricated from
plates and welded.
As the blue arrows in this picture show, the force of each plate is
transferred as a horizontal component to the lower flange of the
horizontal member and as a vertical one to a stiffening diaphragm
inside this member. The consistent force transfer from each plate
requires some of the connections with single-sided welds and even
infilled welds as shown in lower part of Fig. 1. Obviously these are
heavy nodes and members built together from plates, which still
allows these arrangements

The aim of the present study, still at initial phase, is to assess whether
these inside welds are indispensable or what are the consequences
should they be omitted. This is tested for the particular case of a rather
unusual truss bridge, which serves as an example.
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Figure 2. Fabrication model of new truss bridge

Figure 1. Force transfer in node
If light, cold formed members are used, the figures from EN 1993-1-8
allow for partial intersection of the profiles. This implies interrupting
parts of vertical or sloping bars, provided the remaining parts be
connected by welding and lateral crushing of the hollow core profiles
is resisted. From this, one may question whether all connections and
especially the internals are always needed, provided other
connections are capable of transferring the member forces. This is
exactly what is verified in the following example.
2.3 Truss bridge
The truss bridge under construction will replace a similar bridge
across the canal from Pommeroeul to Antoing in the South-West of
Belgium. This small canal was established in 1826, the present bridge
being constructed 100 years later. Hence, the ‘Royal Bridge’ as it is
sometimes called is almost 100 years old and suffers from heavy
corrosion. In spite of the historic significance and the heritage value
of this bridge, the owner decided corrosion was too extended to
refurbish the bridge and it should be replaced. Both in the old and the
new bridge the road surface does not correspond nor to the upper
members, nor to the lower ones. This is a particular feature of this
bridge and complicates the analysis. The vertical bars are subjected to
compression rather than tension. Fig. 2 shows the fabrication model
of the new bridge, including the high crossbeams that allow the rise
of the road pavement above the lower members. Fig. 3 displays both
truss members fabricated in the workshop.

Figure 3. Trusses in workshop
As will be argued later, it is not believed that the introduction of
compression, instead of tensile force in the lower part of the vertical
members, does not modify the problem if the internal welds.
3. Node analysis
3.1 Member forces
Fig. 4 shows the FE-model of the bridge. As mentioned, beam models
have been used, to be certain of deriving normal force and bending
moments. The nodes have been considered as stiff, since there is no
upper bracing and the lateral wind loads may cause out-of-plane
bending.
Fig. 4 clearly shows the relevant nodes for the issue being discussed,
located on the lower horizontal members and closest to the bearings.
Hence the 3rd node counted from the support is considered. The loads
include the steel structure’s dead weight, the concrete road slab, the
pavement as well as LM 1 from Rurocode EN 1991-2 (2004) [4], as well
as wind load according to EN 1991-1-4 (2010) [5]. Load combinations
have been made with the proper factors, although the effect of lateral
wind was not factored with the relevant -factor. Hence, the effect of
wind is somewhat overestimated.

Figure 4. Beam element model of truss bridge
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Table 1 shows the normal and shear forces as well as the bending
moments in the 5 members that are intersecting in node 3, expressed
in kN or kNm. The x-axis corresponds to the member axis, whereas
the y axis is perpendicular to the truss plane. Obviously, because of
the stiffness of the nodes, bending moments in the lower edge
members cannot be neglected.

t = t =

Table 1. Member forces node 3

t = t =

Member force
(kN or kNm)
Horizontal
member left
horizontal
member right
vertical
sloping left
sloping right

N

Vy

Vz

My

Mz

1384.

-33.95

4.18

22.56

75.2

1393.
-576.6
774.95
-53.24

-24.41
8.60
-4.62
2.22

5.02
-35.6
-0.24
-0.20

20.89
-27.47
-0.04
-0.99

53.7
-3.7
-4.7
-2.1

To substantiate the importance of the bending moments, the total
normal stress in both the horizontal members, 44% of stress in the left
member and 37% in the right hand member are due to bending. This
also applies to the vertical member, since 44.7 % of the total stress is
due to bending.
3.2 Node welds
The purpose of these welds is evident. A and B are fillet welds to
connect the vertical member to the There are several welds to be
distinguished in the 5 member node 3. Names from A to F were given
and are shown in Fig. 5. upper flange of the lower edge bar. C and D
have an identical function for the diagonal bars, whereas E and F
connect the latter to the vertical bar. Clearly, A are the only welds that
become inaccessible after assembling of the node and may be those
that are omitted or become questionable regarding the usefulness,
since the member force of the flange of width d might transit via welds
F towards welds D to connect with the lower edge member.
As indicated in Fig. 4, the slope of the diagonal members is given by
the angle  whereas the cross-sectional dimensions of the RHS
profiles are shown. The thickness of each flange is called tb, td etc.. the
index referring to the flange width. The letter a is the throat
dimension of the fillet weld, possibly supplemented by the index
corresponding to the length. Obviously, an approximation is being
made in considering RHS-profiles to correspond to actual rectangular
cross sections. In order to rectify this, the thickness tn might be
adapted accordingly.

√

(1)

Both normal and shear weld stresses are calculated according to EN
1993-1-8 and are of equal magnitude. In weld B these stresses are
found from Eq. (2).
√

(2)

In a similar manner the weld stresses in C and D are found from Eqs.
(3a and b) and (4a and b) respectively. However the square root in (1)
and (2) must now be replaced by functions of the correct angle between
the weld throat and the axis being considered.
t =

°

.

t =

°

.

t =

°

.

t =

°

.

(3a)
(3b)
(4a)
(4b)

For the problem under consideration, the calculation of welds E and F
are more important, since they will play an important part if the
internal weld A would be omitted. Equations 5a and b apply to weld E
and 6a and b correspond to weld type F.
t =

°

.

t =

°

.

(5a)
(5b)

√

t = t =

(6a)

l =

(6b)

It is noticed that in weld F part of the member force is transformed to
longitudinal shear in the weld. This is because the connection is not
perpendicular to the member axis.
Table 2 shows the various stresses in the weld throats, as well as the
vonmises equivalent stresses. The latter demonstrate that A and B
show insufficient strength if the material corresponds to S 355. This
is due to the fact that LM 1 does not entirely apply to this structures,
since the road is of minor importance and the NAD for the code would
allow to design for a moderate load as 0.8-times the traffic load.
However, this does not influence the purpose of the present study.
Table 2. Weld stresses node 3
weld
A
B
C
D
E
F
3.

Figure 5. Various welds in 5-member node
It is assumed that the normal force of each member is equally
distributed among the 4 flanges of the profile, according to their cross
section area. In addition, bending moments are resisted by
compressed and tension flanges, the contribution of webs being
neglected. With these assumptions, the following equations can be
derived for calculating the stresses in the weld throats.

t
248.92
313.87
61.78
69.84
61.82
56.86

t
248.92
313.87
160.80
69.84
160.80
56.86

l

89.11
89.11

vonmis
497.84
627.75
285.28
208.16
285.29
191.71

Eliminating internal welds

If the internal weld A is omitted, the force from the flanges with length
d will be transmitted to the lower member as shear force through weld
F and introduce additional stress in D. This alternative load path is
more likely than transfer though weld E since the stiffness is
considerably higher.
Obviously, part of the vertical member flanges becomes inactive for
load transfer. This increases the vertical stress in the remaining cross
section. In addition, stress concentrations will occur, which will
depend on the radii of the rounding of the profiles and the detailing.
Hence, the alternative should be properly prepared. It is believed
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careful detailing will allow the solution, especially since the heaviest
member is concerned and general buckling cannot occur at this
location.
In the case of the bridge being discussed the stress in the vertical
member increases from 103.3 MPa to 192.4 MPa, or by 86%, although
still acceptable. This result may well be of general nature, since in
most trusses the members themselves are not critical, the nodes being
the determining locations. Should this also be true for other cases, the
welds might be adapted to the alternative load path.

formula (8.3) from EN 1991-1-9. However, due to the two types of shear
stress variations the formula had to be extended to Eq. (9).
∆

∆

∆

∆

∆

∆

Table 4. Fatigue strength of weld stresses node 3
all welds
A
B
C
D
E
F
internal not
A
B
C
D
E
F

(7)
√

t = t =

(8)

Again for the particular case under discussion, the new values of weld
stresses are listed in Table 3.
Clearly, welds D en F have to be increased. However, in practice this
would mean to increase the throat dimension from 5 to 7 mm, which
also complies with the parent metal strength.
Table 3. Modified weld stresses node 3
weld
B
C
D
E
F

t
313.87
61.78
293.35
61.82
56.86

t
313.87
160.80
293.35
160.80
56.86

l
89.11
301.90

vonmis
627.75
285.28
606.66
285.29
535.12

increase
0.00
0.00
1.91
0.00
1.79

Consequently in this particular case and as far as ultimate limit state
is concerned, the internal welds may be omitted, provided larger weld
thickness is used, compatible with the parent metal thickness.
Obviously this conclusion does not have a general character, although
it may be applicable to other cases.
4.

Verification of fatigue strength

As the structure considered for this study is a road bridge, fatigue
resistance may be important. As mentioned before, this is a local road
and the number of lorries crossing daily the bridge is limited.
Nevertheless, the verification of the alternative without internal
welds should also be verified for fatigue.

(9)

The values of c, ct and cl were taken from table 8.7 of EN 19911-9 [7]. The result can be seen in Table 4, both for the case including
all welds and for the case where internal welds are omitted.

As a consequence stresses will increase in welds F and D. Eq (7) renders
the additional vertical shear stress in weld F, whereas (8) gives the
additional stress in D.

l =

1

t
47.41
36.77
13.18
14.40
13.43
11.73
t

t
47.41
36.77
34.92
14.40
34.92
11.73
t

36.77
13.18
56.98
13.43
11.73

36.77
34.92
56.98
34.92
11.73

l

18.38
39.37
l

18.38
57.75

Damage
0.22
0.09
0.02
0.00
0.02
0.00
Damage
0.09
0.02
0.26
0.02
0.20

All values of the damage are smaller than 1. As expected, the damage
increases in D and F, although weld A initially showed the largest
damage. In table 4, no increase of the weld throat thickness has been
considered.
Clearly, in this particular case fatigue is a less detrimental condition
than ultimate limit strength of the welds. However, the increase of the
fatigue damage certainly is similar. For other cases, as major bridge
located on heavy traffic highways or railway bridges, fatigue
resistance may be a more critical requirement.
5.

Discussion

In the example under discussion, the nodes are not supplemented
with gusset plates as it is customary in larger truss bridges, having
members and nodes composed of welded plates, as shown in Fig. 6.
Gusset plates locally increase the cross section areas and provide
multiplication of the node strength. However, the transition between
member forces may be more complicated than shown in Fig. 1.

According to recommendations (2018) [6], Fatigue load model FLM 3
has been used. Obviously, the effect on vertical loads is moderate,
although for the forces in the sloping bars the change of sign, due to
the movable loads, introduces large stress variations. Hence for these
members, fatigue damage becomes more important. This is a general
characteristic for trusses, easily verified when looking at the
influence lines for the various bars of a truss structure.
Fatigue verifications is required both for welds and for parent
material. In general the parent material condition is more detrimental
than is the resistance of the welds. This appears to apply also to this
particular truss bridge.
The fatigue damage in the parent material of the vertical and sloping
bars, all welded connections being present, reaches 0.40 and 0.59
respectively. If the internal welds are omitted, these values become
0.60 and 0.59, the conditions of the diagonal members being
unchanged. These data are obtained, notwithstanding the low fatigue
class of the vertical member. The fatigue category for parent material,
connected by fillet welding to a perpendicular member is 36 MPa,
which may be increased to 45 MPa. The conditions to apply the latter
category are indeed fulfilled.
Fatigue damage of the welds has been calculated by determining
variations of normal and shear weld stresses and applying the

Figure 6. Truss node with gusset plates
Obviously, omission of internal welds should show a symmetrical
pattern. If just one of both welds A would not exist, heavy additional
bending would originate in the vertical member and the effect on the
remaining welds would certainly be inacceptable. In addition, the
deviation of the member vertical force may just shift the location of
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intersection of the node members and thus introduce additional
bending in the lower edge beam.
This leads to another requirement concerning the geometry of the
structure. The members converging at a node should certainly be
concurrent. If the bars are not concurrent, and similar to the previous
discussion, additional bending is introduced in the lower edge
member.
Taking out those welds, which are perpendicular to the flange of the
lower edge member and originate from the heavily loaded vertical
member, avoid bending of the upper flange of this horizontal bar.
Consequently, the failure mode e of table 7.4 of EN 1993-1-8 is
eliminated. This certainly is an asset of the proposal.
Due to these various limitations, it is rather unsure that the
simplification being presented might be generalized. Nevertheless,
the equations (1) to (8) allow to calculate the various welds in this type
of connection and to test whether internal welds might be avoided.
In future, more complicated and critical cases will be explored,
including those with gusset plates. The outcome should be compared
to consistent FE-models, albeit these will necessarily reveal high
stress concentrations, in opposition to the recommendations for
design of welded connections. Should the opportunity arise,
experimental verification is recommendable, although it can be
imagined small scaled plastic models can allow further exploring of
the system.
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The reuse of construction and demolition waste as a new aggregate source can be a very
beneficial option to reduce environmental pollution and to contribute to the protection of
natural resources. However, the performance of Recycled Concrete Aggregates (RCA) needs
to be more studied. In order to clarify this point, an experimental study was conducted to
evaluate the mechanical and physical properties of concrete made with partial and total
replacement of natural coarse aggregate by recycled Refractory Brick Aggregate (RBA). Two
parameters were considered in this work:(1) RBA replacement percentages (10%, 20%, 30%,
40%, 50%, 70% and 100%) ;(2) water/cement ratios (i.e., 0.59 and 0.38). A total of 98 specimens
of RAC were prepared and tested. The following physical and mechanical properties were
examined:(1) water porosity;(2) density ;(3); ultrasonic pulse velocity (UPV);(4) compressive
strength ;(5) dynamic elasticity modulus. In conclusion, the performance of RAC decreases
with an increase in the replacement ratio of RBA. However, concrete can be manufactured
with up to 30% of RBA to reach acceptable properties and good quality.

1.Introduction

with a replacement ratio no large than 20%, can be used as a fine
aggregate in cement mortars production.

Construction and demolition wastes form a large part of the world's
waste, the use of these wastes as aggregates is environmentally and
economically important and help to reduce the consumption of raw
materials. In literature, several studies have been investigated the
possibility of using construction and demolition waste as aggregates
(coarse, fine or both) in the production of concrete and researchers
showed that the concrete made with recycled aggregates performs
better than natural aggregates for replacement ratios up to 25% [1-7].

In another research, Aboutaleb et al. (2017) [11] researched the
influence of the replacement ratio (10%, 30%, 50%, and 100%) of
recycled fine aggregate from using refractory bricks on the physical
and mechanical properties of self-compacting mortars. It was found
that refractory bricks can be used as fine aggregates for selfcompacting mortar, without affecting the essential properties of
mortar.

Refractory bricks are mainly used especially within the furnace's
basin such as cement, glass and ceramics. A significant number of
refractory bricks have served their service life and are being
demolished for replacement with new ones, which results in a large
quantity of these wastes, in turn leading to a negative effect on the
environment. In this regard, about 28 million tons of spent
refractories waste are generated each year Horckmansa et al. (2019)
[8]. The reuse of refractory brick wastes in concrete is an important
step forward to sustainable construction, thus protecting the
environment and saving natural resources, particularly natural
aggregate. In fact, very few studies have been conducted on the use of
recycled refractory brick in concrete.
A study carried by Kavas et al. (2006) [9] and has the objective of
produce high temperature resistant mortar by using magnesiumchromite and alumina based refractory wastes as fine aggregates.
According to their result, they found that the properties of
magnesium chromite containing refractory waste brick aggregates
have given the best results.
Saida et al. (2015) [10] also investigated the reusing of refractory brick
wastes as a fine aggregate (by partial substitution of sand) to produce
cement mortar. The results illustrated that refractory brick wastes,

Nematzadeh and Nasiri. (2018) [12] investigated the effect of high
temperature on the mechanical behaviors of recycled aggregate
concretes made with different replacement levels of fine natural
aggregate by used refractory bricks (0%, 25%, 50%, 75% and 100%).
They found that the concrete compressive behaviors at higher
temperatures was improved when the contents of refractory brick
fine aggregate were higher. However, the study of Nematzadeh et al.
(2018) [13] led to the conclusion that concrete containing fine
refractory brick aggregate showed a rather unsatisfactory
performance in terms of corrosion control against acid attack.
Additionally, to the substitution of natural aggregate by recycled
materials, cement was substituted by the recycled materials like
supplementary cementitious which were able to prepare sustainable
concrete or mortar. The results obtained by Zeghad et al. (2017) [14]
showed that refractory bricks finely ground have the potential to be
used as cementitious material or material or additions for concrete
manufacture.
According to this short bibliography which contains a limited number
of research results on the properties of mortars and concrete made
with refractory brick aggregate (as fine aggregate or additions), it is
interesting to investigate the potential of using refractory brick as
coarse aggregate to produce concrete. For this reason, this research
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aims to produce concrete by using of recycled refractory brick as
coarse aggregate by partial substitution of natural coarse aggregate
at different content (0, 10, 20, 30, 40, 50, 70 and 100%). Concretes
produced were compared with the conventional concrete in terms of
physical and mechanical properties (porosity, density, ultrasonic
pulse velocity, compressive strength, and dynamic elasticity
modulus).
2.

Experimental details

2.1. Materials
In this research, Portland cement (CPJ CEM II/A 42.5) was used as a
binder. Table 1 shows the chemical composition and mechanical
properties of this cement measured in the LPCMA laboratory. We can
observe from Table 1 that the compressive strength of this cement,
measured after 28 days (35 MPa), did not reach the required strength.
Two types of natural aggregates were used: siliceous sand(fine
aggregates)and calcareous crushed stone(coarse aggregates), see
Figure 1. Furthermore, coarse crushed Refractory Brick Aggregate
(RBA) was utilized as the coarse natural aggregate replacement.

Table 2. Physical properties of natural and recycled brick aggregates
Physical properties

NCA
5/15 15/25

Apparent density
(g/cm3)
Absolute density
(g/cm3)
Water absorption (%)
Porosity (%)
Water content (%)

1.39

Los Angeles abrasion

1.43

S
0/5

RBA
5/15 15/25

1.55

1.33

1.33

2.70

2.69

2.85

2.90

2.90

0.26
1.56
0.10

0.22
1.16
0.11

0.67
0.08

2.88
9.30
0.06

2.88
9.30
0.06

30

-

58

75.8
Sand equivalent (%)
2.51
Finesse modulus
NCA: Natural Coarse Aggregates; S: Sand; RBA: Refractory Brick
Aggregate.

The RBA used in this study was obtained from crushing big blocks of
refractory brick used in the furnace recovered from the cement
factory, see Figure 2. The RBA was crushed in the laboratory using a
small jaw crusher and were then sieved to extract the fraction of
5/25mm in size. The physical properties of natural and recycled brick
aggregates are summarized in Table 2, they were measured at the
laboratory according to the following French Standardization (NF): NF
P 18-554 [15], NF P 18-555 [16], NF P 18-573 [17], NF P 18-598 [18].
The grain size distribution was performed following the P 18-560
standard [19], and it is presented in

Table 1. Chemical composition and mechanical properties of cement
Chemical composition of cement (%)
Cao
SiO2
Fe2O3
Al2O3
MgO
SO3
K2O
Na2O
60.1
16.64
3.39
4.34
1.29
3.29
0.68
0.19
Mechanical properties (MPa)
2 days
7 days
28 days
CS
18.2
30.40
35
FS
1
1.39
2.7
CS: Compressive Strength; Fs: Flexural Strength.

Figure 2. Refractory brick aggregates
100

S 0/5

90

NCA 5/15

80

NCA 15/25
RBA2 5/15

70

Percent passing (%)

It is worth noting that for the concretes with low water/cement ratio
(w/c = 0.38) a superplasticizer (GLENIUM® 27) was used to keep
workability during the mixing process without increasing the water
content. The superplasticizer (GLENIUM® 27) having a density is 1.05±
0.02 and ph value is 6.0 ± 1, according to the range recommended by
the manufacturer (0.3% to 3%of the weight of the cement).

RBA2 15/25

60
50
40
30
20
10
0
0.01

(a)

(b)

0.10

1.00

Sieve size

10.00

Figure 3. Particle size distribution curves for the aggregates used

Figure 1. Natural aggregates :(a) calcareous crushed stone (b)
siliceous sand
2.2. Manufactured specimens and testing system
As given in Table 2, the RBA used presents a higher density than
natural aggregate and higher water porosity that leads to much
higher water absorption.

Sixteen concrete mixtures were prepared in two separate groups and
the composition are presented in Table 3. The first group
(conventional concretes), tow mixtures with cement dosage of 350
kg/m3 (w/c=0.59) and 450 kg/m3 (w/c=0.38) were made only of natural
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aggregates and prepared according to the Dreux mix design method
[20], which can be represented by C1NA and C2NA. In the second group
(RCA), fourteen mixtures with the same cement dosage were designed
by replacing 10%, 20%, 30%, 40%, 50%, 70% and 100%% by volume of
NCA by the RBA.

With the data obtained in the ultrasonic tests, the value of the
dynamic elasticity modulus was also determined according to the
following equation [23-26]

It should be noted that the mixing water could not be absorbed by RBA,
these aggregates were soaked in water for 4 hours then air-dried to a
saturated dry condition before mixing with other ingredients of
concrete.

Where E is the dynamic modulus of elasticity, ѵ is the UPV value, p is
the oven-dry density, and v is Poisson’s ratio (taken as m = 0.2 for
concrete).

E= (px ѵ2) (1+v) x(1-2v) /(1-v))

(3)

For each mixture, four concrete specimens with 10x10x10 cm3
dimensions were cast in steel molds and compacted with a vibrating
table. After casting, these specimens were covered by a thin plastic
film and kept in the molds for 24 h. Twenty-four (24) hours after
casting; specimens were removed from their molds and cured under
water for 28 days at an average temperature of 20 ± 2 °C.

The compressive strength of conventional concretes and RAC
concretes was evaluated according to the standard NF EN 12390-3 [27]
using a hydraulic press machine with a loading capacity of 3000 kN.
The loading rate applied in the compressive strength tests was
maintained at 0.5 MPa/s according to standard NF EN 12390-4 [28].
Measurements for compressive strength were carried out on four
specimens of each mixture.

2.2. Testing procedures

3.

The water porosity and density in concrete play a major role in
determining its mechanical properties. IN this study, the concrete
porosity and density were determined through the water saturation
method according to AFNOR P 18-554 standard [21] and results were
based on three specimens for each mixture.

3.1. Water porosity (P)

Table 3. Mix proportion of concrete (kg/m3).
Specimen

S

C1NA
C2NA
C1-RBA10
C1-RBA20
C1-RBA30
C1-RB40
C1-RBA50
C1-RBA70
C1RBA100
C2-RBA10
C2-RBA20
C2-RBA30
C2-RB40
C2-RBA50
C2-RBA70
C2RBA100

688.34
639.43

688.34

639.43

NCA
5/15 15/25
947.84
226.64
958.54
180.19
853.05
203.97
758.27
181.31
636.48
158.65
568.70
135.98
473.92
113.32
284.35
67.9 9
862.69 162.17
766.83
144.15
670.98 126.13
575.12
108.11
479.27
90.0 9
383.42
54.06
-

RBA
5/15 15/25
101.94
24.4 7
203.90 48.9 3
305.83
73.4 0
407.78
97.8 6
509.72
122.33
713.61
171.27
1019.5
244.67
103.10
19.4 5
206.19
38.9 0
309.29
58.3 6
419.39
77.8 1
515.48
97.2 6
721.67
136.17
1030.6
194.52

SP
(%
1.4

Results and discussions

(P)measurements were carried out on three samples for each mixture.
Figure 5 shows the replacement level effect of NCA by RBA on the (P)
of concretes. It can be observed that concretes prepared with RBA
present high (P) compared to natural aggregates concrete. The results
presented in Figure5 shown that when the percentage of replacement
of NCA by RBA increased, the (P)of concretes was significantly affected
due to the high porosity of RBA (see Table 2).
For RCA with w/c ratio of 0.59, the (P)is increased by 10% for C1-RBA10,
10% for C1-RBA20, 15% for C1-RBA30, 17% for C1-RB40, 20% for C1RBA50, 21% for C1-RBA70 and 32% for C1RBA100.However, the
increase of(P)was higher for RCA with the w/c ratio of 0.38, probably
due to lower (P) of C2NA (refrence maxture). The increase of (P)is 28%,
23%, 32%, 35%, 35%, 46%, and 49 % for C2-RBA10, C2-RBA20, C2RBA30, 24% for C2-RBA40, C2-RBA50, C2-RBA70, and C2-RBA100,
respectively.
In the case of RAC with a w/c ratio of 0.59, the (P) results appear to
show that at the RBA replacement ratio up to 20%, (P) remained almost
constant. While in the case of RAC with a w/c ratio of 0.38, there is a
slight increase in (P)for the concrete made with 20% RBA compared to
the other substitution ratio.

-

1.4

C1:for concrete mixtures with cement dosage of 350 kg/m3(w/c=0.58) ;
C2:for concrete mixtures with cement dosage of 450 kg/m3(w/c=0.38) ;
NCA: Natural Coarse Aggregates; S: Sand; RBA: Refractory Brick
Aggregate; SP: superplasticizer; 0, 10, 20, 30, 40, 50, 70, 100 represent
the percentage replacement of NCA by RBA; NA: Natural Aggregate.

It should be noticed from Figure 5 that, for w/= 0.38, RCA had lower
(P)value than that the RCA with a w/c ratio of 0.58. This can be
explained by that increase cement content and decreasing w/c ratio
can the transformation of large capillary pores of RCA, resulting from
the inclusion of RBA into smaller ones by fill the voids.

The water porosity (P) and density (D) are determined according to
below equations (1) and (2), respectively.
p=(Mw-Ms)/(Mw-Mw` )
D=Ms/ (Mw- Mw` )

(1)
(2)

Where (Ms) is the dry mass and is obtained by drying in an oven at 60
° C ± 2 ° C until the weight is stable. (Mw) a saturated mass and is
obtained after the samples are completely saturated with water. (Mw
') is the submerged mass and was obtained with a hydrostatic balance.
The Ultrasonic pulse velocity (UPV) tests were conducted according to
AFNOR PA 18-418 standard [22]. The UPV was considered as a nondestructive method for assessing the homogeneity and quality of
concrete and detecting cracks and voids. The UPV can be measured
from the path length divided by the time needed to spread the wave
through the sepecime. Measurements for UPV were carried out on
four specimens of each mixture.

Figure 5. Effect of percentage of RBA on concrete porosity

3.2. Concrete density (D)
The effect insertion on (D) of RCA is shown in Figure 6. The RCA with
a w/c of 0.59 show a reduction of (D) about 5%, 6%, 5.2%, 4%, 4.5%, 3.5%,
and 6.4% for C1-RBA10, C1-RBA20, C1-RBA30, C1-RB40, C1-RBA50, C1-
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RBA70 and C1-RBA100, respectively. In the case of RCA with a w/c of
0.38, the reduction reached 2% for C2-RBA10, 1% C2-RBA20, 2% for C2RBA30, 0.3% for C2-RBA40, 1% for C2-RBA50, 2% C2-RBA70, and 5%
C2RBA100. It can be seen that both RCA exhibited about a lower than
7% reduction in (D) up to 100% replacement. According to the results
obtained, the use of RBA does not a significant effect on concrete (D),
which can be explained by the high density of RBA. This conclusion
was also reported by Aboutaleb et al. [11], who found that sand
substitution by refractory brick does not a great effect on the bulk
density of mortar.

3.4. Dynamic modulus of elasticity
The dynamic modulus of elasticity determined on specimens made
with NCA and RBA, are presented in Figure8. It is observed that with
the increase in the percentage of RBA, a decrease in modulus of
elasticity is observed in RCA.
The results in Figure 8 also shows that the decreases of dynamic
modulus of elasticity of the RCA with a w/c ratio of 0.59 is quicker
compared to the RCA with a w/c ratio of 0.38. In the case of RCA with
a w/c of 0.59, the dynamic modulus of elasticity is reduced by 18%,
19% ,18% ,21% ,27% ,25 and 38% for C1-RBA10, C1-RBA20, C1-RBA30,
C1-RB40, C1-RBA50, C1-RBA70and C1-RBA100, respectively. For the
RCA with a w/c ratio of 0.38, the decrease is 14% for C2-RBA10 ,14% for
C2-RBA20,11% for C2-RBA30,11% for C2-RBA40,11% for C2-RBA50,23%
for C2-RBA70,30% for C2-RBA100.
The decrease of dynamic modulus of elasticity of concrete mixes
prepared with RBA may be attributed to the lower mechanical
strength of this type of aggregate (see Table 2).According to González
et al. (2017) [26], the decrease in dynamic modulus of elasticity is due
to the recycled brick aggregates have a lower rigidity than the natural
aggregate.

Figure 6. Effect of percentage of RBA on concrete density

It can be seen from Figure 8 that, for lower w/c (w/c=0.38), RCA
performed better and showed a lower decrease in dynamic modulus
of elasticity. The results obtained show that, up to 50% replacement,
there is a slight decrease in dynamic modulus of elasticity is observed
(lower than 15%) compared to conventional concretes.

3.3. Ultrasonic Pulse Velocity (UPV)
The UPV test is used to evaluate the homogeneity of concrete and
detect cracks and voids. Figure 7 shows the UPV of the cubic
specimens with RBA. It can be seen from the figure that the UPV of
both the specimens tested drop with the increase of the replacement
of NCA with RBA.
It can be seen in Figure 7 that generally the drop of the UPV of the RCA
with w/c ratio of 0.59 is quicker than that of the RCA with w/c ratio of
0.38. For example, the UPV is reduced by 7%, 7%, 7% ,9%, 12%,12%, and
19% for C1-RBA10, C1-RBA20, C1-RBA30, C1-RB40, C1-RBA50, C1RBA70 and C1-RBA100, respectively. For the RCA with a w/c ratio of
0.38, the decrease is 4% for C2-RBA10, 5% for C2-RBA20, 5% for C2RBA30,6% for C2-RBA40,8% for C2-RBA50, 11% for C2-RBA70 and 14%
for C2-RBA100.
The results obtained in this test indicate that UPV values of RCA are
higher than 3500 m/s, which can be classified as a good quality
concrete.
As shown in Figure 7, the UPV values of RCA are improved by
increasing cement content and decreasing the w/c ratio. This can be
explained by reducing the volume of voids in the mixtures due to the
increased cement content. Therefore, the time needed to spread the
wave through the specimens are decreased.

Figure 8. Effect of RBA content on Dynamic modulus of elasticity

3.5. Compressive strength
Debbie and Kenai,2008 [1] reported in their studies that substitution
of natural aggregates with recycled brick aggregates should be done
with caution as it can adversely affect the compressive strength.
Figure 9 presents the effect of the percentage of RBA on compressive
strength for concrete mixes with a w/c ratio of 0.59 and 0.38. The
results obtained shows that compressive strength decreases in
concrete containing RBA, which can be explained by the higher
porosity and Los Angeles abrasion of RBA.
For RCA with a w/c of 0.59, the decrease in the compressive strength
is 26%, 11%, 11%, 22%, 22%, 23% and 20% for C1-RBA10, C1-RBA20, C1RBA30, C1-RB40, C1-RBA50, C1-RBA70 and C1RBA100, respectively. In
the case of RCA with a w/c of 0.38, the compressive strength decreases
16% for C2-RBA10, 9% for C2-RBA20, 17% for C2-RBA30, 24% for C2RBA40, 19% for C2-RBA50, 14% for C2-RBA70, and 17% for C2-RBA100.

Figure 7. Effect of RBA content on UPV

It can be seen from Figure 9 that, for w/c of 0.59 and 0.38, concrete
containing 20% RBA have the minor compressive strength loss.
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compressive strength was observed when the NCA were completely
replaced with RBA.
As a final conclusion, concrete made with RBA shows a lower
performance compared to conventional concrete. Additionally, RBA
has lower mechanical strength and, therefore, the external layer of
RBA was wrecked and transformed to fine aggregate. Therefore, RBA
should be used with caution as it can adversely affect the performance
of concrete. However, it would be acceptable to use RBA as coarse
aggregate with a percentage of substitution of 30% to produce
concrete with acceptable properties and good quality.

Nomenclature

Figure 9. Effect of RBA content on compressive strength
The decrease of compressive strength of concrete mixes prepared
with RBA may be attributed to the moisture state of these aggregates.
The moisture states of the aggregates can change the workability and
the uniformity of the concrete mixes and hence would affect the
properties of the hardened concrete [28]. RBA pores are filled of water
after immerging during four hours, which can weaken the bond
between RBA and the cement matrix and consequently decreasing
compressive strength.
Moreover, it is important to note that, based on observations during
the mixing of concrete containing RBA, the external layer of RBAs
were wrecked and transformed to fine aggregate. Furthermore, the
diameter size of these aggregates was reduced. This may be related to
the significant porous structure of RBA, which leads to a higher Los
Angeles abrasion and results in a decrease in compressive strength.
It can be seen from figure 9 that the use of RBA, as coarse aggregate,
with a percentage of substitution of 20% for concrete provides an
acceptable compressive strength. The study researched by Saidi et al.
[10] shows that 20% is the optimum percentage for replacement of
RBA when used as fine aggregate

RCA
RBA
NCA
UPV
P
D
Ms
Mw
Mw`
w/c

: The recycled concrete aggregate
: The refractory brick aggregate
: The natural coarse aggregate
: The ultrasonic pulse velocity
: The porosity
: The density
: Mass dried
: The mass saturated
: The hydrostatic balance
: The water/cement ratio
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An experimental, numerical, and theoretical study was conducted to investigate the
buckling behaviour of cylindrical shells with stepwise wall thickness when subjected to a
combination of axial compression preloading and external pressure. The effect of axial precompression on the buckling load, buckling mode of the cylindrical shell were evaluated.
Additionally, numerical modelling was employed to verify the experimental results and
relationships available in the design codes for predicting the buckling load of cylindrical
shells with a uniform wall thickness were modified to for cylindrical shells with stepwise
wall thickness. Comparable predictions between the modified analytical and numerical
models and the experiment were observed.

cylindrical shells with stepwise wall thickness are evaluated using
Finite Element (FE) numerical modelling and theoretically.

1.Introduction
Cylindrical steel shells are industrial structures that play an
important role in the storage of petroleum and refineries, potable
water supply and fire extinguishing systems [1–3]. Steel storage
cylindrical shells are manufactured with variable thicknesses in
height for economic reasons. Each cylindrical shell structure is made
from several individual cylindrical shells of constant thickness, with
the wall thickness increasing progressively from top of the shell to the
bottom [4–6]. These shells with fixed roofs are subject to axial pressure
due to snow accumulating on the roof. Shells are subjected to external
pressure due to wind load or when the containing liquid is discharged,
with the combination of axial compression and external pressure
could conclude the structural failure of the shells [7–12].
Brush and Almroth (1975) [13] proposed an equation to predict the
buckling load of steel cylindrical shells with a uniform wall thickness.
Hutchinson (1965) [14] showed that the geometric imperfections
significantly reduced the buckling load of the steel cylindrical shells
with a uniform wall thickness. Shen and Chen (1991) [15] and
Pourkhorshidi and Abedi (2017) [16] showed the significant effect of
the combined load proportions, cylindrical shell geometry, and the
geometrical imperfections on the buckling load of the cylindrical
shells. Naserkhani and Epakchi (2019) [17] proposed a relationship
that closely predicted the buckling load of cylindrical shells with nonuniform wall thickness subjected to combined axial compression and
external pressure.
A review of previous research in cylindrical shell buckling shows that
the effect of stepwise wall thickness on the buckling behaviour of
cylindrical shells subjected to combined axial compression and
external pressure has received markedly little appraisal. In the
reported study, it was assumed that a cylindrical shell carries axial
compression and is then subjected to external pressure. The effect of
axial pre-compression on the buckling load and buckling mode of

2.

Testing process

2.1. Specimen manufacture
A cylindrical shell was manufactured from three individual
cylindrical shell sections with radius of 300 mm, height of 150 mm
and thickness of 0.3, 0.4 and 0.5 mm such that the thickness of the
individual cylindrical shells increased stepwise downwards. The
edges of individual cylindrical shells were welded together using
strips with dimensions of 10×0.3 mm2 and Spot Welding system (see
Fig. 1a). The welded areas were sealed from the external surface of the
shell using silicone sealant. The dimensions of the cylindrical shell
are shown in Figure 1b.
Meridional strip and
meridional weld

Circumferential weld

(a) Circumferential and
meridional welds

(b) Dimensions of specimen

Figure 1. Dimensions and manufacturing process of cylindrical shell.
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2.2. Test setup

3.

The cylindrical shell was placed between rigid plates at the top and
the bottom with the edges of the cylindrical shell was constrained
against any radial displacement by positioning in the grooves
provided in the rigid plates. The edges of the shell were sealed against
any air leakage using gasket glues. Axial pre-compression was
applied to the cylindrical shell using a vertical jack and external
pressure loading was applied using a vacuum pump. Four digital dial
indicators were used to measure shell vertical and radial
displacements at different locations on the shell surface. The
coordinates of the instruments given in Table 1.

The test procedure involved first applying axial pre-compression to
the top edge of the shell specimen up to 1.78 kN and then applying the
external pressure by discharging the air inside the shell while keeping
the value of the axial compression constant. In Fig. 4a, the axial precompression versus radial displacement are shown, and in Fig. 4b, the
total axial compression (axial pre-compression plus additional axial
compression derived from external pressure application)displacement relationships are depicted. Dial indicator 2 to 4 showed
shell radial displacement while dial indicator 1 recorded shell vertical
displacement at the axial compression load location. Fig. 4a shows
insignificant deformation of the cylindrical shell when subjected to
axial compression, however, with an application of external pressure
shell deformation increased up to P = 2.58 kPa at which shell initial
circumferential buckling occurred. Further increase in the external
pressure caused an increase in the vertical and radial shell
displacement until the shell buckling was achieved at an external
pressure equal to P = 4.73 kPa, which was associated with larger shell
radial displacement as shown in Fig. 4c.

Three tensile tests were performed on coupon samples that were
produced from the steel sheets with varying thicknesses, according to
ASTM-E8m [18], and the stress-strain diagrams for average of three
tensile tests are shown in Figure 3.

Test results

The shell specimens failed due to the development of circumferential
waves (see fig. 5) with the starting point of the initial circumferential
buckling wave marked in Fig. 4b and Fig. 4c. Further external
pressure caused the development of circumferential half-sine waves
in the form of inward deformation separated by vertical crests (Fig. 5),
with the number of the developed waves increasing with an increase
in the external pressure. The cylindrical shell failed at an external
pressure equal to P = 4.73 kPa at which ten half-sine waves were
detected.

Figure 2. Overall view of the test set-up.
Table 1. Location of the LVDTs on specimen.
(degree)
Z (mm)
Instrument
Dial indicator 1

---*

450

Dial indicator 2

20

255

Dial indicator 3

145

345

Dial indicator 4

240

345

*Dial indicator 1 was located on the top rigid plate.

Figure 4. Experimental curves relationship of cylindrical shells.

Figure 3. Stress-strain relationship of cylindrical shell material.
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5. Verification of numerical simulation

Crest

Crest

In Figure 7, external pressure versus radial displacement
relationships at dial indicator locations for the tested specimen were
compared with the associated numerical model. Additionally, the
collapse load and the number of circumferential waves obtained from
experiment and numerical modelling are listed in Table 2. The results
indicated that there was a close correlation between the experimental
and the FE results. There were small discrepancies between the
experimental and FE graphs in Fig. 7 mainly due to several unmodelled parameters such as support conditions in the FE model that
did not exactly represent the test set-up, residual stresses.

Half sine waves

Figure 5. After-test configuration of shell specimen.
4. Numerical modelling
General-purpose finite element (FE) program ABAQUS [19] was used to
simulate the test. The shell specimen and the boundary conditions
were modelled using the geometric properties of the test specimen
and the test set-up (see Fig. 1b and Fig. 6), and the material properties
were modelled using true stress-strain relationships. The strips were
connected to the individual cylindrical shells using the tie option (see
Fig. 6). Top and bottom rigid plates were not modelled to simplify the
FE model and to reduce the analysis time. The first buckling mode,
obtained from eigenvalue buckling analysis, was used as initial
geometric imperfection for models, similar to methods used in
Refs.[7,19,20]. The size of the maximum geometric imperfection
obtained from the specimen was 0.5 mm, therefore, a scale factor of
0.5 was considered for the first buckling mode in FE analysis. Two
steps are defined to simulate the experimental loading stages
including (i) nonlinear general static analysis for modelling the axial
pre-compression in the form of linear distributed load applied on the
top edge of the model (p), and (ii) Riks analysis for applying external
pressure to trace unstable equilibrium paths that may exhibit ‘snapthrough’ or ‘snap-back’ [21,22]. The additional axial compressive
stresses due to the external pressure was modelled as a function of
the external pressure and perimeter of the shell cross-section
((πR^2)/2πR) and applied to the top edge of the model (see Fig. 6). The
cylindrical shell was modelled using four-node, three-dimensional
and doubly curved shell element S4R having a mesh of 10 mm
elements.

(b) Dial indicator 2

(a) Dial indicator 1

(c) Dial indicator 3
Figure 7. Comparison of experimental and FE results for external
pressure-radial displacement relationships of cylindrical shells.
Table 2. compaction of experimental and numerical results.
Axial
Numbe
Collapse
Eror
r of
compression
specimen
load (kPa)
(%)
wave
(kN)
Experiment

1.78

4.73

10

FE model

1.78

4.78

9

1.05

Four scale factors equal to 0 (no imperfection), 0.25, 0.50, and 0.75
were used to evaluate the effect of the initial geometric imperfections
on the buckling load of the stepwise cylindrical shells. Ten cylindrical
shells with similar geometry that had varying axial pre-compressions
were modelled for each specific value of scale factor, and axial
compression-external pressure interaction graphs were depicted in
Fig. 8, with the results indicating that the buckling load decreased
with increasing the scale factor.
Figure 6. Details of FE model.
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𝐷

𝐸𝑡
12 1 𝜐

(7)

𝑚

𝑚𝜋𝑅
𝑙

(8)

in which K is a load ratio and is defined as a unique eigenvalue
corresponding to each pair of m and n values, which is calculated by
[13]:
𝑁
2𝜋𝑅

(9)

𝐾𝑞𝑅

where t is the shell wall thickness, E is Young's modulus, R is the
radius of the cylindrical shell, l is the buckling length, n is the number
of circumferential waves, m is the number of longitudinal waves, and
is the Poisson's ratio.
For the tested specimen, the equivalent wall thickness and the
effective length were calculated using the equations by Eq. 1 and Eq.
3 that are given in Table 3.
Figure 8. Interaction curve of axial compression-external pressure.
Table 3. Equivalent wall thickness and effective length of cylindrical
shell specimen.
Ref. [23]
Ref. [4]

6. Comparison of theoretical and numerical results

D

In EN 1993-1-6 [23], the buckling load of cylindrical shells with
stepwise wall thickness subjected to external pressure was calculated
first by dividing the shell height to three fictitious individual sections
with a specific length and wall thickness. In the next step, the
cylindrical shell that has three fictitious individual cylindrical shells
is replaced with an equivalent cylindrical shell with a uniform wall
thickness equal to ta (Eq. 1) and an effective length of leff (Eq. 2), [24]
which is determined by:

∑ lt

t

(1)

l

(mm
)
Specimen

600

Leff

teq

Leff

teq

(mm)

(mm)

(mm)

(mm)

307.50

0.36

300

0.33

Then, the external pressures (q) that caused buckling were calculated
using Eq. 5 and compared with the FE results in Table 4 and in Fig. 9.

(2)
Table 4. Comparison of theoretical predictions with numerical
results.

where la is the height of the top section and k is a dimensionless factor
indicating the stiffness effect of the bottom sections and is
determined using the graphs that were provided in EN 1993-1-6 [23]
Chen et al. [4] proposed a theoretical relationship for determining the
equivalent wall thickness of cylindrical shells with a stepwise wall
thickness subjected to external pressure using weight distribution
and based on energy principles (Eq. 3):
1

𝑡

𝑙

𝜒

ℎ

𝑡 𝜒

𝜒

𝑙
2𝜋ℎ
𝑠𝑖𝑛
2𝜋
𝑙

.

𝑖

1,2, … , 𝑛

(3)

(4)

(4)

in which l’eff is the effective length of the cylindrical shell, and hi is the
distance from the top of the shell to the bottom of the ith section, Note
that in Eqs 3 and 4 for i = 1, then h0 = 0 and 0 = 0.
Brush et al. [13] proposed a theoretical relationship to predict the
buckling load of cylindrical shells with a uniform wall thickness and
simple boundary conditions subjected to a combination of axial
compression (N) and a uniform external pressure (q) as below:

(kN)

0
4.71
10.47
14.13
18.85
23.56
28.27
32.98
37.70
42.41
47.12
51.84
55.88

Buckling
load
FE
analyses

Prediction by Eq. 5

Leff & teq based
on Ref. [4]

Leff & teq based
on Ref. [23]

(kPa)

Value
(kPa)

Error
(FE)%

Value
(kPa)

Error
(FE)%

9.64
9.32
8.92
8.67
8.31
7.91
7.45
6.91
6.29
5.57
4.69
3.12
0

9.37
8.97
8.47
8.17
7.77
7.37
6.97
6.57
6.17
5.72
5.26
4.80
4.40

2.80
3.75
5.04
2.88
6.50
6.83
6.44
4.92
1.90
2.69
10.84
53.84
-

7.88
7.51
7.07
6.75
6.34
5.92
5.50
5.08
4.66
4.24
3.82
3.38
2.96

18.25
19.42
20.74
22.14
23.71
25.16
26.17
26.48
25.91
23.87
18.55
8.33
-

The effect of geometric imperfections was not considered in Eq. 5;
thus, the theoretical predictions were compared with the results of FE
analysis in which no geometric imperfections were modelled.

(5)

q
𝐶

Axial
compression

1

𝐸𝑡
𝜈

(6)
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This study is concerned with the study of the plastic behaviour of overlapped K-joint of
lattice girders, made up of elements of rectangular hollow section with very thin walls. An
experimental study was carried out on three full-scale truss girders with the same sections
and different geometry. According to studies, the main parameters which have defined the
strength of overlapped K-joints are the ratio between the width of the diagonals and that of
the chord, the ratio between the width of the chord and that of its thickness and the angle of
the diagonal with the chord. The latter was the parameter taken in this work. A numerical
investigation was combined in order to draw up a comparative assessment of the behaviour.
This study will certainly make it possible to better apprehend one of the main parameters
governing the behavior of the joints of beams of hollow rectangular sections and to define
the analytical model appropriate to this type of beam. It appears that in this study the very
thin-walled sections exhibit a different behaviour compared to the trusses with more or less
thick or thin sections. Plasticization of the face and walls of the chord was the type of failure
observed in this study.

1.

Introduction

Eastwood & Wood (1970)[1] investigated the plastic behaviour of the
joints of the trusses of rectangular hollow section and the various
modes of failure , among these last only the following cases are to be
taken:
J. Wardenier (2001) [2] describes the behaviour of the plasticization of
the face of the chord, ruin of the walls of the chord, punching of the
chord, chord shear and ruin of the diagonal. Therefore the modes by
buckling of the compressed diagonal and by plasticization of the face
of the chord are generally observed in overlapped joints with
relatively thin walls. Philiastides A (1988)[3] and Saidani M (1991) [4]
most of their experimental and theoretical research was conducted
out on this type of trusses, the major part of their program was carried
out on sections of 100x100 mm and of different thicknesses of 4 and
5 mm and more. Thus, on the basis of these investigations, a
comparative and crossed contribution by the present study on
rectangular hollow sections with very thin walls relative to the
sections cited above, will certainly allow a better understanding of the
mode of ruin appropriate to this type of section and calculate the
capacity of the node.

and tested. These trusses are supplied by a company. By virtue of their
shape, which was part of a symmetrical system, these three trusses
had a different geometry while keeping the same sections of the chord
and the bracing. The experiment was carried out on a test slab with a
maximum loading capacity of 20 tonnes.

Truss P1 with 7 nodes

Truss P2 with 11 nodes

Truss P3 with 9 nodes

Thus, the three trusses have tested and allowed for a comparative and
comprehensive study of their behaviour and followed by a numerical
analysis (Abaqus) for validation.
2.

Experimental work

Analytical models are used by Wardenier J., Stark J.W.B (1978) [5] to
describe the behaviour of the joint and to determine the paramount
parameters with regard to its strength. Sometimes the behaviour of
the assembly is too complex to take into account all the influencing
parameters. A total of three full-scale trusses with full overlap of the
diagonals at the joints (P1, P2 and P3) made of S 235 steel were used

Figure 1.. Finite element model of truss
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Table 1. Dimensions of trusses and sections of elements
Parameters
Length
Height
Chord&vertical
Diagonal

Unit
4m
0.885m
70x50x2.5 (mm)
60x30x2 (mm)

The instrumentation considered is made up of electrical gauges to
measure the deformations at the joints and the comparators placed in
the middle of the trusses to measure the central deflection. The
deformations are acquired by a measuring chain.
Table 2. Different parameters of the joint
(a) Truss P1
Trusses Joint Type

1

bo/to b1/t1 b2/t2 b1/b2

P1 100% Overlapped 60.6 0.9 20 15 15 1.0
P2 100% Overlapped 65.7 0.9 20 15 15 1.0
P3 100% Overlapped 69.4 0.9 20 15 15
1.0
𝛽

𝑏

𝑏

ℎ

ℎ

4𝑏

(b) Truss P2

Figure 4. Parameters of the joint
3.

(c) Truss P3
Figure 2. (a), (b) and (c). Overall view of testing arrangement
This study examines the plastic behaviour and the mode of failure of
the joints, in particular the various elements constituting the joints,
by observing the deformations, the stresses as well as the forces
measured following the experiment, followed by a numerical analysis
for validation.

Results

The objective is to analyze and study the behaviour of the central joint
at the point of application of the load. This is the node where the chord
is most solicited by the reactions of the diagonals. Following the
experiment and from the intensity of the load equal to 20 KN, the
deformations at the level of the elements constituting the joint
increase and reach their maximum values at loading of 80 KN. At this
critical value, this joint has completely plasticized. There was chord
face plasticization and chord side wall yielding. Moreover, this
plasticization which occurred at the level of the central joint affected
the distribution of the load, thus causing a lateral buckling of the
truss.
This mode of ruin has been observed on trusses with very thin walls.
Moreover, this mode has been observed both through the
experimental study and the numerical one, giving the same
deformation at the levels of the walls and the face of the chord (Fig.5).

Figure 3. Positioning and numbering of gauges

(a) Numerical
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(b) Experimental

Figure 7. Diagram stress/strain in the diagonal
(Truss P1)

Figure 5. (a) and (b). Plasticization of the members at the point of
application of the load

Table 4. Stress, Strain in the diagonal of the central joint (Truss P2)
Load
(kN)

𝛔n
(MPa)

εn (x10-6)
experim
ental

0
10
20
30
40
50
60
70
80

0
13.5
27.11
40.67
54.23
67.77
80.40
94.46
108.5

0
18.9
38.1
57.2
76.3
95.4
115
134.2
152.7

𝛔exp
(MPa)
experiment
al
0
18.5
33
45
59
75
87
105
115

εexp (x10-6)
experimental

Per.
Stress(
%)

Per.
Strain
(%)

0
20.1
45
65
77
107
122
147
166

0
27
17.8
9.6
8
9.6
7.5
10
5.6

0
6
15
12
1
10
5.7
8.7
8

Figure 6. Deformation of the truss
3.1.

Stress and deformations in the diagonals

Using the notations of Fig. 4. the axial force in the element i may be
written as follows:
Axial force 𝑁

∑

𝜀 ∗ 𝐸. 𝐴

∗ 𝐸. 𝐴

(1)

E: Modul of elasticity, A: Diagonal section,
i

: Strain

Figures 7, 8 and 9 show the stress-strain diagram in compressed
diagonals of trusses P1, P2 and P3 of the central joint.

Figure 8. Diagram stress/strain in the diagonal
(Truss P2)

Table 3. Stress, Strain in the diagonal of the central joint (Truss P1)
Load (kN) 𝛔n (MPa)
0
10
20
30
40
50
60
70
80

0
15.62
31.32
47.07
62.51
78.14
94.14
109.4
125.1

Percentage error =

εn (x10‐6)
0
22.2
42.8
64.2
85.8
106.9
127.6
147.9
171.3

𝛔exp
MPa
0
17.8
33.5
49.1
64.7
80.7
96.5
112.5
128.0

εexp (x10‐6)
0
32.5
44.5
66.7
89.6
111.2
129.8
155.7
177.7

100% (stress),

Per. Stress Per. Strain
0
12%
6.5%
4.1%
3.3%
3.2%
2.4%
2.7%
2.3%

0
30%
4.5%
3.7%
4.2%
3.8%
16%
5%
3.6%

100% (strain)

Table 5. Stress, Strain in the diagonal of the central joint (Truss P3)
Load (kN)

𝛔n
(MPa)

0
10
20
30
40
50
60
70
80

0
13.8
27.6
41.5
55.2
69.1
86.4
97.8
10.4

εn
(x106
)
0
19.9
39.9
59.8
79.8
99.8
120.2
140.2
160

𝛔exp
(MPa)

εexp (x10-6)

0
15
29.3
43.5
58.9
72.5
90
104
114

0
21
42
62
83
103.4
124.5
146.3
164

Per. Stress (%) Per. Strain (%)

PACE 2021- Ataturk University, Engineering Faculty, Department of Civil Engineering, Erzurum, 25030, TURKEY 20-23 June 2021

0
8
5.8
4.6
6.2
4.6
4
5.9
3.2

0
5.2
5
3.5
3.8
3.4
3.4
4.2
2.4
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parameters of the three models are shown in (Fig. 4) and used to
calculate the force N1 in the diagonal.
Yield line model is frequently used for assemblies between
rectangular hollow profiles and more precisely for overlapped Kjoints where membrane stresses, shear stresses and work hardening
are neglected. J.Wardenier (2001) [2] describe the principle of the yield
line method, consisting in equalizing the external energy caused by
the external force N1, for a displacement , with the internal energy
of the plastic hinges which is a function of their length l and an angle
of rotation i.
Figure 9. stress / strain variation in joint diagonal
The Stress / Deformation diagrams in the diagonals of the different
types of Trusses were characterized by linear curves. This elastic and
similar behavior does not induce irreversible apparent deformations
in these elements. It was noted that the strains in the elements
constituting the nodes of the truss P1 are higher than those obtained
in the trusses P2 and P3. This difference is mainly and probably due
to the slenderness of the diagonals of truss P1 compared to those of
other trusses.
3.2.

Deformations in the chord at the joint of application of
the load.

The values of the stresses and strains in the chord obtained by the
experimental and numerical analysis are deferred on the following
table VI.
Table 6. Stress, Strain in the chord of the central joint
Load
0
10
20
30
40
50

𝛔n (x103
.ɥε)
0
137
201
201.9
205.2
214

ε (x10-3.ɥε)
numerical
0
0.56
1.18
2.16
5.08
11.9

𝛔exp (MPa)
experimental
0
114
210
212
218
221

ε (x10-3.ɥε)
experimental
0
0.57
1.25
1.25
5.2
12.6

∑l .φ .m

N . sin θ .
m

(1)

.t .f

(2)

The energy dissipated by the different plastic hinges is also shown in
(Fig. 12). Equalizing the sum of internal work with external work gives
us:
.

𝑁 . sin 𝜃

tan 𝛼

(3)

With a minimum for:
0 𝑜𝑢
tan 𝛼

1

(4)
𝛽

(5)

Substituting (5) in (3) gives a capacity of:
𝑁

.

4 1

𝛽

(6)

fyo, fy1: Elasticity limits of steel

Figure 11. Plasticization of the face and walls of the chord

Figure 12. Yield line model of joint
Figure 10. Diagram Stress/Strain in the chord
Figure 10 shows the distribution of stress and strain in the chord and
after reaching the ultimate strain. Therefore, the ultimate load
capacity must therefore be defined by the strain limit for the limit
load. However and following the results obtained on the truss P1, the
capacity of the joint is limited to the load of 30KN.
4.

Analytıcal models and faılure modes

(a)

Packer J.A.(1978) [6] are proposed different analytical models to
describe the failure mode of this type of assemblage. The ruin model
which was observed following the experimental study and the
numerical analysis was indeed the plasticization of the face and
buckling of the walls of the member. The mechanical and geometrical
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- The yield line model proved to be the most suitable model for
determining the capacity of the joint for this type of section and for
the overlapped K-joint.
- In the plastic behavior of trusses, the chord was the weakest among
the elements that constitute the joint.
- The experimental and numerical approaches converge on average
with an error rate of around 5%.

(b)

Declaration of Conflict of Interests

Figure 13. (a) and (b). Plastifization of the joint on Abaqus
The (Table 7) identifies the three models chosen for comparison, the
joint capacity quantization equations, and the calculated values for
each truss.
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Table 7. Analytical models
Analytical models Joint capacity(KN)
P1 P2 P3
.

Yield line 𝑁
Brace effective 𝑁
Width model

ɳ

4 1

𝑓 . 𝑡 2ℎ

𝑏

⁄

𝛽

43,2 39,8 48

4𝑡
.

.
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buckling model
N1
P1 (kN)
N1 (in)
Load
kN
in
Num.
Exp.
0
0
0
0
10
5.8
5.4
5.2
20
10.5
10.28
11.2
30
15.3
14.9
15.4
40
18.9
17.2
20.1
50
25.3
22.2
25.9
60
28.9
26.2
31.2
70
35.2
33.2
36.1
80
41.2
38.6
43.1
Exp: Experimental; Num: Numerical

P2 (kN)
Num.
0
4.8
10.2
14.8
19.7
24.7
30.9
35.8
39.4

N1 (in)
Exp.
0
4.5
9.2
13.1
17.2
23.5
26.1
31.2
34.3

P3 (kN)
Num.
0
4
8.2
12.3
16.5
20.6
24.6
28.7
32.8

The experimental and theoretical axial forces values (for the
diagonals of trusses P1, P2 and P3) are compared in the table 8. The
results showed that the two approaches converge and the error
percentage is minimal. Moreover, and compared to the values of the
capacity of the joint obtained by the yield line model, the diagonals
can withstand a load of up to 70 KN, this value gives axial forces for
the different trusses in the vicinity of the capacity of the joint of 39.8
KN (see table 7). On the other hand, the chord cannot withstand a load
exceeding 30 KN (see Figure 10).
5.

[10.] Eurocode3, "Design of Steel Structures" - Annex K: Hollow Section
Lattice Girder Connections, ENV 1993-1-1, CEN, 1992.

Conclusion

The experimental behaviour of a large-scale overlap-jointed RHS
truss, with very thin walls has been compared with the numerical
analysis. The joint at the point of application of the load exhibits a
different behavior with respect to more or less thick trusses sections.
Experimentation and numerical analysis have clearly shown this.
The following conclusions can be deduced:
- The effect of the angle
has a considerable influence on the
behavior of trusses. In particular, on the values of the deformations
of the elements constituting the joint, and on the central deflection of
the trusses.

[11.] Rondal J., Wurker K.G., Dutta D., Wardenier J., Yeomans N, :
Structural Stability of Hollow Sections., Ed. by CIDECT, Verlag
TÜV Rheinland, Cologne, 1992
[12.] Packer J.A., “Theoretical Behaviour and Analysis of Welded Steel
Joints with RHS Chords, CIDECT, Final Report 5U-78/19.
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- Reinforcement with a U-profile of the node at the point of application
of the load could not prevent buckling of the walls of the chord. It is
better to reinforce the section of the chord at the level of the joint
under loading.
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The effect of the mass damper on the fundamental frequency reduction of the functionally
graded material (FGM) beam is investigated. Mori–Tanaka homogenization scheme is used to
model through-the-thickness material gradation. The various classical boundary conditions,
including simply supported beam, clamped beam, pinned-clamped beam and cantilever
beam as well as shear hinge end condition are considered. It is assumed that the lumped
mass damper is connected to the beam at an arbitrary position without sliding. The total
potential energy is minimized by employing spectral Ritz method to calculate fundamental
frequency and corresponding mode shape. The reduction of the frequencies in the presence
of the attached lumped mass damper is observed. The dimensionless frequency reduction is
affected by lumped mass amount and position. The lumped mass position plays an important
role for vibration control of the beam.

1.Introduction
For passive vibration control, the nonlinear vibration absorbers are
studied throughly. The exact nonlinear dynamics of a simplysupported beam carrying a nonlinear spring-inerter-damper energy
absorber for primary resonance vibration reduction is studied. To this
purpose, the analytical model and nonlinear dynamic responses are
derived for a beam-spring-inerter-damper system [1]. The effects of
sand size and volume fraction on attenuation of a beam free vibration
is investigated. A high-speed camera was used to measure the
damping ratio of the beam vibration. It is observed that the damping
ratios for partially filled beams is greater than completely filled and
empty beams. Also, it is found that the maximum damping ratio
occurred at different mass fractions [2]. The vibration control of a
rotating functionally gradient material (FGM) beam under thermal
environment by using an enhanced active constrained layer damping
(EACLD) treatment is studied. The mentioned model is extended from
a newly developed dynamic model for composite EACLD beams. The
difference is that the base beam is composed of temperaturedependent FGM that was widely used in the aerospace industry as
advanced heat-resisting composite and the temperature dependence
of viscoelastic material in the constrained layer is also considered [3].
The influence of the boundary relaxation on the free
vibration characteristics of a rotating composite laminated
Timoshenko beam is studied. Based on the first order shear theory, the
theoretical model of the rotating composite laminated Timoshenko
beam is established, in which the Possion’s effect is also considered.
The relaxed boundary conditions of the beam are simulated using a
set of artificial springs. By adjusting the stiffness of the springs
different extent relaxation boundary conditions of the beam can be
obtained. Relaxation parameters are introduced to evaluate the
extent of boundary relaxation. A uniformed formula for the
centrifugal force of the rotating beam with relaxed boundary
conditions is deduced [4]. The vibration characteristics of a cantilever
L-shaped beam perpendicular to the horizontal plane are
investigated. The dynamical model of the L-shaped multi-beam
structure is established by using the Euler-Bernoulli beam theory,
where vibration equations of each substructure, matching conditions

of the connection and boundary conditions are included. Based on the
modal orthogonality, the discrete dynamical model with finite degrees
of freedom is obtained. Then the distributed piezoelectric energy
harvester is proposed to collect the vibration energy of the L-shaped
beam [5].
In present work, the effect of the lumped mass damper position on the
fundamental frequency reduction of the FGM beam is investigated.
The volume fraction distribution of the functionally graded material
is used to model mass density. The lumped mass is connected to the
beam at an arbitrary position without sliding. The FGM beam has a
small thickness to length ratio, consequently the total potential
energy is derived based on Euler-Bernoulli beam theory. The total
potential energy is minimized by employing spectral Ritz method to
calculate fundamental frequency and corresponding mode shape. The
various classical boundary conditions including simply supported
beam, clamped beam, pinned-clamped beam and cantilever beam as
well as shear hinge end condition are considered. The reduction of the
frequencies in the presence of the lumped mass damper is observed.
However, dimensionless frequency reduction is function of the
lumped mass amount and lumped mass position, but the lumped
mass position has more important effect on the vibration control of
the functionally graded beam. The convergence of the numerical
results is observed by using small terms of the basis.
4.

Vibration analysis

The Figure (1) illustrates a functionally graded beam and an attached
lumped mass damper. The length, width and height of the beam are L,
b and h respectively. The position of the lumped mass damper is
measured from the left end of the FGM beam. The mass of the ring will
be considered in terms of the total mass of the FGM beam.
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𝑉

𝑦
ℎ

1

1
2

10

where 𝑛 is gradient index or material exponent parameter which
takes non-negative real numbers. The linear mass density of the FGM
beam is calculated as follows:
𝑏

𝑚
Figure 1. The FGM beam with lumped mass damper
The total potential energy of the functionally graded beam and
connected lumped mass, 𝑚, at position 𝑋 from left end of the beam is
written as follows:
Π

1
2

𝐸𝐼

𝑚 𝑤 𝜔 𝑑𝑥

𝑤

1
𝑚 𝑤|
2

𝜔

(1)

where, 𝐸𝐼 and 𝑚 are equivalent flexural rigidity and equivalent
mass per unit length of the functionally graded beam. The deflection
of the FGM beam is 𝑤 . The parameter 𝜔 denotes natural angular
frequency of the free vibration. In the Mori–Tanaka homogenization
scheme the effective bulk modulus, 𝐾 , and effective shear modulus,
𝜇 , can be calculated from Eq. (2) and Eq. (3).
𝐾
𝐾

𝜇
𝜇

𝐾
𝐾

𝑉
𝑉 𝐾

1

𝜇
𝜇

1

𝐾

𝜇

𝑐 𝑥

𝑤

(12)

The function 𝑤 includes the coefficients 𝑐 to 𝑐 . After satisfying
boundary and natural conditions, the coefficients 𝑐 to 𝑐 are
calculated in terms of the remaining coefficients 𝑐 to 𝑐 ,
consequently Eq.(12) is the general form of the deflection function for
various end conditions of the FGM beam. For example, the function 𝑤
𝑤 𝐿
𝑊 𝐿
0 for
is calculated by satisfying 𝑤 0
𝑤 0
clamped-shear hinge end FGM beam. Substituting Eq. (12) into Eq. (1),
one has
𝑓 𝑐 ,𝑐 ,…,𝑐

(13)

Minimizing total potential energy, yields

𝑉
𝑉 𝜇
𝜇
𝜇 9𝐾
8𝜇
6𝐾
12𝜇

(3)

𝜕𝑓
𝜕𝑐

0

4

𝑖

𝑁

(14)

The characteristic equation will be obtained by considering nontrivial
solution. To this purpose, determinant of the matrix of the coefficients
must be vanished.
3. Results and Discussion

𝐸 𝑦

9𝐾 𝜇
3𝐾
𝜇

(4)

𝜈 𝑦

3𝐾
6𝐾

(5)

2𝜇
2𝜇

The distance between neutral axis position and mid-axis position is
𝑒. As a result, one can write
9𝐾 𝜇
3𝐾
𝜇

𝑏

𝑤

(2)

The effective modulus of elasticity and Poisson’s ratio are

𝐸𝐼

(11)

The spectral Ritz method is applied to calculate first frequencies of the
system. The truncated Taylor series expansion of the deflection is
selected as basis function and unknown coefficients.

Π

𝐾
4𝜇
3

𝜌 𝑦 𝑑𝑦

𝑦 𝑑𝑦

The dimensionless fundamental angular frequency of the free
vibration for simply supported FGM beam with various amounts of
lumped mass against the position of the lumped mass is presented in
Figure (2). The parameter 𝑀 is the total mass of the FGM beam (𝑀
𝑚 𝐿 ). The dimensionless fundamental angular frequency of FGM
beam for various amounts of lumped mass and various boundary
conditions against the position of the lumped mass is presented in
Figures (3) to (6).

(6)

The parameter 𝑒 can be obtained as follows:
𝐸 𝑦

𝑦𝑑𝑦

𝑒

(7)
𝐸 𝑦 𝑑𝑦

The mass density distribution of the FGM beam is assumed as follows:
𝜌 𝑉

𝜌 𝑦

𝜌𝑉

(8)

in which, 𝜌 and 𝜌 are mass density of the metal and ceramic
constituents, respectively. The volume fraction of the phase materials
are
𝑉

𝑦
ℎ

1
2

Figure 2. Dimensionless fundamental frequency of the simply
supported FGM beam

(9)
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Figures (2) to (6) show that the shape of the fundamental frequency
reduction curve is similar to the FGM beam first mode shape. For
example, first mode shapes of the pinned-clamped and clampedshear hinge end FGM beams are presented in Figure (7).

Figure 3. Dimensionless fundamental frequency of the clamped FGM
beam

Figure 7. First mode shape of the FGM beam
4. Conclusion

Figure 4. Dimensionless fundamental frequency of the pinnedclamped FGM beam

The attached lumped mass position effect on the frequency reduction
of the FGM beam is investigated. The equivalent linear mass density
and equivalent flexural rigidity of the FGM beam are calculated. The
results for various end conditions are presented schematically.
Increasing connected lumped mass amount decreases dimensionless
fundamental frequency. It is shown that the fundamental natural
frequency reduction is function of the lumped mass amount and
position. The frequency reduction diagram shape is similar to the
mode shape of the FGM beam. The attached lumped mass can be used
for vibration control of the FGM beam.

Nomenclature

Figure 5. Dimensionless fundamental frequency of the cantilever
FGM beam

Π : The total potential energy
𝐸𝐼 : The equivalent flexural rigidity
𝑚 : The equivalent linear mass density
𝑀 : The attached lumped mass
𝑋 : The mass damper position
𝑤 : The transverse deflection
𝜔 : The angular frequency of the vibration
𝐿 : The length of the beam
𝑏 : The width of the beam
ℎ : The height of the beam
𝜇 : The effective shear modulus
𝐾 : The effective bulk modulus
𝐸 : The elasticity modulus of the FGM beam
ν : The Poisson’s ratio
𝑒 : The distance between neutral axis and mid-axis
𝜌 : The mass density of the metal
𝜌 : The mass density of the ceramic
𝜌 : The mass density of the FGM beam
𝑉 : The volume fraction of the phase material
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Figure 6. Dimensionless fundamental frequency of the clampedshear hinge end FGM beam
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The present paper is devoted to construct explicit solutions of the quasi-static boundary
value problems (BVPs) of coupled theory of thermoelasticity for a porous elastic sphere and
for a space with a spherical cavity. In this research the regular solution of the system of
equations for an isotropic porous material is constructed by means of the elementary
(harmonic, bi-harmonic and meta-harmonic) functions. The basic BVPs for a sphere and for
a space with a spherical cavity are solved explicitly. The obtained solutions are given by
means of the harmonic, bi-harmonic and meta-harmonic functions. For the harmonic
functions the Poisson type formulas are obtained. The bi-harmonic and meta-harmonic
functions are presented as absolutely and uniformly convergent series.

1.Introduction
In most solids there are pores through which the liquid or gas may
flow. Many materials such as rocks, sand, soil are known as porous
materials, the human skin has a larger number of pores, cancellous
bone is considered as a porous material and etc.
The foundations of the theory of elastic materials with voids were first
proposed by Cowin and Nunziato [1,2]. They investigated the linear
and nonlinear theories of elastic materials with voids. In these
theories the independent variables are displacement vector field and
the change of volume fraction of pores. Such materials include, rocks
and soils, granulated and some other manufactured porous materials.
The history of development of porous body mechanics, the main
results and the sphere of their application are set forth in detail in the
monographs [3-6] (see references therein). The generalization of the
theory of elasticity and thermoelasticity for materials with double
voids belongs to Ieşan and Quintanilla [7]. In [8] Svanadze considered
the coupled linear model of porous elastic solids by combining the
following three variables: the displacement vector field, the volume
fraction of pores and the change of fluid pressure in pore network. In
this work the basic internal and external BVPs of steady vibrations
are investigated, the uniqueness and the existence theorems are
proved by means of the potential method and the theory of singular
integral equations. The coupled linear theory of thermoelasticity for
isotropic porous materials by using the concept of Darcy’s law and
the volume fraction of pore network are presented by Svanadze [9].
The quasi-static BVPs of the theories of elasticity and thermoelasticity
for porous materials are studied by Mikelashvili [10,11].
For applications, it is especially important to construct the solutions
of BVPs in explicit form because such solutions enable us to
effectively perform quantitative analysis of the investigated
problems. Questions related to this topic, different types of problems
in the theory of elasticity and thermoelasticity of porous materials are
considered, for example, in the works [12-25], where the explicit
solutions are constructed for some BVPs for the concrete domains.
The present paper is devoted to construct explicit solutions of the
quasi-static boundary value problems (BVPs) of coupled theory of
thermoelasticity for porous elastic sphere and for a space with a
spherical cavity. The regular solution of the system of equations for

an isotropic porous material is constructed by means of the
elementary (harmonic, bi-harmonic and meta-harmonic) functions.
The basic BVPs for a sphere and for a space with a spherical cavity are
solved explicitly.
2.Basic equations and boundary value problems
Let

x  (x1, x2 , x3 )
E 3.

dimensional space
porous sphere
and radius

D

be a point in the Euclidean threeWe consider an isotropic

bounded by a surface

R . Let D 

and with boundary

thermoelastic

S with center at the origin

be the whole space with a spherical cavity

S.

The basic homogeneous system of equations in the coupled linear
quasi-static theory of thermoelasticity for porous materials expressed
in terms of the displacement vector u x , the change of the volume
fraction

 
, the change of fluid pressure in pore network p

variation of temperature

and the

 has the following form [11]:

 u  (   ) graddiv u  grad (b   p   0 )  0,
(   1 )  b div u  mp   1  0,
(k   i a0 ) p  i (  div u  m    2  )  0,
(1)
(k0   i aT0 )  iT0 ( 0 div u   1    2 p)  0,
where

 0 is the thermal expansion

compressibility

of

pores,

constitutive coefficients,

k

coefficient,

a0 is measures the

 ,  1, b, m ,  1,  2

k'
, '
'

are

is the fluid viscosity,

the

k'

is

the macroscopic intrinsic permeability associated with the pore
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k0

network ,

is the thermal conductivity of the porous material, a

is the heat capacity,  ,
effective

stress





are the Lame constants,



parameter,

is the

is the oscillation frequency,

T(x , n)u is the stress vector in the classical theory of elasticity
T (  x , n )u  2 

  0 , is the 3D Laplace operator.
Definition 1. A vector-function

U  u,, p, 

n is the external normal vector on

T

defined in the

D(D ) is called regular if

domain

 

 

Ux C D C D Ux  C D   C D
2

1



2

1



and

The following theorems holds:

x  x12  x22  x32 .

For the system (1), we pose the following boundary value problems:
Problem 1: (The Dirichlet type BVP) Find a regular solution

D

U,

satisfying in
the system of equations (1), if on the boundary
the following conditions are given:

u  f ( z ),   f ( z ),






  f5 ,



3



S

p  f ( z ),

U,

the system of equations (1), if on the boundary



  
 
 n 

where



f ( f1, f 2 , f3 ),

Moreover, we assume that
series,

() 

U  (z ) 
the vector


4

f ,

fi 

lim

D  x  z S

,

p

and  satisfy the following

 (   12 )(    22 )(    32 )u  0,
 (   12 )(    22 )(    32 )Φ  0,

(2)

2j , j  1,2,3, are roots of the third-degree algebraic

Proof. Let

Φ  (div u ,  , p ,  ).

U be a regular solution of the equation (1). Applying

the

divergence operator to Eq. (1) 1 , we obtain

 f5 , z  S ,

Let us rewrite the system (3) as follows



(3)

D()Φ 

f


5

are the given

functions.

can be presented in the form of

denotes the limiting value from



div u ,



  
(P( x , n)u)  f (z),    f3 (z ),
 n 


 p 

   f 4 (z ),
 n 

functions u ,
equations:

the

0  div u   (b   p   0 )  0,
(   1 )  b div u  mp   1  0,
(k   i a0 ) p  i (  div u  m    2  )  0,
(k0   i aT0 )  iT ( 0 div u   1    2 p )  0.

S the following conditions are given:


U is a regular solution of the system (1) then

equation(see below),

Problem 2: (The Neumann type BVP)Find a regular solution

D

Theorem 2. If

where


4

z  S,

satisfying in

The purpose of this paper is to construct an explicit solution of system
(1) for a porous sphere and for a porous space with a spherical cavity.
3.A representation of regular solution

2

j  1,2,3,

The following assertion holds (for details see [11]).

D(D ).

U
2
 O( x ),
x j

1

Sat z  S.

Theorem 1. The Problem 1( Problem 2) has one regular solution in


the following conditions at infinity are added:

U  O( x ),

u
  n div u   [n  rot u ],
n

U ( x), U  ( z ) 

D ,
lim

D   x  zS

U ( x),

P(x , n)u is defined in the following form

P(x ,n)u  T(x ,n)u  n(b   p  0),

b
 
  0 
 0 


m
  1
1
 b

 i
Φ  0.
im
k  i a0
i 2


 iT 

i
T
i
T
k
i
aT







0 1
0 2
0
0
 0 0
As we will see

det D()   0k0k(  12 )(  22 )(  32 ),

2j ,

j  1,2,3 are roots of third-degree algebraic
equation with respect to 

where
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where

 0 k0 k 3  d1 2  i d 2  (i ) 2 T0 d 3  0,
0    2  ,

3

div u  h   h j , div Ψ  m0 h, h0  h,
j 1

d1  0  1kk0  i (akT0  a0 k0 )

h  0, (  2j )h j  0,

 i  ( k0   k T )  b kk0 ,
2

2
0 0

2

d 2   0 k0 (1a0  m )  iT0  0 (  aa0 )
2

2
2

 0T0 k (a1   12 ) 

A0 0  a ( a0b  m )  b 22  m 0 2
  2 1  a0 0 1 ,
B0 0  a (1  bm)   12  1 0 2

 k 0 (a0b 2  1 2  2bm )  T0 k ( ab 2  2 0 1b   021 )

 b 2 1  m 0 1 ,

 T0i (a 2  2 0 2   a 0  02 ),

C0 0   0 (1a0  m 2 )   1 ( m  ba0 )

d 3   0 ( 1 22  a0 12  2 m 1 2 )   0 a ( 1a0  m 2 )

  2 ( mb  1 ), m0 





 a a0b2  1 2  2bm  2 0 1 (a0b  2m )
 21 0 2  a    (m 0  b 2   1 ) 2 .
2
0 1 0

,

j  1,2,3 are distinct

2
j

d3

 0

,

 j  kk06j 
4j  1kk0  i ( akT0  a0 k0 )  (i ) 2 T0 0 

zero. We may assume without loss of generality that

2j i ( a01  m 2 )k0  T0 k ( 12  a1 ) 

Im 2j  0,

2j (i ) 2 T0 ( 22   a0 ),

We assume that

j  1,2,3.

and different from

[11]

 0   a ( 1a 0  m 2 )   1 22  a0 22  2 m 1 2 ,

It is obvious that, from relation

D (  )Φ  0

A j j  bkk04j  2j i k0 (ba0   m)  kT0 ( 0 1  ab 

follows the following equations

 (i ) 2 T0 A0 0 ,

(   )(   )(   ) div u  0,
2
1

2
2

2
3

(  12 )(  22 )(  32 ) p  0,
(  12 )(  22 )(  32 )  0.

to equation

(1)1 and using

2ji iT0 ( 0 2   )  k0 (1  bm),

(4)

C j j  iT0 0k4j  (i )2 T0C0 0

(  12 )(  22 )(  32 )

relations (4), we obtain

(   )(   )(   )u  0.
2
1

2
2

2
3

(5)

U (u,  , p,  ) of

 2jiT0  i ( 2  a0 0 )  k (1 0  b 1 ),

0  bA0   B0   0C0 

d3

0

  m0 ,

bA j   B j   0C j   0 .

The prove is done.
Theorem 3. The regular solution

j  1,2,3,

B j j  i k04j  (i )2 T0 B0 0 

(  12 )(  22 )(  32 )  0,

Further, applying the operator

the system (1)

Proof. It is well known, that the general solutions



can be represented as follows:

and

3 h 

u  Ψ  gradm0  1h0   2j ,
j 1  j 



div u  h   h j ,   A0 h   A j h j ,

3

3

  A0h   Ah j , p  B0h   B j h j ,
j 1
3

j 1

  C0h   C j h j ,
j 1

(7)

(6)

div u,  , p

of equations (4) can be written as follows [26]
2

2

j 1

j 1

2

2

j 1

j 1

(8)

p  B0 h   B j h j ,   C0 h   C j h j .
It can be easily checked that, they are the solutions of Eqs.

(1) 2 , (1) 3 , (1) 4 . If supposing that h

and

hj

are known

functions, taking into account the representations (8), from Eq.
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(1 ) 1 to define the displacement vector

u we get the following non-

homogeneous equation

x1   sin  cos , x2   sin  sin  , x3   cos  ,

  x12  x22  x32 , 0    2 .



u   grad ( m0  1) h   h j  ,
j 1


3

y1  R sin 0 cos0 ,

y2  R sin 0 sin 0 ,

y3  R cos 0 .

(9)

solution of which can be written as
Taking into account the identity

u  Ψ  u0 ,
where

Ψ

calculation,

u0

is an arbitrary harmonic function,

from

(x  u )  (x  Ψ )  

(11)




is a particular solution of equation (9)

(10)

div u

3

j 1

 h0  h ,

 h  0,

Ψ, hj

and

h

Thus, From the above reasoning we have obtained the general
solution of the system (1)in the following form

3

  A0 h   A j h j ,
j 1



j 1

hj 
,
 2j 

p  B0 h   B j h j ,
j 1

  C0 h   C j h j ,

(11)

and

m0 are given by (7).

From (11) we conclude that the representation of a solution of u
contains a harmonic, bi-harmonic, and a meta-harmonic functions,

,

p

(13)

the solution of which has the form



function

and



contains only a

harmonic and a meta-harmonic functions.
4.Explicit Solution of the Problem 1
Let us introduce the spherical coordinates equalities

  0 ,

is an arbitrary harmonic function

h0

the

is a bi-harmonic function and chosen such that

h0  h,

h  0.

3

3

j 1

j 1

  A0h   Aj h j , p  B0h   B j h j ,

j 1

while the representations of

satisfies the

3 h 
 
j
(x  u)    2m0h0  
(m0  1)h0   2 ,
 
j 1  j 


3

Aj , Bj , C j , j  0,1,2,3

(x  Ψ )

(12)

Substituting the expression (13) into (12) and taking into account (11),
we obtain

3

where


hj 
 ( m 0  1) h0   2  .
j 1  j 



(x  Ψ)  2divΨ  2m0h,

where

Ψ  0.

3

obtain

3

(x Ψ)    2m0h0 ,

div Ψ  m0 h,


u  Ψ  grad  ( m 0  1) h0 


direct

following equation

are interrelated by the following relations

div u  h   h j ,


, by


we

It is easily to verified, that the function

3

hj 
u 0   grad  ( m 0  1) h0   2 .
j 1  j 



Herein it is assumed that, the functions

(x  grad)  

3

3

j 1

j 1

(14)

  C0h   C j h j , div u  h   h j .
We are looking for a solution of the system (1), under BCs of Problem
1, in the form (11), where the functions

h, h j ,

and



are

sought in the form [26]
n


h     Z n ( , ),
n0  R 




h j    n ( j  )Y jn ( , ),

n


     Yn ( , ),
n0  R 


j  1,2,3,   R,

n 0

(15)

j  1,2,3, are the unknown
spherical harmonics of order n,

Zn , Yn ,

and

Y jn ,
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RJ
 n ( j  ) 

J

n

1
2

( j  )

J

n

1
2

1
n
2

( j  )
( j R)

From

,

2

Ah


1



B h

(x  f )  g ,

 g ,


3

C h

(div f )  g ,



4

 g 3  A0G   q1 ,

4



 g  B0G  q2 ,

 g5  C0G  q3 ,

(17)


5

We assume that the functions


j


j j

j 1

p g ,  g .


3

j

j 1


2


j

(20)

3

(16)

For convenience we introduce the following functions:


j

j 1

n

1 
h0 
  Z n ( , ).

2 n 0 3  2 n  R 

(19)

Let us consider the following systeme of quations
3

in the form



(18)3 we get

1
[  0 g 2  bg 3   g 4   0 g 5 ]  G  ( , ).
m0 

is the Bessel function.

h0  h

and

h  ( , ) 

Taking into account (15), we can write the particular solutions of
equation

(18 ) 2

gk can be represented in the form of

Following Theorem 1 we conclude that the determinant d of
system (20) is different from zero and the system (20) is uniquely
solvable.

series
From (20) we find



g k   g kn ,

1
[q1 ( B2C3  B3C2 )  q2 ( A2C3  A3C2 )
d
 q3 ( A2 B3  A3 B2 )]  1 ( , ),
h1 

n 0

where

g kn

g kn 

are the spherical harmonic of order n.

2n  1
P (cos  ) g k dS y ,
2  n
4R S

Pn (cos ) is Legendre polynomial of the n-th order cos is an
angle formed by the radius-vectors

cos  

1
x y

3

x
k 1

k

OX

1
[q1 ( B1C3  B3C1 )  q2 ( A1C3  A3C1 )
d
 q3 ( A1B3  A3 B1 )]   2 ( , ),
h2 

and

OY

yk

1
[q1 ( B1C2  B2C1 )  q2 ( A1C2  A2C1 )
d
 q3 ( A1B2  A2 B1 )]   3 ( , ),
h3 

A1
d  B1

 sin  sin  0 cos(   0 )  cos  cos  0 .

3 h 
 
j

  2m0h0  
(m0  1)h0   2   g1 ,
 
j 1  j 

3



3

A0h   A h  g , B0h   B j hj  g4 ,
j 1


j j


3



j 1

3

3

j 1

j 1

C0h   C j hj  g5 , h   hj  g2 .

Thus the functions

h, hj ,

are known,from (18)we get

   g1  2 m0 h0





A3
B3  0,

C1 C2 C3

Substituting the expressions (15) and (16) into (14), taking into account
boundary conditions and passing to the limit as   R , for
determining the unknown values we obtain the following system of
equations:

A2
B2

(21)

(18)

3
hj 
 

( m0  1) h0   2   G4 ,
 
j 1  j 


(22)

On the other hand from (19),(21)and (22),we get

Zn  Gn , Yn  G4n , Yjn  H jn ,
where
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Gn ( , ) 

2n  1
P (cos )G  dSy ,
2  n
4R S

G4n ( , ) 

 
1
div ng  
  g ,
   

div[n  rotu ]  
div Ψ , if


2n  1
P (cos  )G4 dS y ,
2  n
4R S

Ψ  0,
3

 div u  b   p   0   ( m0  2) h  2   h j ,

2n  1
H jn ( , ) 
P (cos  ) H j dS y .
2  n
4R S

j 1

div

Through inserting the obtained values into (15), we obtain

h( x) 

R2   2 
1
G ( y )ds,
3
4R 
x
y

S

( x) 

1
R2   2 
G4 ( y )ds,
3
4R 
x

y
S



hj   n ( j  )H jn ( , ),

1
1  u 
u  
 
  div u   n  ,
  n 
n    

2
 u  1  Ψ  

n
x







n   2
 n   


 Ψ  x  Ψ x  Ψ
, (x  grad)   .

x



n
 n 
Taking into account these identities, let us rewrite the stress vector in
the following form

j  1,2,3,   R,

n 0

h0 

2
2





1

n0

We assume that the functions
following conditions on

k

P (  x , n )u  2 

n

 3  2n  R  G


n

( , ).


f k . k  1,...,5, satisfy

3

hj 
 ( m 0  1) h0   2  ,
j 1  j 



the

S

f C (S ), j  1,2,3,4,5 .
5

Ψ
n

3
h 
 

 1 ( m0  1) h0   2j 
grad  

j 1  j 
 
 


2

3

 
 n   ( m0  2 ) h  2   h j   [ x  rot Ψ ]
j 1

 

(23)

By direct calculation,from (23) we easily derive

Under these conditions the resulting series are absolutely and
uniformly convergent.
5.Explicit solution of the Problem 2
Following the procedure, quite similarly as above, we can construct a
solution of the Problem 2 for a thermoelastic porous space with a
spherical cavity
Note that the following identities are holds:

 


1
grad g  grad 
 1 g ,
n

  
 
 

1
 1h,
rot h  rot  
n
    

 Ψ 
(x  PU)  2  x 

 n 
 2

3 h 
2 
j
(
m
1
)
h




0
0
2
2 
 
j 1  j 


3


    (m0  2)h  2  h j ,
j 1



div(P( x , n)U) 


2  2
  2

(24)

 m0h 2  Ψ 
 2 x


  n 

3 h 

j
(m0  1)h0   2 .
j 1  j 



For convenience we introduce the following functions:

(x  f )  g1 , (div f )  g2 ,






  
 p 
  



   g3 ,    g 4 ,    g5 .

n
n
n
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By passing to the limit as 

 R , employing

Hence, following Theorem 1, we conclude, that the determinant of
system (26) is different from zero. On solving the equations (26),
similarly as above section, we get

(24), and (11), we derive the following



1
 h1 

  [q1 ( B2C3  B3C2 )  q2 ( A2C3  A3C2 )
d
 n 
 q3 ( A2 B3  A3 B2 )]  G1 ,

system of equations

 2
 Ψ 

x
R




  2
 n 


3 h  

j 

(
1
)
m
h


 0

0
2 
j 1  j 

   R



3

R
g
 1 ,
  (m0  2)h   2 h j 
2
j 1
   R 2

2   Ψ  
m0 h    x 

R   n  
 2
 2 2
 


1
 h2 

  [q1 ( B1C3  B3C1 )  q2 ( A1C3  A3C1 )
d
 n 
 q3 ( A1 B3  A3 B1 )]  G2 ,





3

h j  
R


(
m
1
)
h
 g 2 ,
 0

0
2 
j 1  j 

   R 





1
 h3 

  [q1 ( B1C2  B2C1 )  q2 ( A1C2  A2C1 )
d
 n 
 q3 ( A1B2  A2 B1 )]  G3 ,
(25)

3
 h 
R   
g 
 h 
  g 2  12  
(m0  1)     j  
2   
R    R
 n 
j 1  n 







 h 
 h 
A0     Aj  j   g3 ,
 n 
j 1
 n 
3

3
 h 
 h 
B0     B j  j   g 4 ,
 n 
j 1
 n 

3

R
g
 ( m0  2) h   2 h j   1  G4 ,

2 
j 1
   R 2

 Ψ    1 
x
    x  Ψ,
 n     





3

h j  



(
m
1
)
h
 0

0
2 
j 1  j 

   R

where






 2
 Ψ 
x
  R 2
 
,  n 


(27)

3
 h 
 h 
C0     C j  j   g 5 .
 n 
j 1
 n 

x  Ψ     2m0 h0 ,

  0.

We are looking for a solution of the system (1), under BCs of Problem
2, in the form (11), where the functions
From here we get


h j    n ( j  )Y jn ( , ),

(25) a
 h j 

 A  n 




 g3  A0G   q1 ,



 h j 

 C  n 
j 1

j







 g5  C0G   q3 .

Z n , and Y jn ,
of order n
 n ( j  ) 



 h 
B j  j   g 4  B0G   q2 ,

j 1
 n 
3

3

hj

are sought in the

  R,
(28)

j  1,2,3,

n0

Let us consider the following system of equations

j 1

Rn2
Z ( , ),
n 1 n
n  0 ( n  1) 


h  


  g 4   0 g5 ]  G  .

j

and

form [26]

R  g1
0
 h 
[ 0
( g 2  2 )  bg3
  
d 3 (   )
R
2
 n 

3

h

j  1,2,3,

are the unknown spherical harmonic

R H (1)1 ( j  )
n

2

 H (1) ( j R)

,   R,

1
n
2

(26)

H (1)1 (  j  )
n

is the Hankel function.

2
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Taking into account (28), we can write the particular solutions of

h0  h in the form

equation

h0 

2

1 Rn2
Z n ( , ).

2 n  0 1  2 n  n 1


On the other hand, from

Z n ( , )  G ,

the solution of which has the form

(29)

(25) a , (27) and (28), we get

  R,


n



   
   G 5 ,

 n R 

( x ) 

1
2

g ( y)

 r ( x, y)ds,
S

g ( y)

where

(30)

is a solution of the following Fredholm integral

equation of second kind

Y jn ( , ) 

G jn

 n ( j R )

j  1,2,3,

,

 g ( x) 

 

 n ( j  )  ,
 
  R

Gn

and

G jn



 n
S

x

1
g ( y )ds
r ( x, y)

1
g ( y)

ds  G5 ,

2R S r ( x, y )

n ( j R)  
where

1
2

(31)

3

r 2 ( x, y)   ( x j  y j )2 .

are the spherical harmonics of order n

j 1





n 0

n 0

G    Gn , G j   G jn ,
Gn 

It is well known that integral equation (31) is always solvable.
Substituting the obtained values into (28) and (11), we get the final
form for solution of the considered Problem 2.

2n  1
P (cos  )G  (0 ,0 )dS y ,
2  n
4R S

We assume that the functions

S

2n  1
P (cos  )G j (0 ,0 )dS y .
G 
2  n
4R S

jn

fk C5 (S ), j  1,2,3,4,5 .

Using (29) and (28), we obtain

Under these conditions the resulting series are absolutely and

n2



R
h  
G ( , ),
n 1 n
n  0 ( n  1) 


 n ( j  )

n0

 ( j R )

2



hj  

h0 

G jn ( 0 , 0 ),

uniformly convergent. Moreover we assume that the functions
,

  R,

  R

h, h j and h0 known,

6.Conclusions
The main results of this work can be formulated as follows:
from (27), when

 
1
   
   G 4  2 m0 
  h0  G5 .

 n R 
  R 
Thus, we have obtained for the Laplace equation

  0, x  D ,

and its first order derivatives are absolutely integrable and

Thus, the considered problems are completely solved.

, we get


Ĝ k

Ĝ 

vanishing at infinity functions.

1 Rn 2
Gn ( , ).

2 n 0 1  2n  n 1

Assuming the functions

fk satisfy the following conditions on

1. The general solution of the system of equations in the considered
theory is presented by means of elementary (harmonic, metaharmonic and bi-harmonic) functions;
2. Explicit solutions of problems for a sphere and for a space with
spherical cavity is presented. The obtained solutions are given by
means of the harmonic, bi-harmonic and meta-harmonic
functions. For the harmonic functions the Poisson type formulas
are obtained. The bi-harmonic and meta-harmonic functions are
presented as absolutely and uniformly convergent series.The
harmonic function  (x ) is given by (30), where the function

g ( y)

is a solution of the Fredholm integral equation of second

kind.

the Robin boundary value problem
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Optimization of structures in civil engineering means designing structures in such a way
that both technical issues are observed and have the lowest execution cost. Today, due to the
limitations of urban lands and the type of use of some structures, special truss moment
frames (STMF) have become more important due to their use in large openings. In this paper,
the optimization of special truss moment frame by genetic algorithm under modal
incremental dynamic analysis (MIDA) has been considered. For this purpose, the optimal
design of two three-story frames with one and two openings with the aim of simultaneously
optimizing the weight of the structure and its seismic performance is presented. Problem
design restrictions are in accordance with AISC341-16. The optimization code is written in
MATLAB software environment and OPENSEES software is used for structural analysis. The
results show the high capability of this method for optimal seismic design of this type of
structures.

optimizing weight and response modification factor by genetic
algorithm under MIDA analysis has been considered.

1.Introduction
By using modern computer methods in recent decades, the analysis of
structures can be done with great accuracy and speed. However, in
the field of design, this is often done by trial and error with user
intervention. Considering that, the purpose of designing structures is
to find the best section among the sections available for each member
so that it meets the needs of resistance and service [1]. In order to find
the best design due to a large number of possible design modes, the
search operation cannot be done by controlling all designs. Therefore,
considering the discrete nature of the problem, this work is done
using numerical methods. So far, many methods have been proposed
to optimize discrete problems, which can be referred to as the genetic
algorithm method. There are several applications of this type of
algorithm in various fields of engineering, including discrete
structural optimization, which shows the insight of the resulting
answers [2].
The use of special truss moment frames in multi-story industrial and
commercial buildings with long spans is one of the main design
considerations for designers. These beams have more stiffness and
strength than columns due to their construction method and high
height [3]. In such structures, seismic energy is lost through special
ductile pieces located in the middle of the truss beams and the place
of formation of the plastic joint is the middle area of the truss [4-5].
Some studies show that special trusses, in addition to having a
suitable breakdown mechanism for seismic areas, also seek to save
some steel consumption [6-7]. Special trusses can be designed in the
form of x-diagonals, vierendeel and multiple vierendeel panels. (Fig.
1)
So far, a lot of research has been done on the performance as well as
the design criteria and limitations of these structures. In the
meantime, less attention has been paid to the response modification
factor of these frames. Therefore, in this paper, the optimization of a
special truss moment frame with the aim of simultaneously

Figure 1. Frame with special truss beam
(a) Vierendeel, (b) multiple vierendeel panels, and (c) x-diagonals
5.

Modal Incremental Dynamic Analysis(MIDA)

A new technique for the dynamic response of structures is
investigated. This applied procedure can predict the approximate
seismic performance of the structures and it is fast, inexpensive and
results are reasonably acceptable. In fact, this novel method logically
combines two different techniques, ‘incremental dynamic analysis
(IDA)’ and ‘modal pushover analysis (MPA)’, presented by Mofid at el.
This method will take advantage of both methodical ideas such as
equivalent single degree of freedom of multi-degree structures and
the implementation of the different scaled levels of an earthquake
record to the provided equivalent SDF structure. Using this procedure,
simple approximate curves that present a realistic linear and nonlinear seismic behavior of the structure due to the applied scaled level
of earthquakes can easily be extracted. Fig. 2 shows the steps of the
MIDA method [8-9].
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.

𝑊

.

𝑊𝐾 𝐶

(1)

Where 𝐶 is the sum of the constraints of the problem, 𝐾 is the
penalty coefficient-penalty coefficient which is considered equal to
10, R is the response modification factor which is calculated in this
study using MIDA analysis. And W is the weight of the structure,
which is obtained from the following equation:
𝑊

𝜌𝐴𝐿

(2)

Where:
, A and L indicate weight density, cross-section, and member length,
respectively.
The applicable restrictions are derived from the rules and restrictions
of AISC341-16[4], which are:
Limiting the axial force of the X-shaped members of the special zone
𝑓

𝐶

/𝐹

1

(3)

Where:
0.03𝐹 𝐴 /𝛼 𝐹

(4)

Limitation of axial force of special zone beam
𝐶

2.2𝐹

/𝐹

1

(5)

Where,
ɸ𝐹

𝐹

0.9𝐹 𝐴

(6)

Shear force limit in the middle of the beam of the special zone
𝐶
Figure 2. MIDA working flowchart[8]

𝑉/0.25𝑉

1

(7)

Where:
.

𝑉

0.036𝐸𝐼

𝑅 𝑃

0.3𝑃

sin 𝛼

(8)

3. Genetic algorithm (GA)
Genetic methods are among the methods developed in the field of
artificial intelligence and are one of the most evolved optimization
methods inspired by living nature. These algorithms are based on the
principles of natural evolution. Genetics is the science that talks about
how biological plates are inherited and passed down from generation
to generation. Chromosomes and genes are the main transmitters of
biological plates in living organisms. They work in such a way that
eventually the superior and stronger genes and chromosomes remain
and the weaker genes are destroyed. In other words, the result of the
interaction of genes and chromosomes is the survival of the fittest. In
simple genetic algorithms, the response space (design space) is
examined point by point[10-11]. Genetic algorithms begin with the
production of selectively or randomly determined primary population
members (Courses). Courses are chosen according to their competence
to become parents and produce children. After the genetic disciplines,
a new combination of them is found using the graft operator, so that
the new designs (children) have parts of the two previous designs
(parents). The new population then replaces the previous population,
and this cycle continues. New populations are usually more qualified.
In other words, the population improves from one generation to the
next when the algorithm stops when it reaches convergence, or the
criterion of cessation is met, or it reaches the maximum of the desired
generation[12-13].
4. Problem formulation
The design principles of various structural systems are always based
on safety and economics, which are the basic concepts of
optimization. In this paper, the objective function is to minimize the
weight of the structure and maximize the coefficient of behavior
simultaneously. The geometric arrangement of the truss, the sections
of the members, the height of the truss, and the length of the special
area are considered as design variables. This objective function can
be represented as follows [14]:

Limitation of the combination of axial and flexural force in columns
𝐶

𝐶𝑜𝑚𝑏

1

(9)

Where:
0.2

For
𝐶𝑜𝑚𝑏

(10)
0.2

For
𝐶𝑜𝑚𝑏

(11)

Stability index constraints
𝐶

ɸ /0.25

1

(12)

∆

𝜃

(13)

Where,
.

𝜃

0.25

(14)

Finally, 𝐶 is defined as follows:
𝐶

𝐶

𝐶

𝐶

𝐶

𝐶
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The following Figure 3 flowchart shows the process of optimizing the
truss flexural frame using the island genetic algorithm .

Figure 5. Three-story frame with one-bay used in the problem

Figure 6. the changes in the value of the objective function to
converge to the optimal Three-story frame with one bay during the
optimization process
Table 1. Optimized structural sections for Three-story frame with
one-bay
Figure 3. flowchart the process of optimizing
5. Numerical examples
In this section, two special truss bending frames with three floors or
one and two 18-meter openings have been optimized. The elements
are typed to simplify (Fig.4). Structural analysis used using OPENSEES
software[15] and MATLAB programming environment[16] was used for
the necessary computer programs. The dead and live loads are
500 𝑘𝑔/𝑐𝑚 and 200 𝑘𝑔/𝑐𝑚 for all floors and 500 𝑘𝑔/𝑐𝑚 and
150 𝑘𝑔/𝑐𝑚 for the roof, respectively. The steel used is St37 with
Young modulus equal to the nominal yield strength Fy = 2400 𝑘𝑔/𝑐𝑚
and the final strength Fu = 3700 𝑘𝑔/𝑐𝑚 Has been.
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Type
1

Type2

Typ
e3

Typ
e4

Typ
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Typ
e6

Typ
e7

Type
8

Box2
40*2
0

2unp8
0+Pl5_
2

2un
p80

2un
p80

2un
p80

2un
p80
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-

Table 2. the optimal design results of the Three-story frame with
one-bay
Weight

h

Lp

R

T

6827.174 (kg)

1

4.5

4.6

2.04 (sec)

Figure 7. the optimal truss arrangement of the Three-story frame
with one-bay
5.2. Three-story frame with two-bay

Figure 4. Cross sections
5.1. Three-story frame with one-bay

In this example, the optimal design of the three-story frame with twobay, shown in Fig. 8, is performed. Fig. 9 shows the convergence
process in the design of this frame. The design results of the models
including the final sections for each type and the geometric
specifications of the truss are reported in Tables 3-4, respectively. Fig.
10 shows the optimal arrangement of the truss of this frame.

optimal design of the three-story frame with one- bay, shown in Fig.
5, is performed as the first example. Fig. 6 shows the convergence
curve during the optimization process. The optimized sections are
given in Table 1. Table 2 includes the results of the optimum design
for the present algorithm. Fig. 7 shows the optimal arrangement of
trusses for the optimization process.

Figure 8. Three-story frame with two-bay used in the problem
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Figure 9. the changes in the value of the objective function to
converge to the optimal Three-story frame with two bay during the
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Figure 10. the optimal truss arrangement of the Three-story frame
with two-bay
6. Conclusion
A Genetic algorithm is an optimization method inspired by living
nature, which in this article has been tried to use to design the optimal
structure of a special truss flexural frame. Due to the importance of
considering earthquakes in today's designs, in this research, the
seismic force was also considered. In order to seismically analyze the
structure, MIDA analysis was used, which has good accuracy and
speed. The results of the algorithm show the efficiency of the above
algorithm in solving optimization problems. In this way, it can design
a structure with reasonable weight and very good seismic
performance in an acceptable time, and at the same time meet all the
constraints governing the problem.
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The efficiency of traditional isolation bearings is doubted for near-field earthquakes because
these bearings undergo large displacement. A comparative study of different base isolation
systems of base-isolated benchmark building is carried out in the present study. The study
is based on assumption that buildings are bi-directionally acted upon by near-field
earthquakes for assessing their relative performance in seismic control of the benchmark
building. The time history variations of important response parameters and evaluation
criteria of the benchmark building has been studied for assessing the effectiveness of the
isolation systems. The Shape Memory Alloy (SMA) is utilized with elastomeric bearings and
friction bearings to study the effectiveness of SMA wires with different isolators. The
benchmark building is modelled as a discrete linear elastic shear structure having three
degrees of- freedom at each floor level. Time domain dynamic analysis of this building has
been carried out with the help of constant average acceleration Newmark’s method and
equilibrium of non-linear forces has been taken care by fourth order Runge-Kutta method.
The comparative performance of various isolation systems has been studied with uniform
and hybrid combinations. The hybrid combination of SMA supplemented bearings works out
the better isolation system keeping in view of the percentage reduction in evaluation criteria
for smart base-isolated benchmark building. Furthermore, it is shown that, the functionality
of SMA wire is not efficient with Lead Rubber Bearing system, as it is able to control
displacement but increases the acceleration, base shear, story drift and isolation forces.

1.Introduction
It is established that, in the catastrophic event such as an earthquake,
the use of isolators at the base of a building significantly changes
transfer of frequency content of ground to the superstructure and
mitigates devastating effects of earthquakes. This however, highly
depends on which isolation system is adopted for a particular
building. The isolation systems designed for the building are broadly
classified into elastomeric type and friction type. The elastomeric
bearing consists of rubber like material which makes them flexible
enough (and hence less stiff) for horizontal excitations. With the
provision of steel shims in alternate layers, the vertical stiffness
increases for elastomeric bearing for carrying vertical weight of the
superstructure. The lead core is sometimes introduced at the centre
of elastomeric bearing, which is then called as Lead Rubber Bearing
(LRB) or New Zealand (NZ) bearing. The purpose of lead core is twofold.
First is to give enough strength in horizontal direction in the event of
minor ground tremors or wind like vibrations, and the second is to
help in increasing hysteretic damping, thereby increasing energy
dissipation. (Jangid 2003).
Literature review indicates past studies done about various isolation
systems used for buildings (Park et.al. 2002, Su et.al. 1989, 1990,
Filiatrault and Cherry 1988). It shows use of traditional isolator
bearings and combinations thereof. However, use of SMA with
traditional bearings such as elastomeric bearings, friction bearing etc.
are still in nascent stage which need more investigation. In this study,
the use of SMA with elastomeric bearing, lead rubber bearing, friction
pendulum bearing, R-FBI bearing and their hybrid combinations

thereof are investigated. The benchmark building as adopted by
Narsimhan et. al. (2006) is used and modelled as lumped mass
building having three degrees of freedom at each floor level. Time
domain dynamic analysis of this building is carried out with constant
average acceleration Newmark’s method. The nonlinear SMA forces
are modelled using Graesser-Cozzarelli (1991) model with the help of
fourth order Runge-Kutta method. So, various isolation systems have
been proposed to obtain effective control over the structural response
and the isolator displacement of a base-isolated benchmark building.
By comparing them, conclusions about the merits and demerits of
various proposed systems can be done. Therefore, the aim of the
present study is (i) to compare and find the effects of different
proposed SMA supplemented isolation devices with elastomeric and
friction bearings for base isolated structure. (ii) to know the behaviour
of SMA with ERB, LRB, FPS, RFBI bearings on the seismic performance
of base-isolated benchmark building. (iii) to find effective and better
isolation system for benchmark building. (iv) To know functionality of
SMA with traditional bearing systems.
2.Methodology
2.1. Modelling of base ısolated benchmark building
The orientation and placement of isolation devices in a building
decides the seismic resistance of the building and governing of its
structural response. To investigate the effectiveness of an isolation
system, a base-isolated benchmark building has been selected for
analysis. Four different types of traditional bearings such as ERB, LRB,
FPS and RFBI have been chosen for the present study. Well-defined
analytical benchmark problems have been developed for studying
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response control strategies for building and bridge structures
subjected to seismic excitation, by broad consensus effort of the
American Society of Civil Engineers (ASCE) structural control
committee. Narasimhan et al. (2006) have developed the smart baseisolated benchmark problem, based on input from the ASCE structural
control committee, with the capability to model three different kinds
of base isolation systems: linear elastomeric systems with low
damping or supplemental high damping, frictional systems, bilinear
or nonlinear elastomeric systems, or any combination thereof. Fig. 1
(a) and (b) shows the plan and elevation of an eight-storied steelbraced frame of the base-isolated benchmark building.
The floor plan of the building is L-shape up to the sixth floor and
rectangular shape for remaining floors. The overall plan of the
building is 82.4 m long and 54.3 m wide. The superstructure steel
frame is mounted on a concrete base slab. The concrete base slab is
monolithic with concrete beams. Drop panels are provided below each
column. The SMA supplemented bearings are installed in between
each drop panel and the sub-structure. The building is idealized as a
three-dimensional linear elastic structure. The total weight of the
structure is 203113.4013 kN. In this study, the isolation system
consists of 92 isolation devices as shown in Fig. 1 (a). In the benchmark
problem, these bearing locations are adopted to get equal contribution
of all the isolation bearings in the response of the base-isolated
building. Therefore, it is considered that the SMA does not deform
beyond its maximum strain limit due to the adopted distribution. The
superstructure is modelled as a discrete linear elastic shear structure.
Floor slabs and the base mat are assumed to be rigid in plane. The
superstructure and the base are modelled using three master degrees
of freedom (DOF) per floor at the centre of mass. The combined model
of the superstructure (24 DOF) and isolation system (3 DOF) consists of
total 27 DOF. All twenty-four modes in the fixed-base case are used in
modelling the superstructure.
The superstructure damping ratio is assumed to be 5% in all fixedbase modes. The assumptions made for the structural system under
consideration are (i) the superstructure remains linear during seismic
loading, (ii) the floors are assumed to be rigid and the masses are
lumped at the centre of mass of floors, (iii) three degrees of freedom
(DOF) are assumed at each floor at lumped mass location, and (iv) fixed
base structure consists of 24 DOF, and all modes are considered in the
analysis. Equations of motion are developed with the fixed-base
properties used for the linear superstructure. With linear behaviour
of the superstructure, the equations of motion can be written as
𝑀

𝑥

𝐶

𝑥

𝐾

𝑥

𝑀

𝑟 𝑥

𝑥

The non-linear behavior of SMA is modelled using the GraesserCozzarelli model, and the forces in the bearings are transformed to the
centre of mass of the base using a rigid base-slab assumption. All the
SMA supplemented isolation bearings can be modelled individually or
globally by equivalent lumped elements at the centre of mass of the
base. The governing equation of motion for the base mass is written
as
𝑀

𝑥

𝑟

𝑥

𝑥
0

𝑚

𝑥

𝑥

3.1 SMA Supplemented ERB – SMARB
SMA is used along with ERB isolation device for the need of zero
residual deformation. The primary work of horizontal flexibility and
vertical stiffness is provided by ERB. ERB consists of steel and rubber
material in alternate layers. The steel shims provide high vertical
stiffness which helps to control the rocking effects of the structure
due to vertical vibrations caused by the earthquake. SMA is used along
with the ERB due to its super-elasticity and damping capabilities
which minimize the peak and residual isolator deformation. The SMA
is wound along the corners of the ERB to provide hysteretic damping
and also to add lateral stiffness along the direction of the seismic
force, as shown in Fig. 1 (c). The restoring forces generated by the ith
isolation and SMA device in the x and y directions can be
mathematically modelled as
𝑓

𝑘 𝑢

𝑐 𝑢

𝑓

3

𝑓

𝑘 𝑢

𝑐

𝑓

4

𝑢

where 𝑓 and 𝑓 are the bearing forces in the x and y directions,
respectively; 𝑘 is the stiffness of the ERB; 𝑐 is the damping of
viscous ERB; 𝑢 , 𝑢 and 𝑢 , 𝑢 represent the relative velocities and
displacements of the ith isolation device in the x and y directions,
respectively, and 𝑓 , 𝑓 are the hysteretic forces produced by the
SMA in the x and y directions, respectively.
If 𝑘 and 𝑘 represent the lateral stiffness of the ERB and SMA,
respectively, then
𝐾

𝑘

5

𝐾

𝑘

6

are the resultant stiffness of the ERB and SMA devices, respectively.
The isolation period, T is defined follows
𝑇

2𝜋

𝑀
𝐾

𝐾

7

1

where 𝑀 , 𝐶 and 𝐾 are the lumped mass, damping, and stiffness
matrices of size 24 x 24 for the fixed base structure, respectively; 𝑥
= 𝑥 ,𝑥 ,….𝑥
, 𝑥 and 𝑥 are the unknown relative floor
displacement, velocity, and acceleration vectors, respectively of size
24 x 1; the subscript numbers 1 to 8 represents the floor numbers;
𝑥 represent the vector of size 3 × 1 for considered three DOF at first
floor level; 𝑥 and 𝑥 are the acceleration vectors of ground and
base mass, respectively of size 3 x 1; and [r] is the influence coefficient
matrix of size 24 x 3.

𝑟

3. Isolation system

𝐹
2

where 𝑚 is the diagonal mass matrix of the base mass of size 3 x 3;
𝐹 is the vector containing forces of isolation device (SMA + ERB) of
size 3 x 1; and 𝑟 represents the transpose of the influence
coefficient matrix 𝑟 .
The equations of motion of base isolated structure are solved
numerically using Newmark’s method of step-by-step integration.
The linear variation of acceleration over a small time interval, t=
0.001s is considered.

where M is the total lumped mass of superstructure and base mass.
The damping coefficient of the ith bearing is expressed as
𝐶

2𝑚 𝜔 𝜉

8

in which, 𝑚 is the mass of superstructure and base mass on the ith
isolation device; 𝜉 is damping ratio of the ERB; and 𝜔 is the isolation
frequency defined as
𝜔

2𝜋
𝑇

9

It is to be noted that the 𝜔 and 𝑇 represents the fundamental
frequency and time period of base-isolated structure if superstructure
behaves rigidly. However, due to flexibility of superstructure the
actual fundamental frequency and time period may slightly deviate
from the above values.
4. Modelling of SMA
4.1 Nonlinear force – deformation modelling of SMA
SMA can be used for seismic resistant applications but very limited
attempts are made in this regard by researchers. (Wilson and
Wesolowsky 2005). The two main properties of SMA are shape memory
effect and superelasticity. While shape memory effect is achieved
through thermal gradient induced transformation, the superelasticity
is achieved through stress induced transformation. The phase
transformation of SMA is achieved by applying load on it. This is
achieved only at temperature greater than Af. The shape memory
effect is not useful in base isolation. SMA manufacturers provide
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required materials which are used in available temperature ranges.
(Ozbulut and Harlebaus 2010, Ozbulut et.al. 2011). In this study, it is
assumed that temperature to cause superelasticity effect is available
at ambient temperature. There are many models developed by the
researchers such as Graesser – Cozzarelli (1991, 1994), Wilde et.al.
2000, Ren 2007.
In this work, Graesser – Cozzarelli (G – C) model is used. This model can
implement both superelasticity and shape memory effect. (Ghodke
and Jangid 2016). Equations of force-deformation relationship which
represents the super-elasticity of SMA to obtain a nonlinear force for
the ith SMA device are given as
𝑘

𝑓

|𝑢 |

𝑢

𝑢

𝑓

𝑓

𝑢

𝑓

𝛽
𝐹

𝛽
𝐹

𝑓

𝛽

𝛽

10

𝑓

𝑘

𝛽

𝛼 𝑘

𝑢

𝑓
𝑘

𝑓 |𝑢 | 𝑒𝑟𝑓 𝑎 𝑢

12

𝛽

𝛼𝑘

𝑢

𝑓
𝑘

𝑓 𝑢

13

𝐹

𝐹

𝑒𝑟𝑓 𝑎 𝑢

11

where n is a constant controlling the sharpness of transition of
hysteresis while loading changes its nature; 𝛽 and 𝛽 are the back
stress
in
x
and
y
directions,
respectively;
𝛼 is the ratio of transformation to austenite stiffness of SMA; 𝑐 is a
constant controlling the slope of the unloading path; 𝑓 is a constant
controlling the type and size of hysteresis; 𝑎 is a constant controlling
the amount of elastic recovery during unloading; (˙) is the ordinary
time derivative; erf (𝑓 ) is the error function of the argument 𝑓 ,
𝑒𝑟𝑓 𝑓

2
𝜋

𝑒

𝑑𝑡

14

The initial austenite stiffness of the ith isolator, 𝑘 expressed as
𝐹
𝑘
15
𝛿
is the
where
𝛿 is a yield displacement of SMA; and 𝐹
transformation force of the ith isolator and can be obtained as
𝐹 𝑚 𝑔
16
𝐹
Where 𝐹 and 𝑔 are the normalized transformation strength of SMA
and a gravitational acceleration, respectively. The mathematical
model of Non-linear force deformation model of SMA is shown in Fig.
2 (a) and of ERB is represented in Fig. 2 (b).
Based on the above considered model, a MATLAB program has been
coded using higher order Runge-Kutta method to simulate the
hysteretic behavior of SMA under external loading. Numerical values
used for the parameters characterizing the hysteresis behaviour of
the SMA are provided in Table 1.
5.SMA Supplemented New Zealand Bearing (SMANZ) ısolation
system
In Lead Rubber Bearing (LRB) a central lead core is inserted to provide
additional means of energy dissipation, and initial rigidity against
minor earthquakes and winds. (Skinner et al., 1975; Robinson, 2000,
Matsagar and Jangid, 2004, Jangid, 2007). The lead core reduces the
isolation displacement by virtue of its energy absorbing capacity. The
mathematical modelling is done with the help of non-linear model
based on Bouc-Wen theory hence called as Wen’s model as shown in
Fig. 2 (c). In this study, the SMA is used in combination with N-Z
bearing to call it as SMANZ isolation system. Therefore, Graezzer Cozzarelli model and Bouc-Wen model is used in combination. The
restoring force developed in SMANZ isolation system is therefore
given by,
𝑘 𝑢
𝑐 𝑢
1 𝛼 𝐹𝑍
𝑓
17
𝑓
𝑓

𝑘 𝑢

𝑐 𝑢

1

𝛼 𝐹𝑍

𝑓

18

where 𝑓 and 𝑓 are having same meaning as explained before, 𝐹
is the yield force of the bearing; 𝛼 is an index which represent the
ratio of post to pre-yielding stiffness; 𝑘 is the initial stiffness of the
bearing; 𝑐 is the viscous damping of the bearing; 𝑍 and 𝑍 are the
unitless components in x and y-directions, respectively for the ith
isolator governed by Bouc-Wen model which is expressed as (Casciati
1989)
𝑍
𝛿
𝑍
𝑢
𝛼 𝑢
𝑍
𝛽 𝑢
𝜆𝑠𝑖𝑔𝑛 𝑢 𝑍
𝛽
𝑍 𝑍 𝜆𝑠𝑖𝑔𝑛 𝑢 𝑍
𝛽
𝜆𝑠𝑖𝑔𝑛 𝑢 𝑍
𝛽 𝑢
𝛽
𝑍
𝑍 𝑍 𝜆𝑠𝑖𝑔𝑛 𝑢 𝑍
19
where 𝛿 is the yield displacement; 𝛼 , 𝛽 and 𝜆 are the constants
which controls the shape of hysteretic loop.
6. SMA supplemented friction pendulum system (SMAFPS)
isolation system
In FPS system, frictional force is proportional to the mass of the
structure, and the centre of mass and centre of resistance of the
sliding support coincides. Consequently, the torsional effects
produced by the asymmetric building are diminished. The
mathematical model and ideal force-deformation behaviour of the
isolator is shown in Fig. 2 (d). In this study, the SMA wires are used
along with FPS bearing system. Hence contribution by SMA is added
in order to get total frictional force in SMAFPS in x and y directions
as
𝑘 𝑢
𝜇𝜔 𝑍
𝑓
20
𝑓
𝑓
𝑘 𝑢
𝜇𝜔 𝑍
𝑓
21
where 𝜇 is the friction coefficient; 𝜔
𝑚 𝑔 is the weight of the
structure and base on the ith isolator; 𝑍 and 𝑍 are hysteretic
dimensionless parameters governed by Equation 19; 𝑘 is the bearing
stiffness provided by virtue of inward gravity action at the concave
surface. The system is characterized by the isolation time period (𝑇 )
that depends upon the radius of curvature of the concave surface and
the friction coefficient (𝜇). The isolation stiffness, 𝑘 is adjusted such
that the specified value of the isolation period is achieved.
7. SMA Supplemented Resilient Bearing Isolation System (R-FBI)
Isolation System
Resilient friction base isolator (R-FBI) system is characterized by
concentric layers of Teflon-coated plates in friction contact with each
other, and a central rubber core. (Mostaghel and Khodaverdian, 1987;
Mostaghel and Mortazavi, 1991). The mathematical model and ideal
force-deformation behavior of the bearing is shown in Fig. 2 (e). The
SMA are used in combination with R-FBI and therefore the resisting
forces in the SMARF isolation system in x and y direction are given as
𝑓

𝑘 𝑢

𝑐 𝑢

𝜇𝜔 𝑍

𝑓

22

𝑓

𝑘 𝑢

𝑐 𝑢

𝜇𝜔 𝑍

𝑓

23

where 𝑍 and 𝑍 are hysteretic dimensionless parameters governed
by equation 19 as given in Lead Rubber (N-Z) Bearing. 𝑓 and 𝑓 are
as calculated in equation 10 and 11, respectively.
8. Earthquake ground motions
The earthquake ground motion has peaks of acceleration in positive
as well as negative values and also has various amplitudes and occur
at various time intervals without any regular pattern. In this study,
only horizontal motions have been considered in the benchmark
problem. The historical ground motions given in benchmark problem
have been considered in this study. Out of these, most of the
earthquakes are near-fault. Jangid and Kelly (2001) investigated that
near-fault earthquakes have a significant impact on base-isolated
buildings. It is established that base-isolated buildings have large
residual deformations when it is subjected to near-fault earthquake.
Near-fault earthquakes have long period pulses, large ground
displacement, and permanent ground displacement. These
earthquakes are applied bi-directionally in such a way that the fault
normal (FN) and fault parallel (FP) directions of the earthquake are
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along the x and y directions of the benchmark building, respectively.
Details of these ground motions are given in Table 2.
9. Evaluation criteria
The Table 3 shows performance evaluation criteria.The response
quantities are normalized by corresponding uncontrolled response
values as given in Table 4. Table 5 shows comparison between various
isolation systems. The first eight cases in Table 5 are for uniform
isolation types and last four are for hybrid combination of isolation
type. The evaluation criteria as given in benchmark problem, is
adopted in this study which is based on both peak and RMS responses
of the building as tabulated in Table 3. In this Table 3, Vb and Vs = Base
and Structural shear, Fb = Isolation force; RMS = Root mean square, =
Corresponding uncontrolled response quantity af = top floor
acceleration; df = Inter story drift, t = Time; ‖ . ‖= Modulus of Vector
magnitude; The relative performance of different isolation systems is
evaluated based on the response values of corresponding
uncontrolled fixed based structure. Hereinafter, these response
values of Table 4 are called as uncontrolled response values. The
selected seven earthquake time histories (EQTH) as applied to fixed
based structure, gives large difference in peak acceleration values.
This indicate that selected seven EQTH are having different
characteristics.
10. Numerical study
The different base isolation systems models with SMA are studied,
mathematically modelled in MATLAB and its performance is
compared through normalized peak structural performance
evaluation criteria and time history variations of top floor absolute
accelerations; base displacement; story drifts and base shears under
the bi-directional excitations of four strong earthquakes. As shown in
Table 4 the complete base isolation systems are basically divided into
three parts, viz uniform elastomeric isolation system, uniform friction
isolation system and hybrid isolation system. Each consisting of four
cases each, thus comprising total 12 cases of isolation system. The
time history analysis of the benchmark building has been conducted
using proposed SMA supplemented isolators which are compared with
traditional isolators. The total of 92 isolators are required for uniform
isolation system of benchmark building.
It is established that hybrid isolation is effective in reducing the
superstructure displacement. (Monzon et. al. 2012) Hence, an attempt
is made here to study hybrid isolation system which consists of
bearing combinations of 31 SMA + Each 61 (ERB, LRB, FPS, R-FBI)
isolation systems. The arrangements of bearings are shown in Fig.1
(a).
Four strong earthquakes under bidirectional excitations as tabulated
in Table 2 are selected for checking performance of the seismic
response of the base-isolated benchmark building. The earthquake
ground motions are applied bi-directionally such that the fault
normal (FN) and fault parallel (FP) directions of earthquakes are
applied in x and y directions of the structure respectively. The
performance of different isolation systems are compared on the basis
of time history responses and reduction in percentage in evaluation
criteria (as tabulated in Table 3). The results so obtained are tabulated
in Table 6. Due to space unavailability, the comparison of only ERB,
SMARB and HSMARB is shown. The time history variations of top floor
acceleration, base-displacement, story-drift between base-slab and
first-floor and base-shear in both x directions are plotted for various
uniform and hybrid base-isolation systems as tabled in Table 5. The
base shear time history plot in Fig. 3 shows reduction in base shear
values up to 50 % for HSMARB as compared to traditional isolators.
The story-drift between base slab and first floor time history plot (Fig.
4) shows difference between traditional isolators and SMARB isolators
and it is worthwhile. One can observe lower values of story drifts at
peaks for SMARB as compared to traditional isolators. Zero residual
displacement is clearly seen.
The time variation of the absolute accelerations of top floor have been
plotted in x direction, in Fig. 5 (a) for the isolation systems as
mentioned in Table 5 and for Sylmar earthquake. Also it is compared
with fixed base responses for the same Sylmar earthquake. In this
Fig.5 (a), red dotted line corresponds to the fixed base response which
is reduced by all the three isolation cases. However, the reduction in
response corresponding to SMARB (represented by magenta line) is
appreciable compared to other traditional isolators. It is also observed
that SMARB shows reduction in acceleration as compared to

traditional ERB. There is little difference between hybrid and uniform
combinations of the isolation systems with respect to acceleration.
Table 6 shows the comparison of performance evaluation criteria
values for various uniform and hybrid isolation system. The SMARB
isolation system increases the acceleration values by 7-22% than the
ERB system except for Sylmar earthquakes. But, HSMARB system
increases the acceleration values only up to 5 – 8%. In Fig. 5 (b), base
displacement time history response is shown. As clearly seen in Fig.
5, reduction in base displacement is better with SMARB. SMARB shows
41% reduction in base displacement as compared to ERB; whereas
HSMARB shows 51% reduction. There is negligible difference in base
displacement reduction using SMANZ and HSMANZ as compared to
SMARB and HSMARB. In uniform friction based isolation system,
uniform SMARF shows 33% reduction in base displacement as
compared to uniform FPS whereas hybrid combination HSMAF shows
36% reduction in base displacement. Thus, it is proved that addition
of SMA in traditional isolators is beneficial from reduction in seismic
response point of view.
11. Concluding remarks
This study emphasizes the effectiveness of using smart materials for
base isolation and therefore the following conclusions are made.



The seismic response control using SMA with traditional
isolators is proved effective for base isolated benchmark
building.



The bearing displacements reduced effectively using SMA
supplemented bearings. The structural response also improved
better than traditional bearings.



The hybrid isolation system having combination of SMA + ERB
system is proved to be excellent among other combinations of
traditional isolation systems.



The hybrid isolation system having combination of SMA + Lead
Rubber Bearing (LRB) is not so effective in seismic response
control. It is able to control displacement but increases the
acceleration, base shear, story drift and isolation forces. This is
so because SMA and lead serves same purpose in bearings.



The SMAF (having hybrid combination of SMA and Friction
Pendulum System) performed better as compared to Reduced
Friction Bearing Isolator (RFBI) combination with SMA with
respect to control of isolator displacement.
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Fig. 1 (a) Plan
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Fig. 1 (b) Elevation

Fig. 1 (c) Isolator with
SMA
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Fig. 1: Benchmark Base – Isolated Building with SMA
supplemented Isolation Bearings

(e)

Table 1: Constants for traditional bearing and SMA
Parameters
Bearing
𝑇

of

Rubber

Parameters of SMA

0.9 𝑠

𝑓

0.07,

𝑇

Fig. 2: Mathematical models and force-displacement diagrams
of a) SMA, b) ERB, c) N-Z d) FPS, and e) R-FBI isolators

3𝑠
𝜉

0.03

𝑛
𝛼
𝑎

0.1
2500

3
𝑐

0.001
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Table 2: Details of Earthquake Ground Acceleration Records
Serials
EQTH1
EQTH2
EQTH3
EQTH4

Earthquake
Imperial Valley
Kobe
Northridge
Northridge

Year
19.05.1940
16.01.1995
17.01.1994
17.01.1994

Station
El Centro
JMA
Sylmar
Newhall

Table 3: Evaluation Criteria
Symbol

Observation

Equation
𝑚𝑎𝑥
𝐽
𝑚𝑎𝑥

J1

Peak base shear

𝑉 𝑡

J2

Peak story shear

𝐽

J3

Peak base displacement

𝐽

J4

Peak story drift

𝐽

J5

Peak absolute acceleration

𝐽

J6

Peak cumulative isolation force

𝐽

J7

RMS base displacement

𝐽

J8

RMS absolute acceleration

𝐽

𝑉 𝑡

𝑚𝑎𝑥

𝑉 𝑡

𝑚𝑎𝑥

𝑉 𝑡

𝑚𝑎𝑥

𝐷 𝑡

𝑚𝑎𝑥

𝐷 𝑡

𝑚𝑎𝑥

𝑑 𝑡

𝑚𝑎𝑥

𝑑 𝑡

𝑚𝑎𝑥

𝑎 𝑡

𝑚𝑎𝑥

𝑎 𝑡

𝑚𝑎𝑥

𝐹 𝑡

𝑚𝑎𝑥

𝐹 𝑡

𝑚𝑎𝑥

𝑅𝑀𝑆𝐷 𝑡

𝑚𝑎𝑥

𝑅𝑀𝑆𝐷 𝑡

𝑚𝑎𝑥

𝑅𝑀𝑆𝑎 𝑡

𝑚𝑎𝑥

𝑅𝑀𝑆𝑎 𝑡

Table 4: Uncontrolled response values
EQTH

Direction

EQTH1

Maximum
Base Shear
(kN)

FN
67603
FP
64539
EQTH2
FN
217360
FP
266550
EQTH3
FN
169580
FP
143470
EQTH4
FN
198410
FP
122286
* The responses like displacement and
Earthquake Time History

Maximum
Story
Shear (kN)

Maximum
Base
Displacement
(m)
*

Maximum
Story Drift
(m)

74383
1
70754
1
224660
1
268750
1
199370
1
154630
1
201490
1
126450
1
isolation force for fixed – base

Maximum
Absolute
Acceleration
(m/s2)

0.02
7.87
0.02
6.03
0.09
27.09
0.08
28.07
0.05
17.80
0.04
14.06
0.07
24.17
0.03
22.74
structure is irrelevant; hence

Maximum
Force (kN)
*

Maximum
RMS Base
Displ.
*

Maximum
RMS
Absolute
Accln.
(m/s2)

1
1
2.24
1
1
1.59
1
1
5.16
1
1
4.84
1
1
2.27
1
1
2.96
1
1
3.54
1
1
3.06
the value is considered as unity. *EQTH:

Table 5: Different Isolation systems considered for the Study
Sr. No.
1
2
3
4
5
6
7
8
9
10
11
12

Group
Uniform Elastomeric Isolation System

Uniform Friction Isolation System

Hybrid Isolation System

Isolation Type
92 ERB
92 ERB with SMA
92 LRB
92 LRB with SMA
92 FPS
92 FPS with SMA
92 RFBI
92 RFBI with SMA
61 ERB + 31 SMARB
61 LRB + 31 SMARB
61 FPS + 31 SMARB
61 RFBI + 31 SMARB

Designation
ERB
SMARB
LRB
SMANZ
FPS
SMAF
RFBI
SMARF
HSMARB
HSMANZ
HSMAF
HSMARF
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Table 6: Comparison of ERB, SMARB and HSMARB system in different earthquakes
Earthquake
EQTH1

EQTH2

EQTH3

EQTH 4

Isolation
Type
ERB

J1

J2

0.379

0.376

SMARB

0.246(35)

0.236(37)

0.422(49)

0.274(27)

0.214(8)

0.239(36)

0.105(69)

0.242(54)

HSMARB

0.244(36)

0.237(37)

0.487(41)

0.241(36)

0.180(23)

0.227(39

0.138(59)

0.218(59)

ERB

0.251

0.222

0.709

0.152

0.136

0.308

0.355

0.295

SMARB

0.199(21)

0.184(17)

0.436(39)

0.173(-13)

0.177(-30)

0.256(17)

0.086(76)

0.116(61)

HSMARB

0.220(13)

0.205(8)

0.482(32)

0.158(-4)

0.152(-12)

0.282(8)

0.119(67)

0.111(62)

ERB

0.576

0.484

0.789

0.399

0.198

0.354

0.430

0.690

SMARB

0.342(41)

0.284(41)

0.454(42)

0.252(37)

0.125(37)

0.214(40)

0.119(72)

0.282(59)

HSMARB

0.332(42)

0.293(39)

0.381(52)

0.243(39)

0.133(33)

0.203(43)

0.165(62)

0.233(66)

ERB

0.201

0.179

0.431

0.163

0.128

0.187

0.155

0.213

SMARB

0.165(18)

0.140(21)

0.289(33)

0.190(-16)

0.170(-32)

0.161(14)

0.069(56)

0.154(28)

HSMARB

0.170(16)

0.145(19)

0.320(26

0.165(-1)

0.144(-12)

0.164(12)

0.086(44)

0.167(22)

J3
0.831

J4
0.374

J5
0.232

J6
0.372

J7
0.335

J8
0.530

The -ve and +ve sign values inside the brackets indicates percent increase and reduction compared to traditional ERB case, respectively.

Fig. 3: Time variation of base-shear for base-isolated building
under Sylmar, 1994 earthquake

Fig. 4: Time variation of base-shear for base-isolated building
under Sylmar, 1994 earthquake

Fig. 5: Time Variation of a) Top – Floor acceleration b) Base Displacement for base-isolated building under Sylmar, 1994 earthquake
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Reservoir modellings are important to define seismic hazard assessment associated with
production process and to better understand the future location of re-injection/production
wells in small-scale geothermal areas. The reservoir seismology is an innovative technique
to enlighten a multi-dimensional model of a geothermal reservoir using the Passive
Seismology Tomography (PST) method. The PST includes Ambient Noise Tomography (ANT)
and Local Earthquake Tomography (LET) methods. Each method requires some principal
attention to bring the high-resolution image of underground models down to near-sub
surface structures. Fluid movements towards the reservoir in geothermal areas cause an
artificially induced earthquake. The flow direction along the fractures can be detected by
monitoring the micro-earthquakes caused by micro-fractures due to the pressure difference
that will occur during the re-injection process of the cold water formed after the production
process. Since the oldest and the most important geothermal areas are located in the Aegean
region of Turkey, we have introduced the significance of the PST technique and its
application to geothermal fields and described it with the used method with data
characteristic, data processing and tomography inversion scheme as a whole to characterize
the geothermal reservoir.

1. Introduction
Modelling of seismic velocity data using reservoir seismology study
crucially improves the feature of sub-structures and processes in the
earth crust. In small-scale (e.g. geothermal) areas, this type of
modellings is essential, indeed, to determine seismic hazard
assessment related with production phases, and to better understand
the future location of re-injection/production wells. It also provides
important insights down to greater depths that are not resolved by
other geophysical methods and/or not accessible by geological field
studies. Reservoir seismology is an innovative technique to enlighten
multi-dimensional model of a target reservoir (e.g., geothermal,
hydrocarbon, natural gas storage, etc) by using Passive Seismology
Tomography (PST) method. The PST covers Ambient Noise
Tomography (ANT) and Local Earthquake Tomography (LET)
techniques. Each technique requires some principal attention to bring
the high-resolution image of underground structures down to nearsub surface structures (until 5-7 km). Since the oldest and the most
productive geothermal fields are located in the Aegean region of
Turkey, we present the importance of the PST technique and its
application to geothermal areas in the frame of this research.
2. Data and method
We express the used technique with data characteristics, data
processing and tomography inversion scheme to characterize
targeted underground features of a study area.
As one of the used techniques, the LET method has often been
preferred for tectonic, geothermal and volcanic studies in recent
years. Selection of the code that will be followed during data analysis,
strongly depends its user-friendly ergonomic structure, open

accessibility, allowance of optional synthetic test designs and
compatibility with Windows and/or Linux operating systems. These
features will certainly provide huge advantages to users if the correct
software is selected. Users should take into account the importance of
arrival times and station coordinates. The positions of events need to
be computed specifically for (or surrounding of) the study area using
an initial 1-Dimensional (1-D) crustal structure. The quality of the
initial locations should be improved by using re-generative and
simultaneous inversion of the crustal structure [1,2]. As it is clear for
the LET, reliable images of the subsurface of the target area are closely
related to consistent set of arrival times, proper definition of
uncertainties (RMS, number of earthquakes and station, azimuthal
distribution of ray path, etc.) and extensive use of synthetic tests for
defining the correct parameterization of the model and assessing its
resolution [1,2,3]. At least 300 local earthquakes recorded by at least 9
stations can be enough to understand the seismic velocity structure
of the project area. Geological settings and other efforts (e.g., seismic
reflection, magneto-telluric, micro-gravity, etc.) are also particularly
important to address in increasing and enhancing the resolution and
robustness of the reservoir modelling of a geothermal area [3].
Another used technique is the ANT. In recent years, number of small
or local-scale studies related with this technique has also significantly
grown due to its great applicability in fields like fluid injection
monitoring and geothermal reservoir modelling, hydrocarbon
exploration, geological engineering studies, imaging of caldera of
volcanos and fault mapping in determining seismic hazard. The ANT
uses ambient seismic noise that is typically dominated by oceanic
microseisms and shows peaks around frequencies of 0.05-0.1 Hz and
0.1-0.2 Hz. Microseisms propagate predominantly as surface waves
(Rayleigh & Love)[4]. Therefore, the simultaneously cross-correlated
seismic noise and calculated Empirical Green’s Functions (GF) are
dominated by the surface wave components. They certainly lead to
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reveal underground image of target areas by tomographic inversions.
The main advantage of this technique is the usability of noise sources
and does not require earthquake data in a target region that shows
low seismicity rate. On the other hand, the lateral resolutions of the
ANT greatly depend on the interstation distances. This may bring
disadvantage for small-scale regions if station numbers and
consequently ray paths are not sufficient. To overcome this difficulty,
we suggest a station installation geometry at least 15 km diameter for
geothermal license areas to resolve down to 3 km depths at least [4].
As a result, taking the advantage of earthquake data analyzed by the
LET technique will unquestionably increase the multi-dimensional
spatial resolution and underground imaging efforts obtained from the
ANT technique.
Data processing is the most important stage in reservoir seismology
(and ANT) as with all other geophysical methods. According to time
and frequency domain analysis, the 3-month continuous data may
need to be divided by 10-minute (600 s) windows with 25% (150 s) of
the windows overlapping in time length, removing the mean & trends
and decimating to 10 sps. It should be also considered that each
window should be filtered with a Butterworth filter with corner
frequencies depending on the interested depths. 0.1-1.0 Hz may
resolve the target reservoir starting from ~500-meter depth.
Illuminating shallower depths may require lower frequency ranges
(e.g., 0.01-1.0 Hz or much lower). The next important step will be the
data normalization in time and frequency domains. Redundant
recordings such as mainshocks, aftershocks, inconsistent peaks and
anthropogenic activities should be erased in the time domain.
Spectral whitening needs to be applied in the frequency domain and
the high-energetic (positive or negative lag) of the signals should be
folded [5, 6, 7]. After processing the best cross-correlation functions,
they can be stacked to extract GFs with signal-to-noise ratios (SNR).
The SNR should be considered with the RMS of the noise window.
Then, a multi-filter technique should to applied to obtain the group
velocities of the GF. It should be also noted that an optimal resolution
in the time and the frequency domains can be only achieved using a
suitable Gaussian operator coefficient, which considers the
interstation distances. A value of 1.5 will be reliable for the
interstation distances less than 20 km, and a value of 3.0 can be
thought for much greater distances. Group velocity dispersions are
calculated under the interstation distance ( ) and wave-length ( )
conditions.
The tomography inversion scheme estimates the 2-D group velocity
maps of the fundamental mode Rayleigh waves. As outlined for the
LET, users should also consider an iterative inversion package to
minimize the difference between the observed and the calculated
travel times. Checkerboard synthetic test requires both LET and ANT
techniques to evaluate the reliability of the resolved model. It mainly
depends on the path coverage at specific periods and the azimuthal
distribution of paths. Checkerboard box sizes for the input model
should be considered according to the size of the studied area. It can
be selected as 1x1 km (0.01x0.01o) for a target area 10x10 km, roughly.
And, the inversion cell size can be fixed to 0.5x0.5 km (0.005x0.005o).
But analyzing the whole dataset needs to be checked by users first,
and then the optimal cell size used in the inversion should be decided
after extensive synthetic tests. Because this optimal cell size will
absolutely serve to illuminate a robust and stable tomographic images
[8]. After that, surface-wave travel-time tomography can be performed
for a small-scale geothermal area using 0.5x0.5 km grid size to
produce 2-D group (Rayleigh) wave velocity maps. As mentioned in the
previous paragraph, each group velocity was proportional to a given
depth range for which the average value was proportional to one-two
(or one-third) of the dominant wavelength, approximately ( ≥ 2 or
≥ 3 ). However, the calculated sensitivity kernel of the group
velocities provides convincing information about the depth
resolution as a function of the period lengths. If the information
reveals 1 s, 3s, 7s periods, it can be associated with the depths of 0.5
km, 1.5 km, and 4.0/5.0 km, respectively (Figure 1).

Figure 1. The 2-D visualization of different Vs (m/s) model slices on
planar x, y, z coordinates as the latitude, longitude (o), and depth (m)
axes for a targeted geothermal area down to ~5.0 km depths. Colors
vary from red to blue by indicating low and high velocities [9]

Almost all inversion packages ignore altitudes which are quite
important for decision-makers for future planned operations in
selecting re-injection/production wells. A recent effort has just started
to overcome this complexity in the frame of a new multi-dimensional
modelling interface/code [9].
3. Conclusions
In this research, we have shown the essentials of reservoir modelling
in small-scale geothermal areas in the frame of reservoir seismology
(and ambient noise tomography) studies. In order to perform multidimensional modellings and characterize the geothermal reservoir of
a study area, this type of studies should consider the data
characteristic, data processing and tomography inversion scheme.
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An experimental study is performed to assess the effect of high temperatures on ultimate
and post-ultimate reserve shear strength of monolithic normal strength concrete interfaces.
For this purpose, push-off specimens with constant normal stress across the interface were
casted. Specimens were heated to 350, 550 and 750oC in a muffle furnace and were cooled
down naturally up to the room temperature. Results showed that after exposure to 350, 550
and 750oC, ultimate shear strength was reduced by 15.9, 25.4 and 44%, respectively. Whereas,
post-ultimate reserve strength remains unaffected for an exposure temperature of 350oC.
When the specimens were exposed to 550 and 750oC, the reduction in post-ultimate reserve
shear strength was found to be 12.4 and 21.7%, respectively.

Ultimate Shear Strength,
Post-Ultimate Shear Strength.

1.Introduction
Usually, shear forces produce inclined cracking in reinforced concrete
members but there are some instances where these forces may
produce a sliding failure along a definite plane. Examples of these
definite planes are, an existing or a potential crack, an interface
between two concretes casted at different times, an interface between
two different materials. These planes are called as shear plane or slip
plane and their strength is known as interface shear strength. These
planes should be designed carefully to ensure that the shear capacity
of such interfaces should be greater than or at least equal to the
diagonal tension capacity of the adjoining members. This is attained
by providing reinforcement, generally perpendicular to the shear
plane. Reinforcement crossing the shear plane provides clamping
force at the slip plane which restrains the potential sliding of the two
faces. To ensure yielding, reinforcement across the shear plane is
anchored properly on both the sides. Numerous studies investigated
the effect of concrete strength, percentage of reinforcement crossing
the interface, presence of recycled aggregate etc. on the interface
shear strength of slip planes. A brief overview of these studies is
presented below [1, 2].
Anderson (1960) [3] investigated the interface shear strength across
construction joints. For this purpose, push-off test with an interface
area 64520 mm2 and a reinforcement ratio between 0.2% and 2.48%
across the interface were tested. Concrete compressive strength of the
precast portion was 51.71 MPa. Cast-in-place side had a concrete
compressive strength of 20.68 MPa or 51.71 MPa. Results showed that
as the concrete strength of the cast in-place concrete increases, the
interface shear capacity increases. Also, as the reinforcement ratio
increases, the interface shear capacity increases. Following equations
were proposed for the computation of interface shear strength. For
cast-in-place slab with a concrete compressive strength of 20.68 MPa
𝜏

4.41

229𝜌

(1)

For cast-in-place slab with a concrete compressive strength of 51.71
MPa
𝜏
5.52 276𝜌
(2)

Hofbeck et al. (1969 )[4] investigated the influence of following
parameters on interface shear transfer capacity of reinforced
concrete: (i) pre-existing crack on shear plane; (ii) yield strength,
diameter and arrangement of shear reinforcement; (iii) concrete
compressive strength; and (iv) dowel action. Pre-existing crack on
shear planes reduced the shear transfer capacity and increased the
slip of the interfaces at all load levels. Interface shear transfer
capacity was affected by yield strength, diameter and arrangement of
shear reinforcement, only if the clamping stress was changed.
Influence of concrete strength was found to be insignificant for the
specimens with clamping stress lower than 4.14 MPa. For higher
values of clamping stress, interface shear capacity was found to be
lower for lower concrete compressive strength. Contribution of dowel
action was found to be significant only for the specimens with cracked
shear planes. Walraven and Stroband (1994) [5] tested push-off
specimens for interface shear transfer up to a concrete strength of
100 MPa and found that increase in concrete strength did not
presented an equivalent increase in interface shear transfer strength.
It was also found that shear friction equations in the existing codes
can still predict a lower bound of interface shear transfer strength. No
modifications were suggested in the existing interface shear transfer
strength equations. Waseem and Singh (2016) [6] investigated the
interface shear strength of concrete with recycled coarse aggregates.
Variables of the study were concrete compressive strength, clamping
stress and recycled aggregate replacement ratio. A marginal increase
in interface shear strength was found when the natural coarse
aggregate was replaced by recycled coarse aggregate. Predictions of
interface shear strength made by modified Zia envelop were found to
be in good agreement for natural as well as recycled aggregate
concrete. Sneed et al. (2016) [7] investigated interface shear strength
of normal-weight, sanded lightweight and all lightweight concretes
with uncracked, pre-cracked and cold jointed specimens with rough
and smooth interfaces. Interface shear strength of the monolithic
specimens with or without pre-existing crack and cold jointed
specimens with roughened interface was found to be increased as the
unit weight of concrete was increased. Interface shear strength of cold
jointed specimens with smooth interface was found to be independent
of the concrete unit weight. Sanded lightweight specimens with
monolithic uncracked and pre-cracked interface or cold jointed
specimens with rough interface had higher interface shear strengths
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than that of the specimens made with all lightweight concrete having
same interface condition and reinforcement ratio. Interface shear
strength of roughened cold jointed specimens made with expanded
slate aggregate was found to be higher than that of the specimens
made with expanded clay aggregate. Shear strength of cold jointed
specimens with smooth interface was found to be unaffected by the
type of aggregate.
2. Testing process
2.1. Test specimens and properties
Push-off / shear friction specimen shown in Figure.1, similar to the
one tested by Hofbeck et al. (1969) [4], Walraven and Stroband (1994)
[5], and Waseem and Singh [6] was used to evaluate the shear transfer
strength of concrete at ambient and after elevated temperatures.
Dimensions of the specimens used by different researchers are given
in Table 1. The terms L, B, and W are shown in Figure 1. The design of
shear friction specimen is such that the concentric compressive load
applied is converted into shear which is resisted by the stresses
produced in concrete and clamping steel bridging the shear plane.
Main steel, also known as flexural steel is provided parallel to the
shear plane to prevent premature flexural failure of the specimens.
12 no. 12 mm diameter bars were used as the main steel and two
closed loops of 8 mm diameter was provided to simulate the clamping
stress acting across the shear plane ( = 201.06/31250 = 0.0064).
Table 1. Dimensions of push-off/shear friction specimens tested by
different researchers

Hofbeck et al. (1969)[4]

254

127

254

Ac
(mm2)
32258

Walraven and Stroband (1994)[5]

300

120

400

36000

Waseem and Singh (2016)[6]

210

150

300

31500

Present study

250

125

125

31250

L
(mm)

Author (s)

B (mm) W (mm)

Table 2. Ingredients of the concrete mix
Cement Fine aggregate
(kg/m3)
(kg/m3)
400

Coarse aggregate Water Superplasticizer
(kg/m3)
(kg/m3)
(%)

825

1004

168

0.2

2.3 Reinforcing steel
Hot-rolled TMT bars were used for preparing the reinforcement cages
of the shear friction specimens. Properties of the reinforcing steel are
given in Table 3. Clamping stress provided across the shear plane was
fy = 0.0064 x 567.2 = 3.63 MPa.
Table 3. Properties of reinforcing steel
Elastic modulus,E
(MPa)

Yield strength, fy
(MPa)

2.05x1011

567.2

Ultimate
strength fu
(MPa)
648

Elongation (%)
19.3

2.4 Casting and curing of specimens
The experimental program was planned to test the specimens for
shear transfer strength at four temperature levels (Ambient, 350, 550
and 750oC). Two companion specimens were casted for each
temperature level. Shear-friction specimen with reinforcement cage
and during casting are shown in Figure 2. Concrete cylinders were
also casted with shear friction specimens to evaluate the compressive
strength of concrete used in the casting of the specimens. After 24 hrs
of casting, specimens were removed from the moulds and shifted to
freshwater tanks for curing.

L = length of the shear plane; B = thickness of the shear plane; W =
width of the specimen; Ac = area of the shear plane (L x B)

(a)

(b)

Figure 1. Details of test model
2.2 Concrete mix
Ordinary Portland cement with a minimum 28 days compressive
strength of 43 MPa was used. River gravel with 12.5 mm maximum
size and having a fineness modulus of 6.88 was used as coarse
aggregate. River sand sieved through 4.75 mm mesh with a fineness
modulus of 2.80 was used as fine aggregate. A superplasticizer (SP
[polycarboxylic acid based]) was also used to attain the adequate
workability of the concrete mix. Ingredients of the concrete mix
designed through the procedure of IS 10262-2009 [8] are given in
Table 2.

Figure 2. Shear-friction specimen(s) (a) before casting (b) during
casting
2.5 Heating of the shear-friction specimens
Specimens to be tested after elevated temperatures were shifted to a
muffle furnace for heating. Based on literature review [9-11] and
experience of the authors, heating was executed at a rate of 5oC /min
to avoid spalling of the concrete. Temperatures of the furnace and
different locations inside the specimens were recorded using k-type
thermocouples. Supply to the furnace was discontinued soon after the
temperature of the furnace and three locations of the specimen
became equal and the hole in the furnace wall was opened to cool
down the specimens naturally.
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2.6 Testing of the specimens

3.2.

Figure 3 shows the experimental setup used in the present study.
Specimens were tested until failure by applying a concentric
compressive load on specimens using a universal testing machine.
Specimens were kept on roller support and were free to move in a
horizontal direction to ensure the application of concentric load on
the shear plane. Movement of the two halves of the specimen in the
longitudinal and transverse direction was recorded using LVDTs
attached on either side of the specimen. Tests were performed in a
displacement control mode at a loading rate of 0.0167 mm/s.

Effect of temperature on shear stress-crack response
curves

Relative movement of the shear plane in vertical and horizontal
directions is called crack slip (s) and crack width (w), respectively. The
ratio of concentrated load to the area of the shear plane is shear stress
( 𝜏 𝑃/𝐴 . Fig.5 shows that in specimens tested at ambient
temperature conditions, relative movement of the shear plane in
vertical direction started at approximately 60-80% of the ultimate
load. In specimens tested after elevated temperatures, the relative
movement of the shear plane started earlier than that in the
specimens tested at ambient temperature conditions. Increase of
temperature results in the reduction of stiffness of shear stress-crack
response curves. An increase in exposure temperature also increased
the slip corresponding to ultimate shear stress. Moreover, the
inclination of the descending branch of shear stress-deformation
curves decreases with an increase in exposure temperature. This
implies that elevated temperatures produced a smaller and ductile
transfer of shear stresses.

A‐1

350‐1

550‐2

750‐2

Shear stress (MPa)

10
8
6
4
2

Figure 3. Experimental setup for the determination of shear friction
in concrete

0
0

3.
3.1.

1

2

Results and discussion
Thermal behaviour of shear friction specimens

Increase of temperature with time in a specimen exposed to 750oC is
shown in Figure 4. Ramp input shown by black line is the expected
curve resulting from a heating rate of 5oC /min. The red curve is the
actual temperature development in the furnace which is not exactly
the same as the ramp input curve because of minor leakage through
the gap between the furnace wall and the furnace door. Thermal
radiation and thermal convection are responsible for the increase of
temperature in a furnace which is directly proportional to the
temperature difference between the furnace and the specimen. At the
beginning of the elevated temperature test, the temperature
increased at a slower rate due to a smaller temperature difference
between the furnace wall and specimen. Approximately after 60 min,
when the temperature difference between the furnace wall and
specimen increased, the rate of temperature development also
increased. In the last 70 min, the temperature at the three locations
inside the specimen increased at a slower rate due to a smaller
temperature difference between furnace and specimen.
Ramp Input
T1

Furnace
T2

1000
Temperature (oC)

3

Slip (mm)

500

0
0 50 100 150 200 250 300 350 400 450 500
Time (min)
Figure 4. Temperature-Time curve of a specimen exposed to 750oC

Figure 5. Shear stress-crack slip curves

3.3.

Effect of temperature on shear transfer and post
ultimate reserve strength

Shear transfer strength or ultimate strength of the interface is
defined as the ratio of the ultimate load to the area of shear
𝑃 /𝐴 . While reserve strength of the interface
plane/interface 𝜏
is the ratio of residual load sustained by the shear plane in post peak
regime to the area of shear plane 𝜏
𝑃 /𝐴 . The post ultimate
reserve shear strength is the value of stress at larger slips where the
shear stress-crack slip curve becomes horizontal (Figure 5). Main
results of the test program are given in Table 4.
Table 4. Test results
Specim
en
A-1
A-2
350-1
350-2
550-1
550-2
750-1
750-2

u

fc’
MPa

Pu kN

42
42
39
39
39
39
40
40

280.6
260.9
239.6
215.6
215.6
188.7
145.3
157.8

MPa
8.9
8.3
7.6
6.9
6.9
6.0
4.6
5

Avg

r

Pr kN

u

MPa
8.67
7.29
6.47
4.85

112.8
114.3
114.1
111.5
98.44
100.6
88.1
90

MP
a
3.6
3.6
3.6
3.5
3.1
3.2
2.8
2.8

Avg
r

MPa
3.64
3.61
3.19
2.85

Ultimate strength of concrete reduced after experiencing elevated
temperatures. For an exposure temperature of 350oC, ultimate
strength was reduced by 16%, while post ultimate reserve strength
was found to be unaffected. Ultimate strength is a function of concrete
compressive strength and the restraint provided across the shear
plane. While post ultimate reserve strength is due to the dowel action
of reinforcement crossing the shear plane [1, 2]. Up to an exposure
temperature of 500oC, the residual compressive strength of concrete
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reduces while the residual yield strength of reinforcement remains
unaffected. Therefore, post ultimate reserve strength was not
influenced by an exposure temperature of 350oC. It may also be
suggested that for 350oC, reduction in ultimate strength is only due
to the reduction in compressive strength of concrete. After an
exposure temperature of 550oC, ultimate and post ultimate reserve
strengths were reduced by 25.4 and 12.4%, respectively. Ultimate and
post ultimate reserve strengths were also found to be reduced by 44
and 21.7%, respectively, when samples were exposed to 750oC. Figure.
6 and 7 shows the variation of relative ultimate strength and relative
post ultimate reserve strength of concrete with different exposure
temperatures. Relative strength is the ratio of shear strength after
elevated temperature to the shear strength at ambient temperature
𝜏 /𝜏 or 𝜏 /𝜏

.

L : The length of the shear plane
Pu : Ultimate load
W : The width of the specimen
ρ : The percentage of shear reinforcement
u : The ultimate shear strength
𝜏 : The ultimate shear strength after temperature, T.
r : The post-ultimate reserve shear strength
T
r : The post-ultimate reserve shear strength after temperature, T.
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The effect of elevated temperature on ultimate shear strength and
post ultimate reserve strength of the monolithic concrete interface
have been investigated by conducting push-off tests. Shear stresscrack slip curves indicated that increase of temperature caused lower
and ductile shear transfers. It was also found that the exposure
temperature increase resulted in the reduction of the ultimate shear
strength of the concrete interfaces at all the temperature levels.
Reduction in the post-ultimate reserve shear strength was observed
only when the yield strength of the clamping steel was reduced i.e.,
for exposure temperatures higher than 500oC.

Nomenclature
Ac : The area of shear plane
B : The thickness of the shear plane
E : Elastic modulus of steel
f'c: The compressive strength of concrete
fu : The ultimate strength of reinforcing steel
fy : The yield strength of reinforcing steel
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The use of thin-walled steel tanks in various industrial and structural fields has been
increasing in recent years. One of the most important problems for tanks that are exposed
to various effects throughout their lifetime is corrosion. There is a change in the crosssectional properties of the tanks used for storage and containing chemicals with low pH due
to corrosion. This deformation caused by corrosion also affects the strength of the tanks. In
this study, four thin-walled steel tanks with the dimensions of 800x400x0.45 mm were filled
with acid solution containing varying proportions of HCl (hydrochloric acid) and exposed to
corrosion for 24 hours. The weight loss caused by corrosion was determined and the effect
of this weight loss on the buckling behavior of the tanks was investigated. It was determined
that as the filling rate of the tanks and the percentage of acid in the solution increased, the
corrosion damage and thus the buckling damage increased. The number of buckling waves
has increased in tanks with more corrosion damage.

formula. Then, the buckling test was performed on the tanks.
Damages in the tanks were examined.

1.Introduction
Metals are exposed to corrosion due to various effects throughout
their lifetime. In studies investigating the effect of corrosion on
metals, it is stated that the cross-sectional properties of metals
change due to corrosion [1]. Hydrochloric acid is a highly aggressive
and strong acid. Metal corrosion occurs even when the percentage of
acid in the solution is low [2]. In cases where the metal comes into
contact with the acidic solution, the corrosion rate and the corrosion
damage that will occur increase as the acid ratio in the solution
increases [3]. Sharifi and Rahgozar (2010) [4] stated in their study that
corrosion causes thickness loss, and this thickness loss causes a
decrease in the moment capacity.
Determination of corrosion rate is a widely used method by means of
weight loss or thickness loss data of metals. Xu et al. (2019) [5] stated
in their study that as the corrosion damage increases, the mechanical
properties of the elements such as stiffness, energy absorption
capacity and axial pressure capacity decreases. The mass-loss rate
was used to determine the corrosion rate. Kim et al. (2017) [6]
examined the tensile strength of structural elements exposed to
corrosion in their study. In this study, thickness loss data were used
to determine the corrosion class. Corrosion classification was made by
proportioning the thickness data obtained from different parts of the
elements to each other. It has been stated that the damages generally
occur in regions where the thickness decreases more. Morales et al.
(2000) [7] investigated the corrosion of low carbon AISI 1008 steel in
contact with sulfate and chlorine-containing solutions in their study.
In this study, mass loss method was used to determine the corrosion
rate as specified in ISO norm 156/4 N 153. Fiolek and Jakubowski
(2019) [8] investigated the effect of corrosion on the local buckling
capacity of box-section profiles in their study. The thickness of the
profiles was reduced by etching with acid. Thickness loss data were
used to calculate the corrosion rate.

2.

Testing process

2.1. Test specimens and properties
In this research steel sheets with the dimensions of 1260x800 mm
have been used to prepare thin walled cylindrical tanks. Material
properties obtained from coupon tests are given in Table 1. Sheets
were rolled with with the machine used by Maali et al. (2015). Then
connections attached to each other by soldering. The reason of
choosing soldering instead of welding is the material thickness.
Welding may cause defection to thin materials. After rolling and
soldering process, preparation phase of the tanks has been completed.
Figure 1 shows the dimension details of the models.
Table 1. Material properties of the steel sheets
Failure Stress
Yield Stress
Modulus of Elasticity
Poisson Ratio

342.4 MPa
198.8 MPa
210 GPa
0.29

In this study, the effect of acid corrosion on mass loss and buckling
behavior in thin-walled tanks was investigated. In the first stage, the
tanks were exposed to corrosion for 24 hours with 5% and 10% acid
solutions. Weight loss rates were determined with the help of
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siliconized to prevent air leakage. The movement of the system is
prevented by tightening the bolts on the edges of the plates. The data
obtained from LVDT and strain gauges were transferred to the
computer with a data collection device.
LVDT (Linear variable displacement transducer) and strain gauges
were used to measure the deformations and displacements that will
occur in the tanks during the buckling test. Four LVDT's were placed
around the tanks where buckling waves are expected to form. Strain
gauges were placed on each tank horizontally and vertically to
measure the deformations. The layout of the LVDT and strain gauges
is given in Figure 4.

Figure. 1. Dimensions of the tanks
In this study, the tanks were divided into two groups as full and half
full. Foam board sheets are used to prevent the solution to be filled
into the tanks from leaking. After the tanks were placed on the foam
bard sheets, the contact area of the foam bard sheet and the tanks was
siliconized from inside and outside. The tanks were filled with
solution containing 5% and 10% hydrochloric acid and exposed to
corrosion at room temperature for 24 hours. Details of the models
used are given in Table 2. Figure 2 shows the M3-H-A10 tank halffilled with 5% solution.

Figure 3. Test setup used for buckling tests (Maali et al. 2019 [9])

Table 2. Details of models
Group
Fully Filled
Half Filled

Models
M1-F-A10
M2-F-A5
M3-H-A10
M4-H-A5

Fulness
Full
Full
Half
Half

HCl Solution
10%
5%
10%
5%

Model: M1-F-A10; M1: Model 1; F: Filling ratio (F: Fully filled and H:
Half full) A10: Acid ratio in solution (A10: Solution containing 10
percent hydrochloric acid and A5: Solution containing
5%hydrochloric acid)

Figure 4. Location of measurement tools
3.

Results of corrosion tests

Weight loss rates were determined with the help of pre- and postcorrosion weights of the models. The formula used in the study of
Noor and Al-Moubaraki (2008) [3] was used to determine the weight
loss rates. Weight loss rate ρml (g mm-2 min-1) was calculated by the
following formula:
Figure 2. Half filled tank M3
2.7 Test setup
In this study, the test system used by Maali et al (2019) [9] was used.
The test system is given in Figure 3. The test system consists of two
1500x1500x30 mm plates, vacuum pump, circular supports and a
crane that helps the upper plate to move. In this study, a vacuum
pump with a hydrostatic pressure capacity of 600 kPa was used. After
the tanks are placed on the circular supports, the contact areas are

ρml=

.

(1)

In this formula, mb is the pre-corrosion weight of the tank (g), ma is the
post-corrosion weight of the tank (g), S is the surface area of the tank
(mm2) and t∞ is the corrosion time (min). The weight loss rates
calculated for the tanks with the help of the relevant values are given
in Table 3.
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Table 3. Weight loss ratios of tanks
Model
M1-FA10
M2-F-A5
M3-HA10
M4-HA5

mb

ma

S

t

ρml x 108

3100

2980

1008000

1440

8.267

3080

3000

1008000

1440

5.511

3080

3060

1008000

1440

1.378

3080

3060

1008000

1440

1.378

The weight of the tanks decreased after 24 hours of corrosion. It is
determined that corrosion causes weight loss between 3.871% and
0.645% in the tanks.
When the values obtained from the formula (1) are examined, it is seen
that the model with the highest weight loss rate is the M1-F-A10
model, which was tested fully loaded with 10% solution. When the acid
ratio is reduced to 5%, it is seen that the weight loss rate due to
corrosion decreases. Increasing the acid content in the solution
increased the weight loss ratio by 50%. When the half-filled tanks
were examined, it was observed that there was no change in the
weight loss rate.

Figure 6. M1 after the buckling tests

Filling the tank to half height in 10% filled tanks reduced the weight
loss rate by 83.33%. In 5% solutions, filling the tank to half height
reduced the weight loss rate by 75%. It is seen that the filling rate of
thin-walled tanks significantly affects the amount of corrosion rate.
After the corrosion tests, color changes were observed on the surface
of the tanks in contact with the solution. The post-corrosion
conditions of fully loaded models M1 and M2 are given in Figure 5.
Light blue and yellow colors were observed immediately after
corrosion in M1 tested with 10% solution. A light-brown color was
observed in M2 with 5% solution. It is seen that the corrosion effects
of solutions containing different amounts of acid on the surface of the
tanks are also different from each other.

Figure 7. M2 after the buckling tests

Figure 5. Models M1 and M2 after corrosion
Figure 8. Models M3 and M4 after the buckling tests
4.

Results of buckling tests

After the corrosion stage of the cylinders was completed, the buckling
tests were started. During the buckling experiments, buckling
damages in the tanks were observed with the help of LVDT, strain
gauges and video images. When the waves formed in the cylinders
was examined, it was determined that the damage occurred in the
tanks with a higher weight loss ratio was greater. Generally, the
defects formed at the middle height of the tanks. It was determined
that the maximum number of waves occurred in the M1 model, which
was tested as fully loaded with 10% solution. In addition, due to the
damage to the M1, the shape of the cylinder has changed considerably.
It has been determined that the damage in half-filled tanks is more
acceptable. Especially the damage that occurred in full tanks caused
the initial shape of the tanks to change significantly. The damages of
the tanks after the buckling test are given in Figure 6-7-8.

5.

Conclusions

In this study, the effect of hydrochloric acid corrosion in thin-walled
steel tanks was investigated. The results obtained are as follows:







As the acid rate in the solution increases, the weight loss rate of
the tanks increases. The increase of the acid ratio in the solution
from %5 to %10 increased the weight loss rate by 50% in fully
filled tanks. There was no change in half-filled tanks.
Weight loss decrease of the models varies between 3.871% and
0.645%. The biggest decrease was seen in the M1 model, which
was tested with a full 10% solution.
Halving the filling rate of the tanks resulted in a reduction in the
weight loss rate. For tanks containing solution with 10% acid,
this decrease is 83.33%. For tanks containing solution with 5%
acid this decrease is 75%.
It has been observed that as the percentage of acid in the solution
changes, the colors formed on the surface of the cylinder also
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change. In tanks containing solutions with 10% acid, light blue
and yellow colors were observed. In tanks containing solutions
with 5% acid, light brown colors were observed.
An increase in buckling damage was observed in tanks due to
corrosion damage. Damages and wave numbers in tanks with
high acid ratio and occupancy are higher than other tanks.
Damages in tanks generally occurred at medium heights.
Strengthening in this area can reduce buckling damage of tanks.
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The study covers a part of Cumhuriyet Street of Erzurum. Diversity of recreational,
commercial, religious, cultural, historical and residential uses along the area of this street
has turned the Cumhuriyet Street into one of the streets attracting the highest number of
people and tourists. The main aim of this study is to increase the quality of life and the ideal
space design in this part of the city, to offer urban designs suitable for all segments of the
society, to produce various units for people to use these spaces, and to suggest changes in
existing areas. In the first stage of the design, the existing entrances of the study area
including squares, streets, underpasses, and overpasses were identified. The main challenge
in this plan manifests when minimal manipulation occurs in the historical and valuable
urban space, which finally helps create a proper and valuable framework befitting this urban
space. In this study, the main concept is to protect the historical and cultural space and to
bring the existing cultural value to the fore to be addressed with urban landscape design
approaches. In the landscape design project, for which a proposal was prepared, the details
of new squares, buildings, facades, sidewalks and original reinforcement elements were
prepared. In the design of this original project, the features of the existing historical
buildings and the design criteria of important squares are also included. In this approach,
existing historical artifacts are completely preserved and the new urban buildings are
designed completely different from the historical context of the city. In this context,
innovative design approaches and urban design suggestions were developed specific to the
work area. The most important suggestion is to combine the Cifte Minareli Medrese and the
Castle on the upper platform, designing a city square and passing the riding road under it.

1. Introduction
Streets and urban squares play an important and special role from a
cultural, political, social and urban perspective as public urban spaces
over time. The role and position of the street and the square in
different eras and in different intellectual and temporal periods, from
the role of movement and traffic to the breadth of governmental and
cultural organs and in recent times the place of social interactions has
taken different faces. Despite the different functions of the street and
the square, what has remained unchanged over the centuries is the
generality of these spaces, which belongs to all inhabitants of the city
and the presence of the people contributes to the pleasantness and
liveliness of this public space (Golchin and Esmailpour 2014). Apart
from the ability to separate different parts of the city, urban squares
and streets continuously create the cohesion of the city, both
qualitatively and quantitatively, and thus provide an arena for
strengthening the relationship between man and the surrounding
urban environment. In fact, if we accept that an important part of the
social and cultural interactions occurs in the urban spaces, the role of
public spaces in strengthening the social and cultural foundations of
the city will become undeniable (Sheikhbagloo and Soltani, 2009, p.6785). Cities with a favorable visual environment are able to expand the
aesthetic experience of citizens, promote the mental image of society
from themselves, and strengthen their civic pride; also, by elevating
the city nationally and internationally, the city's competitive ability
to attract more capital and creative strata increases as much as
possible (Rafieian et al., 2013: 90).

The design scope of this thesis is a part of Cumhuriyet Street in
Erzurum, which has unique features. This street is one of the most
important and main streets in Erzurum, which has different
potentials of dense and non-dense commercial, service and religiousrecreational activities.
Given that the main core of the city formation is located next to this
street and includes most of the historical buildings and squares of the
city in different periods, the combination of these potentials will
attract many people and tourists at different times. This thesis seeks
a plan to create order and visual organization of the street body and
gain the satisfaction of the users of this city street; it also tries to
present ideas and design patterns of Cumhuriyet Street, considering
the general expectations of people and residents and users of the
street, providing a basis for attracting more people and tourists to the
city to promote the visual quality of urban streets in order to organize
the desired visual streets of the Cumhuriyet Street.
2. Background
Early studies on the quality of urban life in the cities and developed,
developing, and newly industrialized countries have been considered
since the 1970s. Previous research and endeavors have been
conducted by Western world scholars (Campbell et al., 1976) in various
disciplines such as sociology and psychology. Various researchers
tried to compare and evaluate the concepts and components of the
life quality in different geographical areas using indicators. On the
other hand, there has been little documented research on the urban
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life quality in Asia, and perhaps one of the important reasons for such
attention to the quality of urban life can be found in the answer to the
question of “optimal allocation of scarce urban resources”.

accompanied by modernization as one of the most important and
main elements of this city. Therefore, its physical and value
maintenance is one of the design requirements(Pashaei and Yilmaz,
2021).

3. Methodology
In the present study, a qualitative study of the historical fabric with
an inferential approach was used. The necessary theoretical
foundations were prepared by the library method and the historicalinterpretive method was used to study the historical capabilities of
Erzurum squares and urban spaces. In this regard, in order to plan a
proposed landscape for the area of Cumhuriyet Street in Erzurum, the
existing squares and historical monuments were identified and
examined; then, the related diagrams, functions, preliminary and
final plans, planting plans and 3D plans of the reinforcing elements
in the planning process using architectural software including 3D
Max were provided. Erzurum is one of the big and old cities of
Anatolia. This city was established on a sloping surface at the foot of
Palandöken Mountain and on the edge of a wide plain in the upper
basin of the Euphrates River. The city is a settlement where important
economic, social, and political events of the period took place in the
historical process since its establishment (Doganay, 1982).
Erzurum is one of the valuable and historical cities of the Eastern
Anatolia, which attracts many tourists every year and has the
potential for historical tourism and winter tourism. Some work has
been done in the field of winter tourism, but not much has been done
about history tourism. Paying attention to the fact that most of the
historical buildings of Erzurum are within the scope of Cumhuriyet
Street, giving importance to this street and making a suitable design
for this valuable area can attract many tourists to this part of the city.
Tourism statistics show that the tourism sector is popular in this city.
Every tourist without exception visits this street and in addition to
the tourists, the citizens and especially the young people spend most
of their time in this area, especially since the hotels, shopping centers,
restaurants, cafes, entertainment and all service centers are located
on this street. Therefore, with a purposeful design, this area can
attract more tourists and locals than before and turn into a more
vibrant and cheerful space day and night (Alpaslan 2011).

Figure 3. Location of accesses in the area of Cumhuriyet Street
Adjacent to Cumhuriyet Street, which is both a riding and a
pedestrian street, a new sidewalk was considered on both sides of the
street for the maximum conflict with the existing texture in the new
design. This new route starts from the west of Cumhuriyet Street with
a gentle slope in the form of a ramp from the sidewalk. In addition to
the role of sidewalks, pauses for the people to use the views of squares
and historical buildings and squares, as well as new spaces and
buildings have been designed to create new spaces from a new angle.
The desired path before the Yakutiye Mosque in the form of an
overpass is connected to the new building in front of Lala Pasha
Mosque and due to the observance of the landscape of historical
buildings (Lala Pasha Mosque and Yakutiye Medrese), it reaches the
ground level by the stairs and elevators. After that, the zigzag path
continues on the ground floor and at the intersection of "Ali Ravi"
street with Cumhuriyet Street, from the second floor of the building,
located on the east side of Lala Pasha Mosque; the path starts again
with a slope and is connected to the new square in front of the castle
through an overpass and new buildings (Figure 4).

4. Study Results and Discussion
Cumhuriyet Street is the main axis of the city in different periods of
Erzurum history and Erzurum Castle is the primary core of the city
(Kındıgıl, 2018), located in the northeast of the street. One of the most
important international entrances to the city is the "Gate of Tabriz",
which is located at the eastern end of this street and in connection
with the important elements of Erzurum City (Pamuk, 2007) (Figure 1).

Figure 4. The proposed route in the design area, considering the
location of historical monuments in the fabric

Figure 1. Plan area in the historical fabric of Erzurum City and the
location of historical monuments and constructs in relation to it
1: Cifte Minareli Medrese 2. Ulu Mosque 3. Cim Cime Hatun Dome 4.
Erzurum Historical Houses 5. Historic Castle 6. Caferiye Mosque 7.
Administrative Court of District 8. Yakutiye Municipality 9. Lalapaşa
Mosque 10. Yakutiye Medrese (Source: Authors)
The main purpose of the design is to study the existing potentials of
the site to analyze the strengths of the elements available on the
project site in order to influence them in the new design of this
important urban space (Figure 3). The first stage of the design was to
identify the existing accesses, including squares, streets, alleys,
underpasses, and overpasses on the site. The most important and the
main access to the site as well as Erzurum City is Cumhuriyet Street,
along which the initial core of the city has been formed. Its formation
history includes a narrow access from the middle of the historical core
of the city to the present day, affected by the widening of the city,

At the beginning of the route and in the west of Cumhuriyet Street, a
new square has been formed, a part of which is considered as an iceskating rink in winter and a square and an urban open space in
summer. Along the sides of the street, small squares have been
created. A new design has been executed in the square between
Yakutiye Medrese and Lala Pasha Mosque. Eventually, before
reaching the Ulu Mosque, Cumhuriyet Street passed through the
underground to the Tabriz Gate, and the space between the Cifte
Minareli and the Ulu Mosque has been integrated to the south of the
street and the castle to the north of Cumhuriyet Street, turning into a
big urban square with designing a new view to house many
recreational and social activities (Figure 5 and 6).
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6. Results of the study and design of squares, buildings and
accesses

Figure 5. Map of formation of the largest city square before and after
turning Cumhuriyet Street into an underpass in front of the castle

Figure 6. Formation of the largest city square before and after
turning Cumhuriyet Street into an underpass in front of the castle
The main challenge in this plan is to have the minimum intrusion in
the historical and valuable urban space, and finally to create a proper
and valuable basis for this urban space. The new design plays a
marginal role by creating a new winding access (zigzag) path,
maintaining a straight path and retreats at various points, and never
threatens the original form of the historical fabric (Figure 7).

• The new design is a presentation of the cold, mountainous, and
historical environmental conditions of the Erzurum City.
• The new plan is to represent the different layers and periods of
historical reconstruction of the city in different squares and urban
spaces and structural changes in the shape and form of Erzurum.
Because of its special strategic position, Erzurum has witnessed so
many historical events and demolitions and reconstructions in a way
that just few cities in the world have undergone such intermittent
changes.
• The principles and approach of the proposed plan are respecting and
preserving the valuable historical structure of the city.
• Reducing urban pedestrian traffic is possible by designing a new
winding sidewalk and transferring some tourist recreational
functions around this proposed new route.
• Increasing the density of people and tourists without congestion on
Cumhuriyet Street is possible by increasing the length of the sidewalk
and creating a pause in the newly designed route.
• Designing new and old squares and creating new views on the
horizon and height in the new direction increases the ability to attract
more people and tourists.
• Giving the maximum views to old and historical squares and
buildings without interfering with them by preserving and reviving
them with a newly designed pedestrian path is possible according to
the main discussion of this research (i.e., square).
• Expansion of the squares and functional spaces for the cultural and
social issues in the square in front of the castle is possible by crossing
Cumhuriyet Street in the form of an underpass across Ulu Mosque and
Cifte Minareli Medrese.
All existing functions of the fabric are located in new buildings,
including residential, commercial, service, recreational, cultural,
residential, and other ones.
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This paper presents the analytical solutions of free vibration analysis of simply supported
case of a typical functionally graded ceramic /metal FG nano-plate porous using nonlocal
high-order shear deformation theory. In is work the material properties of the porous nanoplate FG vary across the thickness. The objective of this article is to define the free vibration
of functionally graded nano-plates nonlocal elasticity to study the effect of the various
parameters. The Hamilton's principle will be used herein to determine the equations of
motion. Since, the plate are simply supported the Navier procedure will be retained. Effects
of the exponent graded and porosity factors are investigated.

2. Methods and theoretical model

1.Introduction
Functionally graduated (FG) are a new material whose microstructure
and composition vary gradually and continuously with position so as
to optimize the mechanical and performance of the structure they
constitute. These materials have multiple advantages which can
make them attractive from the point of view of their application
potential. The concept of functionally graded was first considered in
Japan in 1984 during a space plane project [1]. The manufacture of
FGMs, micro-porosities or voids can occur in the materials during the
sintering process. This is due to the large difference in solidification
temperature between the material constituents [2]. The porosities that
occur within FGM specimens made by a sequential multi-step
infiltration technique [3]. The literature review on porosity effects
based on the following recent presented by [4-12]. The differential of
nonlocal elasticity and solutions of screw dislocation and surface
waves reported in Ref Eringen [13].
In recent researcher for mechanical analysis of nanostructures and
nanocomposite has been reported by many researchers [14-21]. The
effects of the nano-plat form consisting of FGM were examined based
on modest impact by [22-24]. The analytical methods for analysing the
free vibration of porous functional nano-plates employing non-local
and high-order shear deformation plates reported in Ref[25].
The nonlocal four variables shear deformation plate theory is used to
predict the free vibration frequencies of functionally graded
nanoplate simply supported using non-local elasticity theory with the
introduction of small-scale effects presented by [26].
The objective of this paper is to develop a model for analysis the free
vibration of functionally graded nano-plates non-local with
porosities. The effects of various parameters of the material nonlocal
and coefficient of porosity on the free vibration of FG nano-plates FG
are all discussed.

Consider a thick rectangular plate FG of length a, width b and
thickness h made of functionally graded nano-plate as shown in Fig.1.

Figure 1. Nano-plate FG geometric of porosity.
Consider an imperfect FG with a volume fraction of porosity,
, (0 ≤
≤ 1) distributed uniformly between metal and ceramic, the law of
the modified mixture is used as:





E ( z )  Em 1  V    Ec  V  
2
2



  and


z 
 1
 ( z )   m 1  V    c V  

V  

2
2
h 


 2

,
p

(1)

where Ec and Em are the corresponding properties of the ceramic and
metal, and
density of material, respectively, and “p” is the volume
fraction exponent which takes values greater than or equal to zero.
In nonlocal theory, the stress tensor at the point x of a physical
environment is connected to the strain tensor in the whole of the
environment by an integral equation. Eringen [13] proposed a
differential form of the non-local constitutive relation as:
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The nonlocal constitutive equations of an FGM nonlocal plate can be
written as:
PACE 2021- Ataturk University, Engineering Faculty, Department of Civil Engineering, Erzurum, 25030, TURKEY 20-23 June 2021

378

Zerrouki et all.


 2
 1    2 

 x


s
 2    S xz 
   s 
2 
y    S yz 

0
  x 
  0
  y 
  0
  xy 

0  kxb 
 
0  x k by 
s   b 
D66
 kxy 
0  k s 
x

0  k s 
y 

s  
H66
 k s 
 xy 

A12
A22
0

s
s
0 B11 B12 0 B11 B12 0
s
s
B22
0 B12 B22 0 B12
0
s
A66 0
0 B66 0
0 B66

A12
A22
0

s
s
0 D11 D12 0 D11 D12
s
s
0 D12 D22 0 D12 D22
A66 0
0 D66 0
0

s
B12

s
s
0 D11
D12

s
s
0 H11
H12

s
B22

s
s
0 D12
D22

s
s
0 H12
H22

0

s
0
B66

s
 A44


 0

s
0
D66

0

0

0   xz 
 
s
A55
  yz 

5,0
4,5

Fundamental frequency



Nx   A11
N   A
 y   12
Nxy   0


M xb   A
11
2
2




  
 
1   2  2   M by    A12


x
y



  b   0

M xy  
 s   Bs
M x   11
 s   Bs
M y   12
 s  0
M xy  

(3)

4,0
3,5
3,0

=0.0

2,0

=(e0a)2 is the non-local parameter, e0 is a constant material and a is
an internal characteristic length.

1,5

w( x , y , z )  wb ( x , y )  w s ( x , y )

0

K12

K13

K 22

K 23

K 23

K 33

K 24

K 34

K14 
 M 11
 0
K 24 
 λω 2 
 0
K 34 


K 44 
 0

3

4

5

6

7

8

9 10 11 12 13 14 15 16 17 18 19 20

(5)

0

0

M 22

0

Fundamental frequency

(6)

0

M 33

0

M 34

0    U mn  0 

0    Vmn  0 

 
M 34   Wbmn  0 
  
M 44   Wsmn  0 

a/h=20
a/h=15

2,8
2,6
2,4
2,2

a/h=10

2,0

a/h=5

1,8
1,6

(=2)

0,00

0,05

0,10

0,15

0,20

0,25

0,30



Figure 3. Variation of the fundamental frequency with (p=2).
(7)
4.

3.

2

The variation of the fundamental frequency non-dimensional in
function of the power-law index and values of the porosity coefficient
( ) for nano-plate nonlocal presents in figure 2.

where
= mπ/a and
= nπ/b, «m» and «n» are mode numbers and
Umn, Vmn,Wbmn, and Wsmn are arbitrary parameters. is the eigen
frequency
associated
with
(m,
n)th
eigenmode.
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The displacement field of the present model can be given as:
 wb
w
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Results and discussions

The material properties of the plate FG are supposed to vary according
to the thickness of the plate according to a simple law of power P-FGM.
The lower part of the FG plate is rich in Metal (SUS304:
Em=201.04GPa,ν=0.3, =8166 kg/m3), while the upper surface is rich in
ceramics(Si3N4: Ec=348.43GPa,ν=0.3, =2370 kg/m3).
In figure 3, presents the variation of the non-dimensional
fundamental frequency parameter with nonlocal nano-plate ( =
2nm) in the function of the different values porosity coefficient ( )
and for values of the aspect ratio (a/h).

Conclusion

In this study, the analysis of the free vibration of porous nano-plates
FG based on the non-local elasticity and theory of high-order shear
deformation. The mechanical characteristics have been formulated
according to a simple law taking into account the porosity across the
thickness are solved for obtained the values of frequencies for a nanoplates FG. The results obtained show the effect of porosity on
frequency has become clear for thickness-to-length ratio and the
geometric ratio increase. An increase of the porosity coefficients leads
to decrease the rigidity of nano-plate and power-law index decrease
in the frequency parameter. The increase of the non-local parameter
it has an influence to decrease the dimensionless frequencies of FG
nano-plates.
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Megaprojects in the construction industry have common challenges that make construction
managers of these projects focus on solving critical issues and problems of major milestones
of these projects to ensure that they will deliver them on time. Some of the common issues
as identified in the literature review are the unrealistic duration of these projects, lack of
contractor’s management experience in constructing these projects, the unique design,
limited experience of the management team, shortage of skilled manpower and materials,
and lack of risk identification during the tendering phase of these projects. This research
aims to find out the contribution of experienced and qualified construction managers who
participates effectively in advance by reporting about all potential issues to their project
managers to mitigate any disputes with clients of these projects.
Construction managers who have good experience can overcome and mitigate all types of
challenges based on the appropriate utilization of principles and techniques of construction
management. Actions, roles, responsibilities, and obligations of effective construction
managers will be investigated through a designed questionnaire. The best practices and
techniques that construction managers are adopting on daily basis will be investigated to
find out how milestones can be tracked to ensure that the projects can be delivered on time.
Process of project monitoring and control will be also investigated as a part of their roles and
obligations. Study findings will be based on analysis of the questionnaires survey combined
with interviews that are carried out with some experienced construction managers to
identify the required necessary actions, and level of required experience that construction
managers must have to deliver projects on time. In conclusion, internal coordination of
construction managers with the project team including implications of construction
management that must be shared with the project team must be utilized to complete and
deliver the projects on time where the latest techniques of BIM and other innovative
software’s of construction can be adopted by them.

1. Introduction
Construction mega projects are increasing very fast in many
countries all over the world, where construction managers are become
more responsible in planning, managing, and controlling the project
milestones and other project activities. Resource planning, e.g.
manpower, materials and equipment’s are having the highest
priorities for the construction managers where ordering process is
prepared in advance. They have special skills and behaves enables
them managing and controlling work progress of main activities. This
requires long practical work experience. The objective of the study is
to analyze the capabilities, skills and competencies of construction
managers and their effects and roles in completing and delivering
projects on time without delays and accidents. The execution of all
project activities requires proper planning that must be prepared by
construction manager in advance in coordination with the project
manager and planning engineer. Managing work activities of mega
projects requires skills of communication and coordination that
construction managers must have including the implications of
principles of construction management. In addition, they should be
equipped with the technical information pertaining to the project.
Specialists of construction management are focusing on the
integration and combination of effective project measures which is
essential practice to mitigate and reduce any potential delays during

the project phases. This can be accomplished through proper
utilization of technical experience and applications and techniques of
construction management. Major reasons for project delays can be
eliminated and mitigated at very early stage of the project if the
construction managers know how to verify project drawings,
technical specifications of materials with the proposed construction
methodology through applications related to the field of construction
management. Managing resources of domestic and nominated subcontractors who works in the project is a part of construction
managers responsibilities. That can be achieved through regular
coordination skills that they must have. Since a project is to introduce
many proposals into its field, therefore, it is essential for the
construction manager to have the necessary experience to discuss,
demonstrate, and argue to make it effective and practical.
2. Literature review
Construction management principles and techniques has been
developed by establishing many technical competences related to
planning, materials, control, drawings, method statement and man
power in construction management that plays an important role
complies with construction manager responsibility, which is
necessary. It is necessary to understand the technical work sequence
of the project that can be integrated with the above principles.
Kenneth (2007) [1] stated that construction projects are different from
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any kind of project, therefore, a construction project manager should
have the technical expertise to understand the arrangement of the
project. Many construction organizations request their construction
managers to cope with latest techniques and implications of
construction management. The principles and techniques are
updated to comply with innovation and AI in construction. Besner
and Hobbs (2008) [2] confirmed that principles of construction
management has been developed for the last two decades where many
discipline aiming to contain a diversity of concepts, tools, methods,
concepts, and experiences whose boundaries are quite unclear.
Accordingly, information and knowledge should be updated in regular
basis.
The projects are built by people who simultaneously represent the
potential issues and risks area for each project where some factors like
lack of commitment, lack of monitor and control and poor follow up
with work progress and internal poor coordination and
communication, are some threat to the implementation of planned
activities in construction project. All Projects participants and
representatives will be affected and start blaming each other’s for any
cause of the delay. Ajibade and Henry (2006) [3] identified the sources
of delays caused by the client, the consultants and the contractors,
and those which are not caused by these parties to the design and
construction process. It is important to communicate with project
internal and external stake holders and update them through proper
communication by the construction manager during the weekly
meeting to avoid any delay. The regular successful interference of the
tools and techniques of construction management must be always be
regularized and updated by the construction managers of
construction contracting firms to make sure that they will deliver
their projects on time. E.g. lack of knowledge of material management
by construction manager may cause big problem during project
finishing phase that will lead to big delay in the project. Naief M.
(2002) [4] stated that other causes of delay are attributed to improper
management of materials and hampered by lack of explicit and detail
model of project materials management process. Project monitor and
control is a part of construction management techniques that is
considered one of the important key factors of project success.
Construction contracting firms are integrating the important factors
of construction management to guarantee of the completion date of
the project through continuous training and development of the
construction managers of these projects. They always encouraged by
the management to understand the scope of the work and area of
activities that will be executed, this may lead construction manager
to come out with some cost saving from project value. John and
Woodaward (1997) [5] stated that the first major responsibility of
construction managers will be to define the scope and the content of
the project. The construction manager will have to be experienced in
the type of the project and will have to be sufficiently strong character
to instruct the team of their responsibilities.
The experienced construction manager adopts a completely different
outlook towards the work and will treat his subjects differently as
compared to a project manager. In addition, principals of ISO and
quality management are one of the important subjects that
construction managers should be familiar to maintain the quality of
work. Yitmen and I. (2013) [6] confirmed that ISO provides strategic
guidance and tools that help construction firms and organizations to
minimize the errors, access the new market demands, specifications
and increase the productivity. Quality of the work must comply with
quality standards and project specifications. Some organizations
focus on the motivation of their construction managers and train
them to keep their clients always happy from the quality of the built
work. Bon and Mostapha (2013) [7] stated that the number of
fundamental principles of quality management including implication
and motivation of higher management, customer focus, continual
improvement and process approach are used to achieve customer’s
requirements and quality consistently. So, the allocation of
experienced resources, proper training of manpower, and assignment
of quality control staff and the use of latest techniques are
recommended to maintain the quality standards of the work.
One of the important factors that construction manager must focus
on during the whole phases of the project is man power capability and

human ability. More efficient and skilled manpower can work with
good productivity. Mitra (2016) [8] stated that human/ manager has
ability to control himself and things such as quality and productivity
can be controlled by him. The drive and energy of whole management
system in the project depends on the combined effort of teamwork.
The communication between project team and the construction
manager is essential to accomplish project success because success of
the project depends on leadership and strong personality of the
construction manager. Leadership characteristics are a set of
qualities within a person that gives progressive impact on project
performance.
Construction leaders should possess good leadership. Osabiya (2015)
[9] said that the failure or success of any project organization in
projects depends on caliber of leadership. Success of implementing
construction projects depends on the eliminating of all challenges.
This requires many techniques, tools and applications to overcome
the challenges where leadership of construction manager should
always exist. Nasaruddin and Rahman (2016) [10] confirmed that in
construction projects organization, leaders and construction
managers are persons who lead actions to ensure that the given tasks
are successfully carried out. Construction leaders navigate the
construction process in a sustainable manner. Construction
managers should be always innovative, creative, and active to
overcome all potential problems that may face during the work. Toors
and Ofori (2006) [11] stated that good construction leaders should also
be able to change the conventional pattern of management in the
industry and setting ideal standards for other businesses to follow.
For a successful project in the construction industry, it requires
complex comprehensive knowledge of the different management
areas like technical experience, reading the drawings, good
personality, process and procedures, risk analysis, material
management and personnel management. Bredillet, C. (2008) [12] said
that it is especially important to have skills of limited resources and
information to maintain and control uncertainty in the project. The
aim should be to develop or refine construction management
technique, to explore the experience of project teams to enable better
understanding of what happens in project to develop performance
metrics. The contractor’s construction manager is the person who has
the overall responsibility for the successful planning and execution
of a project.
One of his responsibilities is meeting the project target by achieving
the completion of the project within time under budget and in
accordance with the required performance and quality level.
3. Research aims and objectives
The aim of this research is to find out how the effective construction
manager can complete and deliver the project on time and how his
roles can reduce the delay in major construction projects, mainly
mega projects.
Meantime, the author intends to find out how the experienced
construction managers can participate to overcome all potential
challenges through the process of monitoring and control and
through the utilization of best practices and techniques of principles
of construction management which are implemented during his dayto-day actions, roles and responsibilities. Study findings will be based
on analysis of the questionnaires survey combined with interviews
that will be carried out with effective and experienced construction
managers to identify the necessary actions that they must do to
deliver projects on time. The study also aims to identify some factors
caused by construction managers in projects that will lead to negative
effects and cause some delay on project progress. The findings will
determine essential roles that effective construction manager must
have to deliver the projects on time. Scott S. (1997) [13] stated that
there are of course, factors other than varied work that may delay the
project, and it is also generally recognized that delays may be
attributed to the to the Contractor. Much information are collected
during the study from many sources such as literature review,
questionnaire survey and interviews where the literature review
provided much information about roles and responsibilities of
construction managers of projects Findings and data analysis will of
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questionnaire survey and interviews will be analyzed to assess and
evaluate the actions that construction project managers must have to
deliver the project on time.
4. Methodology
The research is prepared in a way to maintain the accuracy of
information and analysis. The study is conducted in a proficient and
skilled manner, in order to meet the objectives of the research without
any biasness. Combination of comprehensive research methods was
adopted in this study including literature review, questionnaire, and
quantitative and qualitative analysis. This part focuses on the
theoretical background of various research methodologies that
presents the overall research process. The analysis are prepared to
find accurate results to the best possible extent. This analysis is not
only important in order to interpret the findings but also to set the
frame of reference for solutions and recommendations parts of the
study. Many variables have to be considered during research analysis
to come out with accurate data, findings and analysis. Denscombe
(2007) [14] stated that the importance of depended and independent
variables cannot be ignored not only in frame of this research but in
the frame of any other research. In short, quantitative analysis is the
examination of data collected via survey techniques through
statistical methods to ensure that the data collected is both reliable
and significant. Quantitative tools provide much more depth to
understand the reasons behind the scope of work, moreover, when
taking a decision of strategic nature in a project. Davies and M.B.
(2007) [15] confirmed that doing a successful research project using
qualitative and quantitative method is very essential where
differences of context of survey, questionnaire, sampling, and
interviews should be identified to help the researchers to come out
with an accurate data. Questionnaire surveys are a method of
collecting data by asking respondents to complete a questionnaire.
And a questionnaire may include a series of set questions, and either
provides a space for an answer or gives several fixed alternatives
from which the respondent must select.
5. Traditional Procurement Method
Traditional procurement method is the standard methods adopted by 5.
clients, consultants and
contractors mainly for mega projects. It
involves the separation of construction from design where the
contractor is assigned to build what is designed and specified by the
consultants based on client needs and requirements through a
contractual agreement signed between the client and contractor. The
contractor will be paid based on the work progress that complies with
specifications and another contract document. Once the contractor
starts the work in the project, the project manager, construction
manager and the planning engineer verify all contract documents
and they must report about any discrepancies between drawings, bill
of quantities and specifications. Discrepancies must be sorted out
with the consultant and the client to avoid additional cost that will
cause major delay to the project.
The effective project team must have enough experience in the
principles of construction management to verify the contract
document, working process, and method statements of major
activities. Common delays caused by contractor project manager is
widely recognized as a major problem in construction, which often
leads to costly disputes between the parties involved. The delayed
projects will typically produce financial penalties due to the failure of
the achieving the construction project goals.
The blame for most project delays is frequently attributed to project
manager and construction manager. Some delays can be controlled by
the construction project manager of the contractor. Chan D. and
Kumaraswamy M. (1995) [16] stated that factors of the project delays
are the project complexity, type and style of management, type of
contract management, internal communication, level of experience of
construction manager and the project manager. Therefore, it is the
responsibility of the contractor to build the project according to what
is specified in the tender documents. The execution of the contract is
managed and administrated by the contractor’s project manager who
should have experienced effective qualified construction manager to

manage and control any unexpected potential issues or risk during
the work.
The contractor project manager is the person who has the overall
responsibility for the successful planning and execution of the
project. In most of construction projects many factors affects the
performance of the contractor’s project manager and his team for
carrying out their duties as it should be to deliver the project on time.
Anderson W., (1997) [17] confirmed that factors are lack of experience
in contract terminologies, and wrong interpretation of contract terms,
lack of information's in condition of contract (Traditional type) and
developing the methodology of the construction of the project. That’s
why roles and responsibilities of project manager and construction
manager in any construction project should be clearly identified.

5.1. Roles of project manager
The main goal of contractor project manager is to deliver the project
within the exact agreed duration, approved budget and the quality
standards throughout an approved plan that supports all project
teams to guarantee successful completion and delivery of the project.
This can be accomplished through ensuring that the proposed
management procedures are approved by senior management that
complies with approved procedures. And making sure that all project
team are aware of the project approved procedure and other contract
documents. He must be able to advice his team about the reporting
process and making sure that log system of all documents is
controlled by experienced document controller. In addition he has to
lead the team in reviewing the contracts documents and advice about
any discrepancy that may affect work progress, and he has to report
directly to the senior management about any deviation from project
requirements considering the associated time and cost which might
affect the work progress of the project. He must visit the site regularly
to monitor the work progress of main site activities in terms of time,
cost and quality and recommend for any corrective required action
for any non-compliance procedures.
5. 2. Roles of construction manager
Major roles of construction manager is to plan and supervise a wide
range of construction project from start to finish. He should be able to
organize and oversee construction procedures and ensure they are
completed in a timely and efficient manner. Construction manager
must be well-competent in all in all construction methodologies and
procedures and able to coordinate a team of professionals of different
disciplines to achieve the best results. A part of his responsibility is to
make sure that project will be delivered on time according to
requirements and without exceeding budget, this can be achieved
through collaboration with engineers, architects and other project
staff to maintain the specifications of the project. Supervising the
work of laborers, sub-contractors. And giving them the guidance
when required is a part of his responsibilities as well as evaluating
progress and preparing detailed reports to the project manager.
Ensuring adherence to all health and safety standards and report
issues is also his responsibility. Checking regularly the status of the
Martials submittals and approvals, submitted inquires and the action
of the design team to close the pending inquires to avoid any delay
for the project. In addition, establishing documented procedures to
overview and comment on proposed other subcontractors, vendors,
materials, shop drawings and any other transmittal documents by the
contractor.
6.Design of questionnaire
Questionnaires are developed to gather the required data and
information for identifying the essential roles of effective
experienced construction manager that makes him able to apply and
adopt the highest level of implications of construction engineering
management. The applications of principles requires long and enough
experience that helps construction managers to deliver their projects
on time. A template has been developed to collect the information that
was a part of the questionnaire method. Naoum (2004) [18] stated that
form of data collection is the most widely used source of primary
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research amongst researcher as it provided access to a wide range of
professionals which would normally be beyond the reach of most
researchers. The survey is prepared to evaluate the perceptions of
construction managers to the applications of construction
management process. This is based on listed seven important
processes that have been identified in the literature review of this
research. Construction managers are requested to identify the level of
meaning of each process and the level of important of each principle
as indicated in table 1.
•
•

Required level of experiance of assigned construction managers
Level of his contribution in preparing over all construction
methodology of the project
Idntifcations of risk and potential problems at very advance stage
of the project
Verification process of the prepared detailed drawings
Follow-up of project matrials (submittals ,approvals, order, storage
and installation)
Process of project monitoring and control
Achivement of milestones and major activities of the
projectffective and practical.

•
•
•
•
•

Table 1. Several Important actions to be considered by project
manager and his team
S
N

Questions/ Process

1

Required level of experiance of
assigned construction managers
Level of his contribution in
preparing over all construction
methodology of the project
Idntifcations of risk and potential
problems at very advance stage
of the project
Verification process of the
prepared detailed drawings
Follow-up of project matrials
(submittals ,approvals, order,
storage and installation)
Process of project monitoring and
control
Achivement of milestones and
major activities of the
projectffective and practical.

2
3
4
5
6
7

Vali
dity
%

Mea
ns

Rende
ring

Stand
ard.
Devt.

100

2.99

58%

1.690

100

3.25

61%

2.101

100

3.95

71%

3.110

100

3.52

65%

2.559

100

2.40

52%

1.426

100

4.13

73%

3.523

100

4.45

75%

3.812

7. Data analysis and findings
The questionnaire distributed to fifty construction managers
working in ten construction companies who have more than five
running projects. They all requested to fill the questionnaires. The
common feedback of all participants was that, the identified
principles listed in table 1 and related activities are a part of their
responsibilities they practice on daily basis. 64.7% confirmed that
they still need to improve, and they can be trained to cope with latest
techniques and innovation related to the principles of construction
management including the adoption of artificial intelligence in some
activities. They all agreed that all construction managers of
contracting firms must have at least 15 to 20 years of experience to
run big size projects/ mega projects. Level of adoption of the processes
is not the same, it varies from one to another based on the level of
experience, level of commitment, level of responsibilities, level of
cultural factors, personal behaviors with others and his own
traditions. In table 1, the standard deviations, calculated rendering
frequencies and means are to provide and analyze regression which
identifies the estimated relationship among the variable’s analysis
are estimated.
The basis of data collection and analyses is to observe the level of
commitment of construction managers to the implications of
construction management principles that includes best practices to
complete and handover the project on time. Regarding the first
principle that is the appointment of construction managers of mega
projects, 58% of respondents confirmed 15 years’ experience is
required to be appoint them, while others stated that some new skills

can compensate numbers of years required like the understanding of
construction procedures and material and project management
principles, familiarity with construction/ project management
software, and excellent organizational and time-management skills.
For the second principles that is the level of his contribution in
preparing over all construction methodology of the project, 61% stated
that they do contribute in preparing construction methodology at the
beginning of project based on the available information they receive
from tendering & technical department. Others stated that once the
project start, issues of discrepancies in drawing appears which cause
big impact in the cost, time and quality, so they recommended to have
special soft wares that can help them preparing the overall
construction methodology to avoid any impact. This can help them in
preparing the shop and detailed drawings without any discrepancies
for all activities. For the third principle, that is Identifications of risk
and potential problems at very advance stage of the project, 71%
confirmed that they meet/ work regularly with the project managers
and present all potential risks in advance. They transfer and share all
types of risks to senior management and keep follow-up the
mitigation actions to close them.
Others advised that risk managers should be assigned from day one
in the project to manage and handle all risks in the project because
construction managers have many other works to be monitored and
completed. For the fourth principles, it is about verification process
required to prepare the detailed drawings. 65% of respondents stated
that they are directly involved for this task, because they do compare
quality, specification and quantities recorded in the tender
documents with what is shown in the drawings. Accordingly, they can
develop shop drawings and other coordinated drawings. This
consume construction manager time that can be used for other work
activities. Others stated to use the latest techniques of drafting
software to reduce the time of verification. Regarding the fifth
principle that is for materials management where 52% recorded that
there their projects managers are asking them to compare data and
technical specification of procured approved materials with the
specified one of tender documents. Approval process and
procurement follow-up is a part of their responsibility as well.
Others suggested not to be involved in procurement and sampling
process except storage and installation of approved materials where
construction managers can be communicated directly with suppliers
for understanding the technical specifications and manufacturer
recommendation of approved materials that will be delivered to the
site. Process of monitoring and control, that is the sixth factor, where
73% of respondents stated that it is one of the important activities
that construction managers are doing on daily basis. This process
focusses in all responsibilities of activities, recoded in the metrics to
ensure that the work progress of the project runs within the scope,
and budget, this helps in reducing and controlling unexpected
potential problems. Others recommended that they can fully
authorized for immediate actions without referring to the project
manager such as taking a corrective action whenever required.
Controlling the working hours for the manpower on contracting basis
rather than regularized hours to increase the productivity without
affecting quality.
The last principle of construction management is achievement of
milestones and major activities of the project where 75 % of
respondents confirmed that it is their responsibility and they have to
plan and coordinate with the team members of the project to achieve
the milestones on time. Delay of milestones cause big impact on other
activities which lead to a big change in the baseline schedule.
Recovery program and new baseline must be developed to meet the
new completion dates of some activities. This cause major impact on
time, cost and quality of the project. Others recommended to subcontract major milestones to specialists who can manage and
coordinate all work activities, while some others stated that
construction manager and his team can be compensated financially
for each milestone completion as a kind of encouragement from
senior management of the project to maintain the project
performance. Cheung (2004) [19] stated that project performance can
be measured and evaluated using a large number of performance
indicators that could be related to various groups such as time, cost,
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quality, client satisfaction, client changes, business performance,
health and safety. One of factors contributes to project success is
project control. It is important to control the project through
monitoring the work progress on daily basis. Behm (2008) [20] stated
that Measure of Project Success in the construction industry is
dynamic in nature. Data gathering and analytical process are used by
project team through proper communication on daily basis which
requires accurate reporting system for the information depending on
good facilities and templates deigned by construction manager.
8. Conclusion
Delivering mega projects on time requires qualified experienced
project team presented by the project manager, construction manager
and the rest of project team. Skills of communication and
coordination is extremely essential to enable them monitor and
control daily activities of the project on daily basis. Construction
manager must have the enough knowledge of standards of
construction operations combined with work sequence planning,
principles of health and safety, drawings reading and verification,
resource scheduling, materials procurement, regular project
reporting, preparing method statements, quality control, cost saving,
monitoring and control process, identification of milestones of the
project, risk management and control and follow-up of pending
issues. These are a part of the implications and the techniques of
construction management. Adoption of these principles help in
identifying potential problems at very early stage of the project. In
addition, the latest techniques of innovation, invention of artificial
intelligence including the applications of BIM “Building Information
Management” and other related soft wares of programing must be
adopted by construction manager and his team.
The necessity of the applications of construction management by
construction managers is identified based on the analysis of
researchers as recorded in the literature review. Construction delays
is very expensive and must by avoided through the experienced
construction management team. Other important task of the
construction manager that is a part of his responsibilities, is to set up
qualified experienced project team to work with him. This can be
reflected positively on the work progress and project delivery date.
During mobilization period, he is required to prepare general
construction method explains all operational process that covers
sequence of work complies with project technical specifications, roles
of health and safety and standards of quality assurance and control.
Regular follow-up of the work activities and major milestones as per
the baseline schedule is a part of the responsibilities of the
construction manager. One of the main responsibilities of
construction manager is to build the project according to the contract
documents as per approved budget and time. The execution of the
contract is administrated by the project manager who should have the
qualified experienced technical construction manager.
9. Recommendation
Adopting construction management processes is essential to validate
the performance of the project and solve any potential problem faced
that may affect time, cost, and quality. The role of construction
manager is very important because he must deliver the project on
time. He should outline in detail the technical obligations to mitigate
any potential conflict which might arise during construction phase.
Activities should be planned according to the sequence of work and
principles of planning. Experienced construction manager will most
likely complete the project within the time limits and the rendered
resources. The following are some recommended actions and
recommendations that must be considered by construction managers
of mega projects:•
•
•
•

Developing automated system to monitor and control progress of
mile stones and work activities
Understanding latest standard model of maintaining internal
quality system
Working on the techniques of normal balancing model of
effectiveness in construction
Developing unified systematic forms covering all required actions
of principles of CM

•
•

Focusing on risk management applications and techniques till the
project is completed
Adopting policy of continues training and developments on the
implications of AI, innovation and latest programs relating to
construction like BIM
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The most common event that results in a structure being destroyed by seismic loading is the
failure and destruction of the beam-column connection. The Northridge earthquake showed
that the use of special bending frames and beam-to-column coupling with full welding could
not prevent the crisp failure if the technical principles in the design and implementation of
steel structures were met. The reason for this was the insufficient flexibility of the bending
of steel bending frames. The widespread use of the system was thought to have a high plastic
deformation capacity, but the 1994 Northridge earthquake and the 1995 Kobe Japan
earthquake caused many beam-to-column connections to experience brittle failure. At
Northridge 200 steel bending frames encountered unexpected cracks in the beam-to-column
connection, most of these connections never extending beyond the column due to the
sudden failure of the beam. In this regard, solutions were proposed to remove the plastic
joint from the column, including the design of new joints that could withstand large
earthquakes, and a Reduced Beam Section connection. That was the solution. This method
gives the frame flexibility and creates a plastic joint at the cross-section that can absorb a
great deal of energy and ultimately disperse the absorbed energy by structural oscillations
and plastic joints. Another proposed solution for controlling the steel fittings is the use of
slotted dampers.

1. Introduction
Moments frames with highly riveted connections developed a strong
reputation as seismic-resistant structures in the early 20th century.
As high strength bolts and soldering became increasingly widespread
in the 1950s, these contemporary connections replaced rivets.
Loading techniques and acceptance criteria were rather contradictory
amongst different research during early testing of such contemporary
connections. Connecting rotation capacity became a common
performance measure, and the allowable rotation capacity
progressively increased with the improved understanding of the
seismic behavior of the steel MRFs (Civjan, 1998). Popov and Pinkney
(1969), which proved that beam-to-column connections to welded
flanges and welded web are better than cover plates or completely
bound connections, did their first cycle testing on current
connections in the 1960's. A follow-up investigation by Popow and
Stephen (1970) found that seismic performance is likewise sufficient
for connections to welded flanges and bolted web. During the next few
years, investigations (Krawinkler et al. 1971, Bertero et al. 1973)
examined the impacts of panel area yielding and helped establish a
prequalified relationship between the welded flange and the bound
web detail. Following additional testing by Popov et al., Code
provisions on duplication and continuity plate requirements have
been created (1986). In connection behavior, Popov and Tsai (1989)
discovered that size effects occur. Consequently, the prequalified
connection details require additional web weldings where the web
beams contribute to over 30% of the plastic beam module. These
welded flanges and bolted web connectors have been utilized
frequently in North America due to their easy fabrication. Initially,
almost all bays in a system were constructed with full-time
connections employing ductile moment-resistant frames. However,
overtime many engineers started restricting the amount of paths
constructed as ductile moment frames since complete time links were
more expensive than simple shear connections (Bruneau et al. 1998).
This method led to a major loss of structural redundancy, with no

preliminary research, leading to the utilization of bigger beam and
column sections. As more study has been completed in relation to the
size impacts on big connections, Engelhardt and Husain (1993) showed
neither specimens nor most connections in prior tests performed by
other researchers can provide a rotational capacity that is higher than
0.015 radians. A lot of specimens have developed cracks close to
welds. The two researchers voiced concerns regarding the efficiency
in serious earthquakes of sold flanges and the details of the bolted web
connection. The Northridge Earthquake soon afterwards proved their
suspicions accurate.
The most expensive US earthquake rocked the Los Angeles region on
17 January 1994.
The event of 6.7 magnitude caused extensive damage to construction
and infrastructure in both structure and construction. Steel MRFs
seems to have survived with considerable damage initially. Over 100
frames were uncovered, however, to the amazement of the structural
engineering community throughout the following months. The great
majority have been fractures on or near the bottom of the beam,
typically without evidence of plastic deformation of the beam (Youssef
et al1995).
Since the 1994 Northridge Earthquake, a wide variety of beamtocolumn moment connection concepts have been developed and
revisited for use in seismic resistant steel moment frames. The
investigation of these connections was a response to the widespread
connection damage that occurred during this earthquake ~AISC 1994;
Bertero et al. 1994; FEMA 2000!. Among the welded moment frame
connection, details studies sponsored in Phase II of the SAC Joint
Venture are the welded unreinforced flange connection ~Lee et al.
2000; Ricles et al. 2000!, the free flange connection ~Choi et al. 2000;
Gilton et al. 2000a; Venti and Engelhardt 2000!, the welded flange
plate connection ~Kim et al. 2000!, and the reduced beam section
connection ~Engelhardt et al.
2000; Gilton et al. 2000b; Yu et al. 2000!. The reduced beam section
~RBS! connection, also known as the ‘‘dogbone’’ connection, has been
extensively investigated and implemented in West Coast U.S.
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practice. In a RBS moment connection, portions of the beam flanges
are selectively trimmed in the region adjacent to the beam-to-column
connection in order to force plastic hinging to occur within the
reduced section, and thereby reduce the likelihood of fracture
occurring at the beam flange groove welds and surrounding base
metal regions. Formation of a plastic hinge in the RBS connection
occurs by yielding within the reduced section. The inelastic
deformation capacity of this hinge is ultimately limited by beam
instability or by fracture of the flange. Uang and Fan ~1999! indicate
that local instability is most likely to occur in the beam web, followed
by flange local buckling and global instability in the form of lateral
torsional buckling. Optimizing the shape of the RBS cut can minimize
the likelihood of fracture in the flange of the RBS. Various shapes of
cutouts are possible, including a constant cut, a tapered cut, a radius
cut, and others. Fig. 1 illustrates a radius cut RBS connection. Among
the various shapes of RBS cutouts that have been tested, the radius
cut RBS has emerged as a popular choice both in research and in
applications for building construction. In a summary of previous
experiments on RBS specimens ~Engelhardt 2000!, 60% of constant
and tapered cut RBS specimens ultimately fractured in the RBS as
opposed to the 5% of radius cut RBS specimens that fracture only after
local buckling. Compared to the constant cut or tapered cut, both of
which have reentrant corners, the radius cut tends to minimize stress
concentrations within the reduced section. A significant amount of
research and testing has already been conducted on the RBS
connection. Prior to the Northridge Earthquake, Plumier ~1997! and
Chen et al. ~1996! conducted successful tests on RBS connections with
constant cuts and tapered cuts. After the Northridge Earthquake,
testing was conducted on RBS connections by numerous
investigators, including Iwankiw and Carter ~1996!; Zekioglu ~1997!;
Tremblay et al. ~1997!; Engelhardt et al. ~1998!; Popov et al. ~1998!; Tsai
et al. ~1999!; Suita et al. ~1999!, and others. Examining the results from
the experiments described, it is apparent that the RBS connection has
exhibited acceptable levels of ductility. Since the Northridge
Earthquake, U.S. building code requirements for steel special moment
resisting frames require moment connections to achieve 0.03 radians
of plastic story drift without fracture or severe strength degradation
during a standard cyclic loading test ~AISC 1997; FEMA 2000!. A
summary of previous tests on single-sided RBS connection details
~Engelhardt et al. 2000! indicates that 29 of 35 RBS specimens
achieved the target value of 0.03 radians of plastic story drift prior to
failure. Of the six specimens that failed prematurely, two that were
fabricated using pre-Northridge welding procedures experienced
fracture in the beam flange weldments and two that were fabricated
with tapered cut and constant cut RBS details experienced fracture in
the RBS. 19 of 20 radius cut RBS specimens achieved at least 0.03
radians of plastic story drift.

Figure 1. Radius cut reduced beam section moment connection
2. Post-Northridge developments
The SAC Joint Venture was founded and managed a 5-year study
program launched by the US Federal Emergency Management Agency
to evaluate these losses and to propose answers (FEMA). In six primary
fields of study: material and fracture, joints and inspections, linkage,
system performance, performance predictions, performance
assessment, and previous performance of steel buildings in
earthquakes, the FEMA/SAC Steel program financed more than 50
research projects. Recommendations on design and state-of-the-art
reports in 2000 (Kunnath and Malley, 2002).

Numerous probable reasons have been found for fractures such as
insufficient manufacturing and inspection quality, improper filling
equipment and welding, over-stocking of the beams, stress
concentration of the back bar and triaxial forces at the column face
(Yang et al. 1995, Kaufmann et al. 1997). In order to enhance the
connection performance, two primary design solutions were created
which remove the plastic hinge from the column face. The first
approach enhances the link with decks, ribs, sides and hatches, and
the second weakens the beam at a short distance from the face of the
column by lowering the area of the flanges of the beam. Both were
tested and showed that their performance over pre-Northridge
connections was much enhanced (Bruneau 1998). The plastic rotation
of 0.03 radians without strength deterioration of more than 20 per
cent of the plastic moment needed satisfying performance of the
connection (Sac Interim Guidelines 1995), carried under the procedure
for loading ATC-24. These new design solutions also recommended
improved welding procedures and integrated them. These practices
include the use of high-tensile filler metal, the removal of support
bars and the use of solder access lights to make the bottom flange
soldering easier (Engelhardt et al. 1998, Uang et al. 2000).
Whilst the reinforcement approach and the weakening method
contribute to good connective performance, reinforced linkage leads
to higher column diameters, increasing panel requirement and
increased plastic pendulum rotation requirement. On the other hand,
the weakening of a beam by trimming beam flanges is an economical
approach since no extra material or field work is necessary. As the
plastic belt decreases its strength, the need for the spinal cord,
continuity plates, and panel zone is lessened. As a consequence, the
general adoption of the reduced beam sections (RBS) is rather brief
(Bruneau 1998). A huge number of research studies were carried out
towards the development of the idea in the years after the Northridge
earthquake. Your findings are summarized in five areas here: I RBS
beam-column connection research experimental, (ii) RBS finite
element connections analysis, (iii) elastic storey drift increase owing
to RBS, (iv) cyclic RB-connection stability and (c) RBS buildings frame
analytical models. Finally, the current RBS connection design
requirements are described.
3. Experimental ınvestigations
For scenarios such as the delivery of steel with a substantial material
over-strength, Plumier initially put forth and test the notion of RBS.
ARBED carried out research and patented the idea in 1992 in the USA.
However, commercial royalty rights were relinquished after the
Northridge earthquake. Before the Northridge earthquake, Chen and
Yeh (1994) also carried out tests on this principle. After the Northridge
earthquake, RBS connections were carefully checked. Three
alternative cutting forms: continuous cutting, tapering, and the
radius cutting have been examined. Plumier (1997) and Engelhardt
have tested constant cut specimens (1996). Whilst Plumier observed
that regular cutting of RBS prevented breaking in the beam by the
solder, in the decreased beam portion the specimen Engelhardt
examined suffered a flange fracture. RBS has the tapered cut to
simulate the momental gradient, with linearly variable cuts. The
majority of the fifteen specimens evaluated at or above 0.03 radian
plastic rotation by Iwankiw and Carter in 1996, by Chen et al. (1996),
by Zekioglu et al. (1997), were nonetheless also fractured in the
narrowest part of the beam flange. Smooth transitions around the
sharp corners are required for enhanced ductility in these two
layouts. Since this extra technique is required and the cuts are subject
to manufacturing faults, RBS is not often utilized with continuous,
tapered cuts. In the early experiments Engelhardt et al. (1996, 1998)
and Popov demonstrated good RBS cutting capability (see figure 1)
(1998). The strength of the five specimens decreased owing to local
and lateral humps, and no fractures were seen. Cost studies by W&W
Steel also indicated that the RBS radio interface was the least
expensive of nine various kinds of connections for a 25-story station
building in Salt Lake City (Engelhardt 1996). Thus, almost all further
study on RBS focused on the RBS radius cut.
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Figure 2. Radius cut RBS connection
Finite element analyses
In order to better comprehend the conduct of the RBS connection, in
addition to experimental studies, a number of the aforementioned
trials were joined by finite element studies (Zekioglu et al. 1997, Jones
2000, Gilton and Uang 2002, Zhang and Ricles 2006, Adan 2006, Lee
and Kim 2007). The analyzes were performed using ANSYS or ABAQUS
commercial software. First, the finite element models were calibrated
using test data. The calibrated models were then utilized for
parametric investigations, which helped generate suggestions on the
design. In most models, four node quadrilaterals with limited
integration and large-scale formulation were adopted. More computer
demanding models also became conceivable as computing systems
got more capable. Zhang and Ricles (2006) utilised eight node solid
components in the zone of interest in order to produce more accurate
stress stress strain result in detailed submodels (containing welds and
sold access troughs). For all the global model, Lee and Kim (2007)
employed the eight node solid components, and additionally
integrated contact interaction for the bolted web link between the
shear tab and the web beam. Bolts were not included in the model and
the force of the bolt pressure with point loads was estimated. Linear
own value buckling analysis is initially conducted to produce the
right buckling shape at the RBS site. Before the nonlinear analysis, a
tiny proportion of the first hump mode will then be put onto the
specimen as the first flaw. Jones (2000) and Gilton and Uang (2002)
models were solely single-toned, but other research additionally
experienced cyclical loading.
A number of analytical research have also been undertaken on the
impact of RBS on the seismic response of this full moment frame in
addition to local behavioral investigations at the RBS connections.
Reducing the flange size at the RBS position leads to lower string
rigidity, thereby reducing the rigidity of the whole instant frame. It is
desirable to assess accurately if the construction fits the drift criteria
of this rigidity loss. Numerous investigations have been carried out to
create answers for this issue both accurately and approximately. In
order to study the influence of RBS radius reduction on beam
stiffeness, Grubbs (1997) conducted elastic finite element analyzes of
three distinct beam diameters. A simple methodology has been
created to make it possible to represent the circular reduced area as a
single prismatic frame element. In the formulation of an equation for
the effective time of RBS Region inertia, a linear regression analysis
was performed. Frame analysis were then carried out using the
reduced RBS-location approach employing numerous moment
frames. The decrease in flanges in the frame stiffness was determined
to be 40% and 5%, respectively, corresponding to 4% – 5% and 5% –
7%. Jin (2002) evaluated the effective timing of ring inertia in the RBS
areas by analyzing 22 beam sections by considering the restricted
beam diameters examined by Grubbs. This estimate showed a further
decline in the beam stiffness and the drift rise of the frame utilizing
the virtual working approach. A stiffness change factor of 9 percent
stated by FEMA 350 (2000) was shown to be cautious, particularly for
short structures by means of Elastic analysis carried out using three
frames of steel moment.
A stiffness formulation of an RBS circular beam utilizing the
conjugated beam technique was theoretically obtained from
Iwankiw(2002). Parametric analyzes for 40 beams covering the ranges
of practical relevance were conducted using derived formulas. As an
alternative to the long derivation, approximate linear regression
equations have been offered, resulting in respectable results. The
length of the lowered beam section had a major influence on the
decrease of frame rigidity. Chambers et al. (2003) generated separately
a stiffness matrix based on a closed-form virtual work solution for
beams with circular RBS. A finite element analysis of a cantilever
beam was used to verify the resulting matrix. A parametric research
has been conducted in a variety of practical interests on beams with
varied RBS settings and on two distinct building frames. Positive link

between increased storage drift and I the length of RBS, ii) percent and
iii) the distance between the column face and RBS has been observed.
On an extreme scenario, the RBS is extremely near to the column face,
and the drifting rate increased by 10%, for a 40% flange decrease. Lee
and Chung (2006) utilized a Jin (2002)-like technique and substituted
the RBS radius cut with an identical constant width section to simplify
the assessment procedure. The findings were confirmed using elastic
Finite Element Analysis, and instead of a linear regression a
mathematical derivation was applied. The beam approach for
conjugating the floor has then been utilized to calculate theprojected
increase in floor drift. In the practical interest range case studies were
conducted, and drift rises of 4 to 9% have been found. While the above
research concentrated on elastic stiffness of RBS-connected frames,
the inelastic performance of RBS moment frames were also examined
in various investigations .
Jones (2002) developed a model of load-displacement relationship
prediction that separates drift effects for the various components in
an RBS subassembly (RBS, panel zone, elastic portions of beam and
column). The model was verified analytically by analyzing finite
elements and utilizing full sized specimens experimentally. It is then
employed in a 13-story structure in southern California in non-linear
dynamic analysis. Jones (2002) indicated that the model may be used
to construct a symmetric RBS moment frame depending on
performance. Lee and Foutch (2002) suggested a novel approach that
defines the degree of confidence for an instant to reach a certain aim
of performance. The scientists have created structures of 3-, 9- and
20-story using RBS and have produced analytical models which are
also relevant to internal gravity frame contributions. Analyzes were
conducted using static pushovers. Total dynamical analysis was used
to estimate drift capacity and needs. For frames both collapse
prevention and immediate occupancy performance, very high levels
of confidence have been achieved. Jin and El-Tawil (2004) conducted
nonlinear, 4- and 4-8-and-16-storage analyzes of RBS frames in the
Los Angeles region, using the method described by Lee and Foutch
(2002). For each building and at two degrees of hazard: immediate
occupation and collapse prevention, there have been 20 scaled
earthquakes. The research revealed that RBS frames may provide
excellent seismic performance in high-risk zones. The researchers
also noted that needs might be greatly overestimated using the
pushover approach stated in FEMA 350 (2000).
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Recent societal needs have led to the expanding growth of tall buildings with added emphasis
on safety, human comfort, and serviceability under wind and earthduake loading as well as
environmental and economic impact. In modern tall buildings, lateral loads induced by wind
or earthquake are often resisted by a system of coupled shear walls. But when the building
increases in height, the stiffness of the structure becomes more important. One of the most
efficient approaches to provide both strength and stiffness in a structural frame is to
implement hybrid system of peripheral braced frame along with belt truss. This paper aims
to investigate the seismic behaviour of steel tall buildings having a compound braced-tube
resistant skeleton with belted trusses in higher levels.To this end, two 30-story study models
have been designed in 3D. The chosen ensemble of three-component ground motions
includes highly powerful near-field records as well as one far-field tremor. Based on the
analysis results results in a large decrease in lateral displacement and dynamic drift of the
structure and will therefore cause an increase in using the axial capacity of peripheral
columns of the structre plan. Therefore, implementing belt truss in addition to lateral
resisting system of the structure, is proposed as an efficient scheme in designing high rise
buildings.

significantly reduce the lateral deflection and base moment,which
would have arisen in a free core[6-8].

1.Introduction
In the recent years, there have been many new skyscrapers built
which soar into new heights. The most efficient building system for
high-rises has been the framed tube system. The tubular concept is
credited to Dr. Fazlur Khan. Tubular systems are so efficient that in
most cases the amount of structural material used is comparable to
that used in conventionally framed buildings half the size. Their
development is the result of the continuing quest for structural
engineers to design the most economical yet safe and serviceable
system. However, the framed tube building suffers from shear lag
effects which cause a nonlinear distribution of axial stresses along
the face of the building[1-2]. Shear lag is a nonlinear distribution of
stresses across the sides of the section, which is commonly found in
box girders under lateral load. This effect results in higher stresses at
the corner columns than the inner columns of the sides. This reduces
the structural efficiency of a tube structure and increases the lateral
displacement of the building increases under lateral load[3]. In order
to improve the efficiency of a framed tube structure and its use in
high-rise building, Combining this system with other lateral resisting
systems, such as braced tube. A braced tube overcomes this problem
by stiffening the perimeter frames in their own planes. The braces also
collect gravity loads from floors and act as inclined columns. The
diagonals of a trussed tube connected to columns at each joint
effectively eliminate the effects of shear lag throughout the tubular
framework. Therefore, the columns can be more widely spaced and the
sizes of spandrels and columns can be smaller than those needed for
framed tubes, allowing for larger window openings than in the framed
tubes[4-5].

In the current research, nonlinear dynamic behavior of high rise steel
structures having peripheral braced frame accompanied by belt
trusses in higher levels is studied. To this end, two three dimensional
30-story models are simulated.
5.

Specifications of the structural models

As the case study, two 30-story steel structure was designed . The
structures floor plan and elevation view are shown in Fig. 1. The plan
configuration includes six bays in both of the X and Y axises.
Additionally, the height of all stories is constant and equal to 3.5m.
The 3D computer models of these four studied structures were created
using SAP2000 (Version 14.2.2). The sections, members and
connections of all structural models have been designed based on the
Iranian national building code (steel structures- part 10) and they
have moderated ductility parameter.
A detailed description of sections are provided in Fig. 2. Seismic
loading of the structure was based on Iranian code 2800(fourth
version). The building was assumed to be located in a high seismic
hazard region (peak ground acceleration of 0.3 g) with the soil class 2.
The applied dead load is 5kpa for all floors. Yet, the live load was set 2
kpa for the floors and 1.5 kpa on the roof. Table 1 shows the modal
vibration periods associated with all four studied models related to
the X direction.

One way of limiting drifts is a technique of using a outrigger and belt
truss system.An outrigger is a stiff beam that connects the shear walls
to exterior columns. When the structure is subjected to lateral forces,
the outrigger and the columns resist the rotation of the core and thus
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Figure 4. The Energy Flux of (a)Bam (b)LCN
4. The selected earthquake records

Figure 1. The structures floor plan and elevation view

The strong ground vibrations that have been used in this research
include a number of far-fault and near-fault ground motions from
different tectonic tremors. The selected earthquake records have been
applied with ground accelerations recorded in three orthogonal
directions, i.e. two horizontal and one vertical components. The
examined near-fault ground motions, which have been recorded at a
distance less than 20 Km from the fault rupture plate, may be
characterized by intense velocity pulses of relatively long period. This
factor causes that to distinguish them from typical far-field ground
motions. It is notified that the near-fault records which contain
forward directivity effects were selected from the strong motion
database of the Pacific Earthquake Engineering Research Center[12].
Table 2. The selected earthquake records

Ground
Motion

Compo
nent

Durat
ion
(sec)

Figure 2. Section property of 30-storey models
Table 1. Modal vibration periods of structural models
Lateral
Resistant
System

6.

T1 (sec)
First
Lateral
Mode

T2 (sec)
Second
Lateral
Mode

T3 (sec)
Initial
Torsional
Mode

Model 1

3.905

2.503

0.961

Model 2

3.248

2.066

0.834

Characteristics of near-fault ground motions

Ground motion records from the sites near the fault rupture can be
distinguished from far-fault records by an intense velocity pulse.
Capable of severe structural damage, this long period pulse causes
most of the energy released from the ruptured fault to apply to the
structure within a short time at the beginning of the earthquake[910]. This phenomenon can be particularly attributed to the directivity
effect or fling step. Oriented in the fault-normal component of the
ground motion, directivity effect occurs where the rupture propagates
towards a site with a speed close to the shear wave velocity and the
site is aligned with the fault rupture. Fling step is generated by a
significant permanent displacement resulting from the tectonic
ground movement in both fault-normal and fault-parallel
components[11].
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Figure 3. The acceleration and velocity time histories of (a) Bam(TR)
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5.Discussion of the Results
The behavior of a structure under the earthquake load is different
from earthquake to earthquake. Using only belt truss improved the
performance of the building by reducing dynamic response such as
lateral displacement and inter storey drift under the earthquake load.

Figure 8. Time history of roof displacement
6.Conclusions

Figure 5 . Stories maximum seismic drift
By studying axial force of columns in one of selected frames, it
received that structures containing belt truss components experience
greater axial force due to great stiffness and energy absorption in
comparison with structures with out belt truss.

Assessing study results reveal that applying belted trusses in tall
braced-tube skeletons would lead in a remarkable increase in stiffness
and a growth in the capability to absorb the earthquake’s kinetic
energy. This issue also results in a large decrease in lateral
displacement and dynamic drift of the structure and will therefore
cause an increase in using the axial capacity of peripheral columns of
the structure plan. Thus it becomes possible to introduce the
application of resistant structures with belted trusses in structural
skeletons of high-rise buildings, especially in areas with high
seismicity as a suitable and efficient alternative plan compared to
other structural systems.

Nomenclature
X : The length of the specimen in horizontal direction
Y : The length of the specimen in vertical direction
Figure 6 . Selected frame
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The aim of this study is to valorize biomass ash (generated during the incineration of wood)
considered as an eco-material in the formulation of the hydraulic concrete at the
percentages of 4% and 8%. To carry out this work an experimental program was elaborated
to determine the properties of the concrete in the fresh state (density and workability) as well
as in the hardened state (compressive strength and flexural tensile strength). The results
obtained are promising.

1. Introduction

2.

Sustainable development and greener designs have become very
present in the world of civil engineering. However, one of the most
widely used building materials is one of the most polluting. Indeed,
the production of cement, the key ingredient in concrete, is
responsible for a significant amount of CO2 emissions [1.].

The materials used in this work are:

These concerns push us to study the feasibility of substituting cement
by biomass ash (wood ash) in hydraulic concrete, to develop this work
we have introduced biomass ash with percentages of 4%, 8% in order
to evaluate its physical and mechanical performance.

•Biomass ash obtained by the incineration of wood waste.

Several researchers around the world have developed the concept of
valorizing ashes in mortar and concrete as a binder that replaces
partially the key material cement. These studies were carried out on
many types of organic ashes we give an example: rice husk ash,
bamboo ash, sugarcane bagasse ash and ashes from olive pomace.
Returning to our research theme, previous years have seen several
attempts to use wood ash in the cement-matrix, in the study
published by Dhakulkar and Malkhede, 2018 [2.], they affirmed that
the chemical analyzes of the biomass ash show a considerable
quantity of silica (SiO2), which makes the substitution of cement by
these residues possible.
Amrutha and al, 2016 [3.] studied in their experimental program the
behavior of concrete with 3%, 5% and 8% of biomass ash, there results
show that workability decrease with the increase of the replacement
percentage, they have also found that the compressive strength at 7
days are satisfying regardless of the substitution rate .
Fapohunda and al, 2018 [4.] dedicated part of their research to study
the possibility of replacing cement by sawdust ash with variable
percentages, there results show good resistance and durability
properties. According to these scientists it is possible to develop a
structural containing sawdust ash concrete that responds to the
requirements.
Based on our preliminary results and previous researches we have
developed this work in order to recover wood ash waste in hydraulic
concrete in order to obtain an eco-concrete and preserve raw
materials and the environment by minimizing greenhouse gases
(GHG) produced by the production of clinker.

Materials used

•Cement CEM II, class 42.5 from the Hdjar Soud cement Company
(Skikda-Algeria).
•Local ordinary aggregates.

•Superplasticizer.
The chemical composition and the physical characteristics of cement
and biomass ash are shown in Table 1.
Table 1. Physico-chemical properties of wood ash and cement
Designation
Absolute density
(g/cm3)
Specific surface
(Blaine) (cm2/g)

CEM II
3.1

Biomass ash
2.3

3500

4244

CaO%

66.46

32.01

AL2O3%

5.40

1.10

Fe2O3%

3.92

0.72

SiO2%

21.63

10.16

MgO%

1.29

8.30

Na2O%

0.21

0.66

From the results of the characterization tests shown in the table 1, we
can observe that:
- Biomass ash has chemical properties similar to those of cement.
- The absolute density of biomass ash is slightly less than that of
cement.
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- The specific surface area (Blaine) of ashes is lower than that of
cement.
According to these results we can say that the substitution of cement
with biomass ash in the hydraulic concrete is feasible.

decreases with the increasing levels of wood ash added. The possible
explanation for this trend is that the ash acts more as filler than as a
binder in the cementitious matrix [7.], it is also due to the low
pozzolanic reaction of ashes compared to cement.

3. Experimental program
The objective of this investigation is to study the modifications made
to a hydraulic concrete by the partial replacement (at the rates of 4
and 8%) of cement by biomass ash.
The formulation of the control concrete mixture was obtained using
the Dreux-Gorisse method, the fixed parameters are: the ratio W / C =
0.55, the cement dosage (350 kg / m3), aggregates and superplasticizer
dosage. The other formulations (C 4% and C 8%) are obtained by the
same method; part of the cement is replaced by the wood ash.
4. Results and discussion
4.1. Workability

C (4%)

C (8%)

45
40
35
30
25
20
15
10
5
0

28 days

Curing age (days)

Figure 3. Compressive strength variation according to substitution
rate
4.4. Flexural tensile strength

20.5
20
19.5
19
18.5
18
17.5
17
16.5
16
15.5

At the age of 28 days (figure 4), concrete containing 8% of biomass ash
gives the best resistance compared to other mixtures, this is
explained by the improvement in the microstructure of the cement
[7.], that is to say the fineness of the ash particles added increase the
cohesion between the cement matrix and the granular skeleton.

CC

CC

C (4%)

C (8%)

Substitution rate
Figure 1. Workability variation according to substitution rate
4.2. Density
As shown in figure 4, the incorporation of biomass ash leads to a
decrease in density, this is explained by the lower absolute density of
wood ash compared to cement [6.], which gives us a concrete less
dense than the ordinary.

Flexural tensile strenght (MPa)

Slump (Cm)

Figure 1 indicates that the introduction of biomass ash leads to a
decrease in workability, this observation may be due to the high
organic content of biomass ash which gives mixtures the ability to
absorb more water than usual, and as a result we obtain makes lower
workability [5.].

Compressive strength
(MPa)

CC

C (4%)

C (8%)

18
16
14
12
10
8
6
4
2
0
28 days

Curing age (days)

Figure 4. Effect of the substitution rate on the flexural tensile
strength

2.5

Density (g/cm3)

2.45
2.4

5. Conclusion

2.35

According to this study it is concluded that:

2.3
2.25

4.3. Compressive strength

•Biomass ash has chemical properties similar to those of cement so
the substitution is feasible.
•The absolute density of biomass ash is slightly less than that of
cement.
•The specific surface area (Blaine) of ashes is lower than that of cement
•The introduction of biomass ash leads to a decrease in workability.
•The introduction of biomass ash leads to a decrease in density.
•The replacement of cement with biomass ash in concrete affects the
compressive strength.
•The concrete mixture with 8% of wood ash marks the higher flexural
tensile strength.

According to figure 5, the partial substitution of cement by biomass
ash affects the compressive strength of concrete, the strength

Generally speaking, it can be concluded that the introduction of
biomass ash (wood ash) has a positive and other negative impacts on

2.2
2.15
2.1
CC

C (4%)

C (8%)

Substitution rate
Figure 2. Density variation according to substitution rate
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the properties of hydraulic concrete. These results are acceptable
given that we are talking about a replacement of cement, the main
ingredient in construction by an untreated waste.
The development of an eco-concrete based on biomass ash present a
promising research field. Further durability tests are in progress and
will be published later.
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Accurate seismic response estimation of structures requires adequate consideration of soil
nonlinear behavior and its interaction with the superstructure. This paper presents a
comprehensive study on the effect of Soil-Structure Interaction (SSI) on performance-based
seismic response of typical mid-rise steel setback buildings and the demand distribution
over the structure height. Therefore, foundation flexibility effects are investigated on the
maximum displacement, inter-story drift ratio, shear and moment distribution over the
structure height, and the maximum plastic hinge rotation of beam and column elements at
different story levels. Results show that foundation flexibility alters the demand distribution
pattern over the structure height. The level of nonlinear behavior of setback buildings plays
a critical role in the structural seismic response. The shear and moment forces reduce due
to the SSI effect. Meanwhile, the drift and displacement demand of flexible base setback
buildings increases in comparison with the fixed base models. A large portion of demand is
concentrated near the base and around the setback area, in a way that the plastic hinges of
beam and column elements are affected. Moreover, SSI increases the plastic hinge rotation
in beam and column elements. In conclusion, the design of setback building, especially on
soft soils requires particular attention.

1.Introduction
Setback buildings are observed to have high damage potential under
seismic loads. Unfortunately, evidence represent inadequacy in the
seismic behavior of setback buildings during strong ground motions.
Site surveying of setback buildings shows a significant increase in the
number of damaged buildings. Codebase-designed setback structures
are also observed to get seriously damaged during earthquake ground
motions [1]. The behavior of these buildings is affected by the
combination of mass, stiffness, and strength irregularity over the
structure height. Irregularity changes the usual seismic response of
the structures and increases the demand and damage potential in
buildings.
Generally, the development of plastic hinges at the end of frame
elements increases the vulnerability of the structures to seismic
loads. The applied force affects the level of demand and increases the
rotation of the plastic hinges. Increasing the rotation of frame plastic
hinges makes an increase in the displacement and drift demands of
the structure. Thus, studying the demand distribution and
concentration of damage helps clarify the vulnerability mechanism
in structures.
Studies were performed to understand the complex behavior of
setback buildings. It was observed that the inter-story drift ratio of
setback floors is larger than that of the regular frame at the same
story level [2]. Studying the damaged elements has shown that the
vulnerability is mostly concentrated at the load resisting components
near the setback area [1, 3, 4]. Additionally, the inelastic response of
asymmetric floors about the vertical axis of the structure causes the
poor seismic performance of the setback buildings [5]. Moreover, the
setback ratio values play a critical role in the structural performance
of setback buildings [6].
Interaction of the structures with the soil is another issue that makes
the seismic response of setback buildings more complex. Generally,
the natural vibration period of the flexible-base system increases due
to the higher flexibility of the soil. Moreover, foundation flexibility

modifies the displacement demand. During earthquake ground
motions, the foundation experiences transition, rocking, and
torsional movements. This results in settlement, sliding, and rocking
movements of the structural system. Meanwhile, this may cause gaps
between the soil and the foundation which directly affects the seismic
response of the superstructure [7, 8]. Moreover, the nonlinear behavior
and hysteretic energy dissipation of the soil can reduce the force
demands in the superstructure. Studies were performed to
demonstrate the effect of soil nonlinear behavior on the seismic
performance of structures[9-18]. Some of these studies aimed to show
the effect of Soil-Structure Interaction (SSI) on the vulnerability of
superstructures [11, 12]. Results have shown that SSI modifies the
structural performance [19, 20], varies the demand distribution, and
alters the plastic hinge rotation in force-resisting elements [21].
Moreover, increases in the damage index of short periods or slender
buildings on soft soil are expected [22]. Therefore, it is encouraged to
consider accurate nonlinear material behavior and energy dissipation
capability of the soil-foundation system in performance-based
earthquake engineering and vulnerability assessment studies [23, 24].
In this study, the effect of SSI is evaluated on the distribution of
demand and vulnerability of setback buildings. Time history response
of steel structures with several setback ratios is carried out and the
performance-based displacement and drift demands of flexible-base
setback buildings are compared to those of the fixed-base ones. The
maximum shear and moment forces at each story level are calculated
to show the SSI effect on force demand distribution. Finally, the
maximum plastic hinge rotation of beam and column elements is
presented to show the SSI effect on the vulnerability level of
structural elements and collapse mechanism in setback buildings at
various performance objectives.
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2.1. Typical building configuration
The reference building was considered to be a three-dimensional midrise steel building with regular configuration. As shown in Figure 17,
five uniformly spaced frames with a bay length of 5m were connected
at two orthogonal directions to build the configuration of the
reference regular structure. Although the bay width of 4 to 6m is quite
low in American practice, it is common in European and Middle East
practice [6]. This building has ten levels and a floor-to-floor height of
3m. The structure occupancy was considered to be residential.
Therefore, based on the recent edition of the Iranian building national
code [25], gravity loads of 6.9kPa and 1.96kPa were assigned to each
story floor as dead and live loads, respectively. It is worth mentioning
that the floors consisted of rigid diaphragms.
The occupancy and framing configuration of setback buildings were
considered to be similar to those of the reference regular structure.
However, setback buildings were formed by one-sided elimination of
top floors' effective area. This divides a setback building into two
parts. The lower part with the largest floor area is usually termed “the
base” and the upper part with the smallest floor area is termed “the
tower”. In the present study, the categorization of setback buildings
was performed by using two indexes:

RA 

Area of Tower
Area of Base

RH 

Height of Tower
Height of Base

(19)

(20)

where RA shows the ratio of story area at “the tower” to “the base”. The
frame bays of the reference structure were removed along the
structural axis to make setback buildings. Thus, the elimination of
three, two and one bays give three categories for RA: RA=0.25, RA=0.50,
and RA=0.75 Similarly, RH represents the relative height of “the tower”
to “the base” [3, 6]. Three categories were selected for RH as well: RH=3/7
RH=5/5 and RH=7/3. These values show the locality of the setback floor
at the 7th, 5th, and 3rd levels, respectively.
Figure 18 shows the geometry of the studied setback buildings. It is
worth mentioning that there were deficiencies in the classification of
irregular buildings in the previous edition of the Iranian seismic
design code [29]. Additionally, the SSI effect is not considered in the
design procedure. However, this was rectified in the current edition
[26] to modify the analysis results and consider the SSI effect in the
design procedure.

RH=7/3

2.

Figure 18. Setback structure

2.2. Seismic design of structures
The seismic design of the structures was accomplished according to
the recent edition of the Iranian seismic design code [26]. The
structures were assumed on a hypothetical site in metropolitan
Tehran, Iran. According to this code [26], the seismic hazard zone of
Tehran is categorized as “very high” with a site-specific acceleration
of 0.35g. The code-base-designed structures are expected to satisfy
the life safety performance level under the seismic hazard level with
a 10% probability of exceedance in 50 years [26].
According to the Iranian steel design code [30], the structural frame
elements were designed based on the Load and Resistance Factor
Design (LRFD) method. The design procedure of this code is similar to
that of ANSI/AISC 360-10 [31]. The lateral force-resisting system of
steel frames was considered as a special (ductile) moment resisting
system with fully restrained moment connections (cover-plated
flange type). Finally, IPE270 to IPE550 were selected for the beam
sections and the square tube sections were assigned to the column
elements. The dimension of column sections varies from
200×200×15mm to 460×460×25mm. Table 8 shows the material
properties of the beam and column sections.

Table 8. Steel material properties
Fy  240 MPa

Yield stress

E  200 GPa
  0.3

Modulus of elasticity
Poisson ratio

2.3. The soil and foundation system
Iranian seismic design code [26] classifies the soil types into four
categories. The soil in the north of Tehran is classified as type I with
the shear wave velocity of Vs30>750m/s at the depth of 30m from the
ground surface [32]. Meanwhile, the soil in the south of Tehran has a
shear wave velocity of 175m/s<Vs30<375m/s and is categorized as type
III [33].
As the effect of SSI is more predominant for structures on soft soil [34],
the soil under the foundation was assumed as type III with the shear
wave velocity Vs30=200m/s. The material properties of the soil were
listed in

Figure 17. Plan, and three-dimensional view of the reference regular
structure

RH=5/5

RH=3/7

RA=0.25

RA=0.50

RA=0.75

Table 9. The design of the foundation system was accomplished based
on the allowable stresses of soil. According to the Iranian foundation
design code [35], the safety factors of 3.0 and 1.5 were applied to the
bearing and sliding capacity of the strip foundations. Finally,
appropriate dimensions were selected for strip foundations as shown
in Table 10. Figure 19 shows the outline of strip footings at the base
level of structures. As it is observed, each strip foundation was
connected to the adjacent one across the column axis. This makes the
coordinated movement of foundations during earthquake ground
motions. The connectors were designed to withstand a tension force
equal to 10% of the maximum columns axial load.

Table 9. Soil material properties
Parameter
Mass density
Elastic Modulus
Shear modulus
Poisson's ratio
Friction Angle
Cohesion

Symbol

E
G
c
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Table 10. Foundation dimensions (L: length, B: width, H: thickness).
Structural Model

RA  0.25

2200×110×60
2200×90×60

RA  0.50

2200×105×60

2200×55×60

RA  0.75

2200×110×60

2200×55×60

RA  0.25

2200×80×50

2200×40×50

RA  0.50

2200×95×50

2200×45×50

RA  0.75

2200×100×50

2200×50×50

RA  0.25

2200×65×40

2200×40×40

RA  0.50

2200×80×40

2200×40×40

RA  0.75

2200×95×40

2200×50×40

Regular

RH  3 7

RH  5 5

RH  7 3

Foundation dimensions
Middle
Side
L  B  H  cm
L  B  H  cm
2200×60×60
2200×50×60

Figure 19. The foundation system
3.

Nonlinear modeling

The three-dimensional nonlinear modeling of the soil-structure
system was accomplished in “Open System for Earthquake
Engineering Simulation (OpenSees)" [36]. The damping ratio of the
system was considered 5%. The Rayleigh damping method was used
to model the viscous damping [37]. The P-Delta effect was considered
in the geometric transformation of the frame elements. The nonlinear
models of frame elements and soil-foundation systems were prepared
by using the material library of OpenSees. Detailed discussions are
presented in the subsequent sections.

* M c : The capping moment capacity of the section
* y : The rotation of the hinge at the yielding point
* c : The rotation of the hinge at the capping points
Figure 20. Component of the backbone curve of frame elements
hinge
3.2. Soil and foundation elements
The theory of Beam on the Nonlinear Winkler Foundation (BNWF) was
used to model the soil-foundation system. This method is observed to
be capable of capturing the experimentally observed behavior of
shallow foundations [21, 42-47]. The footing members are modeled
with elastic beam elements and a series of vertical and horizontal
springs are used to model the soil behavior. Figure 21 shows the
component of BNWF. Three sets of springs are used to model the
foundation flexibility effect.
The vertical springs are known as q-z and are used to capture the
vertical and rotational resistance of the footing against the applied
loads. Furthermore, the yielding of soil material in compression and
separation of the footing from the soil surface in tension is modeled
by these elements.
The passive resistance of soil, as well as the sliding of footing on the
soil surface, is captured by two sets of horizontal springs. The p-y
spring simulates the passive resistance of the footing. The t-z spring
is used to model the cohesion and friction resistance of the footing on
the soil surface. This element is capable of simulating the slippage of
the footing on the soil surface.

Figure 22 shows the nonlinear backbone curve of q-z, t-z, and p-y
springs. The asymmetric hysteretic response of q-z springs is
expressed with the ultimate load capacity of soil on the compression
side and reduced strength in tension. The t-z spring has a backbone
curve with broad hysteresis behavior. The pinched hysteretic
behavior of p-y spring is used to model the gapping phenomenon
during unloading on one side of the foundation.

3.1. Frame elements
The nonlinear material behavior of beam and column elements was
modeled by using lumped plastic hinges at the end of frame elements.
The plastic hinges follow the modified Ibarra-Medina-Krawinkler
deterioration model with a bilinear hysteretic response. The backbone
curve of this material is shown in Figure 20. Provisions in ASCE41-13
[38] were used to determine the parameter specification of this
material. Furthermore, moderate cyclic deterioration in loading and
unloading stiffness of the hinge elements was considered [39]. The
relations developed by Lignos and Krawinkler [40, 41] were used for
the hysteretic response of this material.

Figure 21. Beam on nonlinear Winkler foundation model

Figure 22. Nonlinear backbone curve of soil springs: a) q-z, b) py, c) t-z
Boulanger et al. [48] and Boulanger [49] described the equations of the
backbone curve of BNWF springs. The applied load (F) and the
corresponding displacement ( ) are assumed linearly proportional at
the primary steps of the applied load:
* M y : The yielding moment capacity of the section

F  kin
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Where kin is the initial elastic stiffness of each soil spring. ASCE41-13
[38], proposes equations for determining the initial stiffness of soil.
The yielding capacity of the soil material (F0) is assumed
proportionally dependent on the ultimate bearing capacity (Fult):

(22)

F0  Cr Fult

where Cr is the parameter that controls the range of elastic behavior.
The post-yielding nonlinear behavior of soil is defined as:


c50
F  Fult   Fult  F0  
p
p
 c50    0





n

(23)

Analysis procedure and performance criteria

4.1. Incremental dynamic analysis
The seismic response of fixed and flexible-based structures was
evaluated from the elastic phase of behavior to their highly nonlinear
and up to the collapse point, by using Incremental Dynamic Analysis
(IDA). In this procedure, the earthquake records are incrementally
scaled from the initial spectral intensity equal to 0.01g and increase
monotonically with an incremental spectral intensity equal to 0.05g.
The results from the gradual increase of the ground motions intensity
are utilized for generating the IDA curves and assessing the structural
performance levels. A sample of these curves was developed and
plotted in Figure 23.

0.6
0.4
0.2

1.2
1
0.8
0.6
0.4
0.2
0

0
0.05
0.1
0.05
0.1
EDP: θmax
EDP: θmax
b) Flexible-base
a) Fixed-base
Figure 23. The IDA curves of regular structure: a) fixe base b)
flexible base conditions
0

p

4.

0.8

0

In this equation, 50 represents the displacement corresponding to
50% of the ultimate load,  0p is the displacement at the yielding
point,  is the displacement in the post-yield region and c and n are
parameters that control the post-yield shape of the backbone curve.
These two parameters were calibrated for sandy or clay soils in
common finite element software like OpenSees [49, 50]. Thus, the two
main parameters that control the shape of the backbone curve are Fult
and 50.
The developed equations like Terzaghi [51] give the ultimate capacity
of the soil (Fult). Harden et al. [47] proposed relations for 50 as:
qult

for sand
 z50  1.390 k

in
q-z spring  50  z50 ;Fult  qult  : 
 z  0.525 qult
for clay
 50
kin
(24
pult

)
for sand
 x50  0.542 k

in
p-y spring  50  x50 ;Fult  pult  : 
 x  8.0 pult
for clay
 50
kin
t
t-z spring  50  y50 ;Fult  tult  : y50  2.050 ult
kin
The material behavior of q-z t-z and p-y springs was developed in
OpenSees and used to model the soil flexibility effects. The
distribution of the soil springs along the foundation base was
performed based on the recommendation by Harden et al. [47]. The
experimental tests showed the necessity to use tighter spring spacing
at the end region of the foundation to increase the end length stiffness
(Figure 21). Thus, the vertical springs were spaced at a distance of
12.5cm at the end regions and spread out up to 25 cm elsewhere.
It has to be pointed out that the torsional response of irregular
buildings makes the foundation rotate about the vertical axis of the
structure. Therefore, a rotational spring was used to consider the
torsional response of the foundation on the soil surface in threedimensional models. The properties of this spring were adopted based
on ASCE 41-13 [38].

1

IM: Sa(T1,5%)

IM: Sa(T1,5%)

1.2

4.2. Site characterization and seismic hazard
The studied buildings are located in a hypothetical site (51.36E, 35.67N)
in metropolitan Tehran, Iran. This city is surrounded by such faults
as “Mosha fault”, “North Tehran fault”, “Kahrizak fault” and
“Eyvanekey fault” (
Figure 24). The site-specific spectra were considered according to the
uniform hazard spectrum (UHS) method for scaling records in order to
predict adequate structural response. In this procedure, the uniform
hazard spectrum for soil site class III was used from the Iranian
seismic design code [26].
a.

Ground motion selection

The selection of ground motions was performed from the PEER-NGA
database [52]. The selection procedure was carried out based on the
spectrum matching of the ground motions to that of the uniform
hazard spectrum in the Iranian Seismic design code [26]. In this
procedure, the Square Root of the Sum of the Squares (SRSS) of the
response spectrum of horizontal components of the ground motions
is calculated. Then, the ground motions were scaled so that their SRSS
response spectrum closely matched to the target spectrum over the
period range of 0.2T to1.5T; where T is the first-mode vibration period
of the structure [53]. The first-mode vibration period of the fixed and
flexible-base regular and setback buildings was shown in Table 11.
Results show that foundation flexibility increases the vibration period
of the structures up to 2.5%.
In the next step, the final ensemble of the ground motions was
adjusted based on appropriate values of average shear-wave velocity,
magnitude, and closest distance to the fault rupture. The average
shear-wave velocity at the top 30m of the soil was considered to be
175m/s to 375m/s and close to 200m/s. The magnitude (M) of the
earthquakes was chosen to be relatively large (6-7.6) and the closest
distance to fault rupture (R) was considered moderately between 20 to
50km with no marks of directivity.
The final ensemble of 20 ground motions was shown in Table 12.
Figure 25 shows the mean linear response spectrum of the ensemble
ground motions in comparison to the target spectrum. It is observed
that the mean spectrum matches reasonably well with the target
spectrum for the period range related to the regular structure. The
same spectrum matching was checked in the setback buildings.

Figure 24. The considered site and the known earthquake faults in
metropolitan Tehran, Iran

Table 11. Fundamental periods of studied buildings
Structural Model
Regular

Fixed-base (sec)
2.05
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2.10
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RH  3 7

RH  5 5

RH  7 3

RA  0.25

1.88

1.91

1

RA  0.50

1.95

1.98

2

RA  0.75

2.03

2.06

RA  0.25

1.69

1.72

RA  0.50

1.87

1.90

RA  0.75

2.00

2.03

RA  0.25

1.70

1.73

6

RA  0.50

1.92

1.96

7

RA  0.75

2.03

2.05

1994

Lawndale - Osage Ave

6.69

1994

Playa Del Rey - Saran

6.69

1995

Yae

6.9

Chi-Chi_
Taiwan
Chi-Chi_
Taiwan
Chi-Chi_
Taiwan
Chi-Chi_
Taiwan
Manjil_ Iran

1999

CHY033

7.62

1999

CHY082

7.62

1999

TCU098

7.62

1999

WTC

7.62

1990

Qazvin

7.37

Imperial
Valley-06
Imperial
Valley-06
Loma Prieta

1979

Calipatria Fire Station

6.53

1979

El Centro Array #13

6.53

1989

Salinas - John & Work

6.93

1999

TCU051

6.3

1999

TCU108

6.3

14

Chi-Chi_
Taiwan-06
Chi-Chi_
Taiwan-06
Landers

1992

7.28

15

Landers

1992

16

2003

17

San Simeon_
CA
Morgan Hill

18

Morgan Hill

1984

19

Landers

1992

North Palm Springs Fire
Sta #36
Thousand Palms Post
Office
San Luis Obispo - Lopez
Lake Grounds
Fremont - Mission San
Jose
San Juan Bautista_ 24
Polk St
Mission Creek Fault

20

Tabas

1978

Ferdows

7.35

3
4
5

8
9

0.4

Target Spectrum

10

Mean Spectrum

0.35

11

Individual Spectrum
0.3
0.25
Sa(T)

Northridge01
Northridge01
Kobe_ Japan

Structure Period

12

Upper & Lower Period Bounds

13

0.2
0.15
0.1
0.05
0
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

T (Sec)

Selection of critical component of ground motions

Due to the irregular configuration of setback buildings, it is important
to apply the components of the earthquake ground motions in an
appropriate direction to see the most critical structural response. The
selection of the critical component of ground motions was performed
base on the maximum Specific Energy Density (SED) [54, 55] among
the two horizontal components of each earthquake record. The SED of
an earthquake record is expressed as:
t

(25)

SED   V  t   dt
2

0

Where V(t) is the velocity-time history of the ground motion. The SED
of the selected ground motions was calculated and shown in
Table 13.
To perform dynamic analysis with the simultaneous action of two
orthogonal ground motions, the scaling factor of both components
was considered to be identical. This maintains the relative properties
of strong and weak components in the analysis. It is worth
mentioning that the level of seismic intensity (IM) corresponds to the
strong component.
The critical direction for the application of the earthquake records
was specified by a series of nonlinear analyzes. The critical response
of the structure was observed as the strong component was applied
parallel to the X-axis (
Figure 18). Note that this is in agreement with the experimental
results by Shahrooz et al. [4].

Table 12. The ensemble of 20 earthquake ground motions
No.

Earthquake
Name

Year

Station Name

6.52
6.19
6.19
7.28

Table 13. Properties of the component of ground motions

Figure 25. Comparison between the target spectrum and the mean
spectrum of the ensemble ground motions
b.

1984

7.28

Magni
tude

No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
5.

Week Component
PGA (g) PGV
(cm/s)
0.081
10.15
0.143
15.33
0.147
21.74
0.060
17.13
0.062
18.58
0.100
27.30
0.050
9.59
0.131
10.95
0.079
13.66
0.139
13.64
0.058
6.26
0.051
5.90
0.065
6.24
0.139
11.54
0.116
13.83
0.118
12.46
0.026
2.74
0.044
4.37
0.126
6.79
0.093
5.42

SED
(cm2/s)
240.59
509.09
2103.83
2225.78
2820.08
2716.60
384.49
431.16
494.26
597.67
123.23
52.05
172.77
537.44
1054.10
372.87
25.09
59.80
215.82
59.71

Strong Component
PGA (g) PGV
(cm/s)
0.147
9.05
0.070
15.23
0.158
21.19
0.069
19.43
0.064
20.96
0.105
45.66
0.054
17.82
0.184
15.49
0.129
15.60
0.116
16.08
0.109
11.22
0.048
5.57
0.070
7.46
0.139
14.62
0.100
20.21
0.133
13.10
0.021
3.42
0.036
4.69
0.132
14.61
0.105
7.13

SED
(cm2/s)
251.82
805.36
3273.66
2264.77
3823.01
8086.12
1987.79
449.35
785.27
616.08
211.71
70.81
176.94
1337.80
1267.76
512.75
39.57
62.92
976.11
137.54

Performance-based structural limit state capacities

Regular and setback buildings with fixed and flexible base conditions
were excited under the horizontal action of orthogonal components
of ground motions by using the IDA approach. The performance-based
seismic capacity of the structures was assessed from the IDA curves.
Four common performance levels, namely Intermediate Occupancy
(IO), Life Safety (LS), Collapse prevention (CP), and Global Instability (GI)
were used in the assessment procedure. The IO limit state is defined
at the point where max=2% [56]. The CP performance level is defined
where the tangent slope of the IDA curve reaches 20% of the elastic
slope but not far from max=10% [56]. The point where max is
equal to 75% of the CP limit state, represents the LS performance level
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[57]. The GI performance level is defined as the flat line reaches on the
IDA curve [58].
Figure 26 shows the IDA curve of the regular building for fixed and
flexible based conditions. Similar curves were developed for other
setback buildings, as well. Figure 27 shows the summary results of the
performance-based IM capacity of the fixed and flexible-based
regular and setback buildings. It is observed that the IM capacity of
fixed base structures is higher than that of flexible base buildings. In
other words, due to the SSI effect, the performance-based IM capacity
of structures decreases in comparison to that of the fixed base ones.
Based on these results, the effect of SSI is investigated on the force
and displacement demand and damage distribution over the
structural height at each limit state.
0.8

CP GI

IM: Sa(T1,5%)

0.7

LS

0.6
0.5

LS

0.4

CP

GI
Regular-Fix
Regular-SSI
IO
LS
CP
GI

IO

0.3
0.2

IO

0.1
0
0

0.05

0.1

0.15

EDP: θmax

IM: Sa(T1,5%)

Figure 26. The median IDA curve of regular structure with
performance points
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

IO
LS
CP
GI

IM: Sa(T1,5%)

(a)
0.7
0.6
0.5
0.4

IO

0.3
0.2

LS

0.1
0

CP
GI

(b)

Figure 27. The performance-based IM: (a) fixed-base structures (b)
flexible-base structures
6.

Results and discussions

6.1. Displacement demand

An interesting question in studying the SSI effect on the seismic
response of structures is the displacement demand distribution over
the structure height. The maximum displacement of a structure
mostly controls the gap space between the two adjacent buildings. In
this section, the SSI effect is investigated on the height-wise

displacement response of setback buildings at each performance
objective. Figure 28 shows the distribution of displacement response
over the height of fixed and flexible-base setback buildings and at
different performance levels. The filled line refers to the fixed-base
buildings and the dashed one represents the displacement response
of the flexible-base ones.
Results show that the deformation pattern in flexible-base buildings
is similar to that of the fixed-base ones. However, the displacement
demand of the flexible-base buildings is greater than the fixed-base
ones in most stories. Although this is in agreement with the fact that
SSI increases the displacement demand in structures, the rate of
increase in the displacement demand is about 8% at the IO limit state.
This is more predominant in the case of setback buildings with
RH=5/5-RA=0.50, RH=7/3-RA=0.50, and RH=7/3-RA=0.75. A higher rate
of increase in the displacement response is observed at the LS and CP
performance levels. About a 45% increase happens in the case of
structures with RH=3/7-RA=0.25 and RH=5/5-RA=0.50 at the LS limit
state. A similar increase is observed in the case of setback buildings
with RH=7/3-RA=0.75 and RH=5/5-RA=0.50 at the CP performance
level. However, as the structures reach the higher nonlinear phase of
behavior (i.e. GI performance level), the variation rate of displacement
demand decreases in flexible base buildings so that the maximum
difference between the fixed and flexible base structures is about 25%
in the case of RH=7/3-RA=0.50.
A comparison between the displacement demand of regular and
setback buildings was illustrated in Figure 29. Generally, the flexible
base setback buildings give higher values for displacement response
in the case of buildings with high ratios of RH and RA. However, the
maximum displacement of setback buildings is mostly smaller than
that of the regular structure. The maximum difference between the
story displacement in regular and setback buildings is observed in the
case of RH=7/3-RA=0.25 especially at the nonlinear phase of structural
behavior. It is worth mentioning that the effective story mass of
setback buildings is smaller than that of the regular building. Hence,
the effective earthquake lateral force is lower in these buildings. This
causes smaller lateral displacement at different story levels of setback
buildings in comparison to that of the regular building. Moreover, the
foundation flexibility of the structures moderates the difference
between the regular and setback buildings.
6.2. Drift demand
The drift demand shows the level of damage at a story level. The interstory drift demand for setback buildings at each performance
objective was plotted in Figure 30. A comparison between the drift
response of fixed and flexible-base buildings shows that SSI increases
the maximum drift demand of flexible-base structures. Higher values
of demand are observed at the nonlinear phase of behavior. The
height-wise drift pattern shows that SSI varies the drift distribution
over the structure height. However, the ratio of RH and RA influences
the drift response of setback buildings. At the IO performance level,
the maximum difference between the drift demand of fixed and
flexible-based setback buildings is about 15% and is observed in the
case of the structure with RH=7/3-RA=0.25. Meanwhile, the structures
with RH=3/7-RA=0.25 and RH=5/5-RA=0.50 show a 47% increase in the
drift response at the LS limit state. The difference between the fixed
and flexible-based setback buildings reduces as they get to the CP
performance level. In this case, about 40% difference is observed for
the buildings with RH=5/5-RA=0.50 and RH=7/3-RA=0.75. A similar
trend is observed at the GI performance level to increase the demand
by up 40% in the case of the structure with RH=3/7-RA=0.25.
Generally, the drift demand is mostly concentrated at the bottom floor
of most setback buildings. Meanwhile, depending on the position of
the setback floor, a considerable portion of demand is observed near
the setback area. It is worth mentioning that SSI also affects the
distribution of drift over the structure height. Due to the foundation
flexibility effect, the drift demand of setback buildings gives the
higher value at the top floors rather than the bottom ones, at the
elastic and earlier inelastic phase of the structure behavior. However,
at the high nonlinear phase of structural behavior, the drift demand
of the bottom floors gives higher values in flexible base setback
buildings.
Figure 31 shows the drift demand distribution of the setback buildings
at different performance levels in comparison to that of the regular
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structure. It is observed that the maximum inter-story drift ratio of
setback buildings reduces relative to the regular structure. Unlike the
regular structure, a large portion of demand is concentrated at the top
floors of setback buildings. The rate of demand increases as the
performance level of setback building passes from the IO to the GI
limit-state. This rate is higher in the case of flexible-base setback

buildings so that the difference between the inter-story drift ratio of
regular and setback buildings reaches 130%.
The SSI has a moderate effect on the regular structure in comparison
to the setback building. It is observed that the maximum difference
between the fixed and flexible base regular buildings is up to 11% and
it is observed at the high nonlinear phase of structural behavior.
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Figure 28. The distribution of displacement demand over the height of fixed and flexible-base setback structures
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Figure 29. Comparison of the distribution of displacement demand over the structure height: (a) fixed-base buildings (b) flexible-base buildings
a.

Maximum story shear and moment forces

In this section, the height-wise maximum shear and moment forces
of flexible-base setback buildings are compared to those of the fixedbase at different performance levels. Figure 32 shows that SSI makes
the story shear of the flexible-base setback buildings different from
that of the fixed-base ones. A similar result is observed in the case of
moment forces in Figure 33. The maximum base shear and moment
forces of the flexible-base setback buildings reduce in comparison to
those of the fixed base ones. The story shear and moment forces are
more sensitive at the IO limit state. Due to the SSI effect, the force
demand for setback buildings reduces up to 15%. The reduction rate
is significant at the elastic and earlier inelastic phase of structural
behavior in most setback buildings. However, the rate of force demand
variation is not identical over the structure height. The difference
between the fixed and flexible-base shear and moment forces is
higher at the middle and lower story levels of setback buildings and
reduces at the top floors. The study of the maximum force demands
at the base level of structures shows that the more the RA index, the
less the difference between the maximum base shear and moment
forces of fixed and flexible base structures.
It is important to note that the reduction rate in the maximum shear
and moment force reduces as the structures pass the LS limit-state.
At this performance objective, the maximum shear force reduction
rate is limited to 5%. A similar pattern is observed in the case of
maximum moment force in setback buildings. However, the
difference between the force demand for fixed and flexible-base
structures reduces at the higher nonlinear phase of structure
behavior. Thus, no considerable difference is observed between the
fixed and flexible base setback buildings, at the CP to the GI limitstates.
The components of shear and moment force demands of regular and
setback structures are shown correspondingly in Figure 34 and Figure
35 at each performance objective. In comparison with the regular
structure, the force demands reduce in both cases of fixed and

flexible-base setback buildings. A considerable portion of reduction is
observed near the setback area. This is due to the mass reduction at
the setback floors which reduces the effective seismic force at the
story level. However, increasing the RA ratio or reducing the RH
makes the force demand distribution pattern similar to that of the
regular building.
It is worth mentioning that SSI shows to have a remarkable effect on
the force demand for the regular building. It is observed that the force
demands of flexible base regular building moderately reduces up to
8% in comparison with the fixed base model. Unlike the setback
buildings, the force demand reduction rate is almost uniform over the
structure height.
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Figure 30. The distribution of drift demand over the height of fixed and flexible-base setback structures
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Figure 31. Comparison of the distribution of drift demand over the structure height: (a) fixed-base buildings (b) flexible-base buildings
6.4. Maximum plastic hinge rotation of beam and column
elements
To assess the effect of SSI on the vulnerability of setback buildings,
the maximum plastic hinge rotation of flexible-base buildings is
compared to that of the fixed-base. Higher rotation of the element
plastic hinges shows higher vulnerability concentration at the
element. Figure 36 represents the distribution of maximum hinge
rotation of the beam elements over the height of setback buildings. It
is observed that SSI increases the beam plastic hinge rotation,
especially at the LS to the CP performance levels. Although the
maximum hinge rotation is observed at the bottom floor of setback
buildings, a high portion of the damage is concentrated near the
setback area and at the tower part of the structures. This shows higher
vulnerability potential for the tower area especially in the case of
structures with smaller RA.
SSI affects the maximum hinge rotation of beam elements as well. The
maximum difference between the hinge rotation of fixed and flexiblebase setback buildings is observed in the case of structures with
higher RH, especially in the setback building with RH=7/3-RA=0.75. In
this case, SSI increases the beam rotation from 30% at the linear phase
to 60% at the nonlinear phase of behavior, in comparison with the
fixed base structure. Meanwhile, the minimum effect of SSI is
observed for regular building. In this case, the maximum increase rate
in the beam hinge rotation is about 13%.
The maximum hinge rotation of regular and setback buildings is
compared in Figure 37 for both cases of fixed and flexible base
conditions. Although a similar result is observed for both the regular
and setback buildings at the IO limit state, the distribution pattern
and the degree of beam hinge rotation vary at the nonlinear phase of
structural behavior. Unlike the regular structure, a large portion of
rotation demand is concentrated at the top floors of setback buildings,
especially at the setback floors.
Similar to the beam plastic hinge rotation case, the maximum
hinge rotation of the column elements was presented in Figure 38.

The plastic hinge rotation of column elements at a story shows the
collapse potential of that floor under the applied lateral load. Results
show that a large portion of demand is concentrated at the bottom
floor of all the setback buildings with various base conditions.
However, columns at the setback floors are vulnerable to seismic loads
so that a considerable degree of rotation is observed at the tower part
of setback structures. The setback structure with RH=5/5-RA=0.50 is
remarkable in this case.
Similar to the beam elements, SSI increases the damage ratio of the
column elements, as well. The minimum effect of SSI is observed at
the IO limit state. In this case, the difference between the average
column rotation of fixed and flexible base setback buildings is about
7%. However, the remarkable effect of SSI occurred in the setback
structure with RH=7/3-RA=0.75 so that the column hinge rotation of
the flexible base structure is 20% higher than the fixed base one. The
level of increase in the column hinge rotation of the flexible base
structure increases as the structure gets to the nonlinear phase of
behavior.
About 115% and 100% increase was observed in the case of setback
buildings
with
RH=5/5-RA=0.50
and
RH=3/7-RA=0.25,
correspondingly. This rate increases at the CP performance objective
and about 145% difference is observed between the fixed and flexible
base structures with RH=7/3-RA=0.75.
Nonetheless, the level of column hinge rotation decreases at the GI
performance objective so that the maximum rate of 70% is observed
in the case of setback building with RH=7/3-RA=0.50. The maximum
hinge rotation of regular and setback buildings is compared in Figure
39 for both cases of fixed and flexible setback buildings. It is observed
that damage is mostly concentrated on the bottom floor. Unlike the
regular building, the distribution pattern and the degree of column
hinge rotation increase at the top floors (tower area) of setback
buildings, especially at the nonlinear phase of structural behavior.
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Figure 32. The distribution of shear force demand over the height of fixed and flexible-base setback structures
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Figure 33. The distribution of moment demand over the height of fixed and flexible-base setback structures
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Figure 34. Comparison of the distribution of shear force demand over the structure height: (a) fixed-base buildings (b) flexible-base buildings
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Figure 35. Comparison of the distribution of moment force demand over the structure height: (a) fixed-base buildings (b) flexible-base
buildings
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Figure 36. The distribution of maximum plastic hinge of beams over the height of fixed and flexible-base setback structures
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Figure 37. Comparison of the distribution of maximum plastic hinge rotation of beam elements over the structure height: (a) fixed-base
buildings (b) flexible-base buildings
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Figure 38. The distribution of maximum plastic hinge of columns over the height of fixed and flexible-base setback structures
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Figure 39. Comparison of the distribution of maximum plastic hinge rotation of column elements over the structure height: (a) fixed-base
buildings (b) flexible-base buildings
7.



Conclusion

In this study, the effect of SSI is evaluated on the height-wise seismic
response of steel setback buildings. For this purpose, a group of
setback buildings was analyzed nonlinearly under the horizontal
components of earthquake ground motions. Foundation flexibility
effects were considered by using the BNWF approach. Time history
analysis of steel structures was carried out and the displacement and
drift demand of flexible-base setback buildings were compared to
those of the fixed-base ones at different performance levels. The
maximum shear and moment forces were calculated at each story
level to show the SSI effect on force demand distribution. Finally, the
maximum plastic hinge rotation of beam and column elements was
presented to show the SSI effect on the vulnerability level of
structural elements and collapse mechanism in setback buildings at
various performance objectives. Based on the given results, the
following conclusions are drawn:







Foundation flexibility alters the demand distribution
pattern over the structure height. The level of nonlinear
behavior of setback buildings plays a critical role in the rate
of variation in the structural seismic response.
The remarkable effect of SSI on the displacement demand is
observed in structures with a higher RH. Thus, the design of
top stories in flexible base buildings requires special
attention since higher demand is observed after the LS
limit-state.
The maximum displacement of setback buildings is smaller
than that of the regular structure. Therefore, it is concluded
that considering a target displacement demand equal to
that of the regular building can produce enough margin of
safety for the code-based design setback building.







SSI increases the drift demand for setback buildings from
15% in the elastic phase of behavior to 50% in the nonlinear
region. Moreover, it changes the distribution pattern of drift
demand over the structure height; depending on the
nonlinear level of structure behavior; a point to be
considered in the design procedure of setback buildings on
soft soil.
The concentration of drift demand at the bottom floor and
near the setback area of setback structures shows a high
level of damage at the adjacent floors. Therefore, the lateral
force-resisting elements of these stories necessitate
appropriate design in order to resist the applied force and
deformations at the corresponding performance level.
SSI reduces the shear and moment force demand in
flexible-base setback buildings. The maximum rate of
reduction is about 15% and observed at the elastic phase of
structural behavior. However, the force demand reduction
rate decreases at the nonlinear phase of structural
behavior. Therefore, the margin of safety must be
considered in reducing the force demand in the design of
new structures.
Due to the irregularity in setback buildings, the rotation of
plastic hinges at the end of beam and column elements
increases relative to the regular structure. Meanwhile, SSI
modifies the maximum plastic hinge rotation of frame
elements as well. The remarkable effect was observed at the
LS to the CP performance levels, where 30% to 60% increase
in the rotation of beam elements. A similar effect was
observed in the case of column elements and the plastic
hinge rotation increased up to 145%.
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Generally, SSI modifies the seismic response of setback
buildings. Therefore, the design of these structures,
especially on soft soils entails particular attention.
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In contrast to soft land movements, rock instabilities appear to be very diverse due to the
wide range of rigidities of rock materials and the variety of slopes affecting the massifs. In
the rock masses, the discontinuities constitute the weak zones of the massif; they are the
ones which essentially determine the behavior of the rock masses. In addition,
discontinuities that favor the failure of the rock mass are added a potential factor which is
the infiltration of water. An analytical study of the stability of the rock mass is carried out
using the mechanisms of structural failure "plane, wedge and toppling". The Rock stability Geostructural Analysis software was used to analyze the standard rock slope studied
analytically. An interpretation of the results obtained is completed to better target the major
parameters responsible for the instability of the rock masses.

2.1. Planar failure

1. Introduction
The evaluation of the instability of rock masses depends on the
analysis methods implemented to evaluate the mechanical behavior
of the assemblage of boulders. For this purpose, we chose to use the
limit equilibrium method by exploiting the rock masses failure
criteria most used by researchers such as, the Mohr Coulomb criterion
and the Hoek Brown criterion [1]. In this work we carried out an
analytical study on a typical profile of the rock versant, by using two
failure mechanisms, plane and wedge failure [2]. While varying the
dip, the cohesion and the position of the water level in order to discern
the major parameters affecting the stability of the rock slope [3]. We
also performed an analysis using the Rock Stabiity-GeoStructural
analysis “Bentley” software using the same standard
8.

Analytically analysis of rock slope stability

Planar failures are governed by a single discontinuity surface dipping
out of a slope face. Planar failures are those in which movement
occurs by sliding on a single discrete surface that approximates a
plane on which the action of water is often exerted. Stability must be
evaluated by a limit-equilibrium analysis [5]. The safety factor (Fs) is
estimated with and without tension crack present in upper slope (Fig.
1a and 1b)
The factor of safety, Fs, is expressed according to Equation 1:
F

(1)

According to the parametric study carried out by varying the failure
angle ( ) and the water level taken equal to (2/3H) in both cases:
without and with tension crack (Fig. 2 and 3)

In rock masses, a structural failure occurs on one or more failure
surfaces defined by the pre-existing discontinuities in the rock mass
[4]. Stability analysis is carried out on the rock slope which the
characteristics are shown in table 1 where (φ) angle of friction, (θ) the
dip of the failure plane, (α) the angle of dip of the slope face, H the
height of the slope, () the density of the rock and c the cohesion.
Analytical analysis is carried out using both Planar and Wedge
failures.
Table 1. The characteristics of rock slope
γ [kN/m3]

φ [ °]

α [ °]

θ [ °]

c [kN/m2]

H
[m]

26

20

60

35/40/45

50/75/ 100

20

a)
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Fs

3
rH

CA X

CB Y

w

A

2 r

X tan ∅A

B

w

2 r

Y tan ∅B

(2)

Where cA and cB are the cohesive strengths, and A and B are the
angles of friction respectively on planes A and B,( r =26kN/m3) is
the unit weight of the rock and (H=40m) is the total height of the
wedge.

b)
Figure. 1. Plane failure: a) without tension crack b) without tension
crack

Figure. 5. Pictorial view of wedge showing the numbering of
intersection lines and planes.
The safety factors are shown in Table 2 obtained by varying the
cohesion of the planes A and B.
Table 2. Safety factors for wedge failure analysis

Figure. 3. Comparison of Fs depending on the failure angles and the
water level in a plane failure (without tension crack)
After the figures 3 and 4, we could deduce the following results:
The safety coefficients are minimum when the dip = 35 ° and when
the tension crack is filled with water (ZW = Z).

Figure.4. Comparison of Fs depending on the failure angles and the
water level in a plane failure (with tension crack Zw=Z)
We can note that the safety factors decrease with the reduction in
the cohesion existing between the discontinuities.
5.2 Wedge failure

9.

A [°]

B [°]

20
20
20

20
20
20

cA [kPa]
50
75
100

cB [kPa]
50
75
100

Fs
1.44
1.95
2.45

Analytically analysis of rock slope stability

3.1 Failure plane analysis
The standard profile of the rock slope studied analytically was
analyzed by means of the “Rock Stability” software integrated into the
“GeoStructual Analysis” software.

Figure. 6. Analysis of the stability of the rock slope in plane failure
a) without water b) with water

c) with tension crack and water

In both cases: with and without tension crack by varying the level
water and cohesion. The results of the analysis are shown in Figure 6.

Wedge failures result when rock masses slide along two intersecting
discontinuities both of which dip out of the cut slope at an oblique
angle to the cut face, forming a wedge-shaped block (Fig. 5) [6]. The
safety factor is given by Equation 2.
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a)
Figure. 7. Comparison of Fs according to the failure angles and the
water level in a plane failure (with tension crack)
3.2

Failure wedge analysis

In this analysis, we used the same geometric and geotechnical
characteristics used in the analytical study [7]. We considered a
variation on the position of the tension crack (L = 5 and 10 m) and of
the water level (0; 1/2H; 2/3H) .

b)
Figure.9. Wedge failure with tension crack obtained from Rock
Stability software
a) With water b) With without water

Figure. 8. Results of safety factors for wedge failure

4.
Conclusions
From the analytical study carried out using the two failure models:
plane and wedge failure. We were able to achieve the following results:
Safety factors decrease considerably when it forms a tension crack the
upper face of the slope with increasing water level in it. The decrease
in the cohesion between the joints of the rock masses has an
unfavorable effect on the stability of the rock versant, it should be
noted that this cohesion is due to the presence of filling materials
between the joints. Slope failures in rock masses are governed by
joints that develop across surface form by one or several sets of joints.
The variation of the dip shows that a rock masses loses its stability
when there is a very specific dip in relation to the resistance
parameter "the friction angle and the cohesion"
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In the construction of infrastructure facilities, earthworks usually represent a large and
significant part of the project in terms of quantities and thus costs. Therefore, it is important
to make the right selection of machinery to perform these works in order to keep costs as low
as possible. The paper presents a simulation model for the selection of a more favorable
variant for excavation and transport of soil material. The hybrid approach, a Discrete Event
method in combination with Agent Modeling, was used to create the model, and the model
was developed in the AnyLogic software package. Based on the data to be entered at the
beginning of the simulation, the model calculates the total costs, total duration, as well as
unit costs for two combinations of machines that can be used for excavation and transport
of soil. Depending on the set criteria, minimum duration or minimum costs, the optimal
combination is chosen. The model can also be applied to various analysis by changing the
input parameters.

1. Introduction
In terms of volume and costs, earthworks can be ranked among the
most extensive and significant works in construction. Excavation
and transport of soil requires significant financial investments in the
purchase or rental of heavy machinery, and in addition, exploitation
and maintenance costs are significant. Therefore, optimal planning
and utilization of this machinery is vital for project management. If
the right and optimal choice of machinery is made, it can lead to
significant savings in time and costs of earthworks.
There are a number of different methods used in machinery selection
procedures, such as linear programming, genetic algorithms, neural
networks, etc. In recent times, a significant share is occupied by
simulation methods and techniques.
The simulation has been used for decades in modeling construction
processes, especially in large-scale operations, such as earthworks,
where heavy and expensive machinery and equipment are used.
Simulation can be used as a planning tool, to analyze the time and
cost of execution of works. Current methods used in earthwork
simulation are based on Discrete Event Simulation (DES), with recent
efforts to introduce system dynamics (SD) into the hybrid DES-SD
approach. Another hybrid approach is also used, a combination of
discrete event simulation (DES) with the Agent Modeling Method
(ABM).
A review of the available literature highlights the works where the
simulation and optimization of the process of performing earthworks
in construction was processed.
Zankoul and Khoury (2015) [1] create two models to represent
earthmoving operations, the DES model and the ABM model. The
purpose of their research is to visually show the interactions between

different resources and entities in earthmoving operations and to
compare the DES and ABM approaches with an assessment of the
advantages and disadvantages of both methods. Finally,
consideration, discussion and the possibility of combining these two
approaches in a multi-method are given.
Jabry and Zayed (2017) [2] applied Agent Based Modeling (ABM) and
developed a Java-based application called Agent-Based Simulator for
Earthmoving Operations (ABSEMO). Based on the case study on the
construction of the dam, the verification of the proposed model was
performed. A comparison of the results obtained by this approach with
the results obtained based on the existing DES model for the same
operations were performed. The percentage difference is 0.42%, which
confirmed the accuracy of the new model.
In paper [3] a Multi-Agent System (MAS) that combines Location-based
Guidance Systems (LGS) technology with advanced safety
management methods to support the equipment operators on the
construction site are designed. “A two-layer safety mechanism is
proposed for the safety management in the MAS that enables
proactive and reactive responses for the prevention of equipmentrelated collisions on the construction site. A case study is developed
to validate the proposed method. It is found that the proposed MAS
structure is able to effectively address the fleet-level coordination
between earthwork equipment and potentially improve the safety of
earthwork projects.” [3]
The authors in [4] present a working model of a tunnel excavation
machine developed in AnyLogic software using all three methods:
DES, ABM and SD. The model was applied in a case study on an 8000
m long tumulus. No delays were considered in the first experiment.
In the second experiment, delays are considered but simplifications
are taken into account in terms of material landfills and soil
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geological composition. In further research, they announce the
introduction of these influences into the model.

considered through the distribution of probabilities that are included
in the corresponding parameters when forming the simulation model.

Marzouk and Moselhi (2004) [5] provide a framework for earthwork
optimization using simulation and genetic algorithms. The goal of
optimization is to minimize the time and cost of earthworks
operations. In the simulation, they use the method of discrete events
and object-oriented modeling. For optimization, the method of genetic
algorithms with Pareto optimality was used to explain multiobjective
optimization.

2.2. Hybrid simulation approach - DES and ABM technique

Scheffer et al (2014) [6] present an approach that focuses on the
internal logistics of a construction site in tunnel construction. The
model presented helps to understand the complex behavior of
systems with different dependencies. By applying the simulation of
discrete events, logistic processes become more susceptible to
analysis. The described approach allows you to quickly and accurately
change project settings, such as construction equipment for example.

“Discrete event simulation (DES) adopts a process-oriented approach,
the dynamics of the system are represented as a sequence of
operations performed over entities” [11]. In classic discrete event tools,
the entities are passive and can only have attributes that affect the
way they are handled [12]. “In an agent based modeling (ABM) the
modeler describes the system from the point of view of individual
objects that may interact with each other and with the environment”
[11]. In AnyLogic multimethod simulation software, entities and
resources can be modeled as agents with individual behavior and
state changes [12].

Marquis and Jrade (2017) [7] have developed a system for the optimal
selection of excavating and transport machines for earthworks. By
applying linear programming and constrained-based simulation, a
model was obtained which, based on costs, determines the optimum
fleet necessary to execute the construction of the dam.
Another study conducted by Marzouk and Moselhi (2003) [8] deals with
costs without considering complex factors in the analysis of the work
of machinery for earthworks. An object-oriented simulation model for
earthworks has been developed, consisting of a simulation program,
a database, a cost application, and an optimization module.
Moselhi and Alshibani (2009) [9] present optimization model for
earthmoving operations in heavy civil engineering projects. The
developed model utilizes genetic algorithm, linear programming, and
geographic information systems and it has been implemented in
prototype software, using object-oriented programming.

The cyclical mode of the earthmoving operations provides a good
basis for the application of simulation as a suitable tool for planning
and forecasting. Like other processes in construction, earthmoving
operations are processes with a stochastic nature, so they are suitable
for the application of simulation methods.

2.3. The machinery for earthmoving operations
The paper discusses the process of excavation of soil material with
transport and unloading at the landfill. For the needs of excavation of
soil material, it is possible to apply different machinery, depending on
the category of the soil, the manner and size of excavation, the
machinery that the company owns, etc. For the usual categories of soil
III - IV, that mostly occur in this area, excavators and bulldozers for
excavation are most often used, and for the needs of transport,
dumper trucks or tipper trucks are used. Due to the frequency of
application of these machines, these two possible combinations of
machines are analyzed in this paper. The first combination consists
of an excavator and trucks (Fig. 1), while the second combination
consists of a bulldozer, loader and trucks (Fig. 2).

Mohsenijam et al (2020) [10] have been developed two simulation
models: Decision-Support Model and Estimation Model, in the
Symphony modeling. The Decision-Support Model provides the best
arrangement of equipment to maximize global resource utilization. In
contrast, the Estimation Model captures more of the project details
and provides a comparison of various equipment arrangements based
on their cost.
The subject and goal of this research is the formation of a simulation
model that will serve to decide and select a more favorable
combination of machinery for the needs of excavation and transport
of soil material. The simulation model was developed in an objectoriented Java environment using the AnyLogic software package.
Based on the input data: unit work costs of individual machines in the
group, capacity and number of machines, as well as the amount of soil
to be excavated, the output data is the duration of excavation and
transport, total costs and unit costs for given variants . The choice of
a more favorable variant is made on the basis of a given criterion.

2.

Figure 1. Schema of earthmoving operations (1st variant)

Methodology

2.1. Problem statement
The focus of this study is in rapid decision of selection optimal
combination of machinery for earthmoving operations. By applying
the simulation of discrete events, earthmoving operations are
presented in a simple way in order to enable easy understanding of
the process and display a clear picture of it. A gap is in neglecting the
stochastic nature of earthmoving operations. Selection of machinery
in common practice is based on average operating cycles [10]. This has
an impact on poor results in achieving the project objectives.
The uncertainty of earthmoving operations is reflected in the
duration of operations and the performances of machines that are not
always the same, deterministic size, but are subject to change under
the influence of different parameters. This stochasticity of duration is

Figure 2. Schema of earthmoving operations (2nd variant)
Earthmoving operations consist of several tasks: excavation, loading,
hauling, unloading and returning. Figures 1 and 2 schematically show
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the earthmoving operations for the proposed two machine
combinations.
The model is developed for work with one main machine, in the first
variant, that is an excavator, and in the second one that is bulldozer.
One loader is planned too, but a number of trucks are changeable for
both of the variant.
2.4. Earthmoving operations costs
Estimation of work costs of construction machinery is most
accurately performed on the basis of a historical database. If it does
not exist (which is often the case in practice), the recommendation of
the manufacturer of machinery adapted to the real construction
conditions or some other methodology, sufficiently precise and
accepted by the Investor [13] is used.

3.2. Input parameters
Both of proposed variant start with source block that generated a
given number of agents (trucks) that go to queue block waiting to be
loaded in excavation1 block (variant 1) or loading2 block (variant 2).
Duration (in minutes) of excavating and loading for variant 1 is
calculated as: (agent.capacity1 / (54.98 * excavatorCapacity)) * 60 (fig.
4), according to author’s experience. Once loaded, truck go true
transport block in that duration is defined by distance and speed.
Duration (in minutes) of loading for variant 2 is calculated as:
(agent.capacity2 / (47.41 * loaderCapacity)) * 60, according to author’s
experience.

Cost of machinery work can be direct and indirect. Direct costs are
related to the operation of the machine and include the consumption
of fuel, filters, oil, grease, labor. They are expressed directly per hour
of machine operation. The second type of costs, that is not directly
related to production, includes fixed asset costs, overhead and other
general costs, costs related to insurance, interest, repair, depreciation,
etc.
All or some of the listed costs participate in the cost structure and unit
price of some machines, depending on the specific situation. The cost
of operating hours of the machines considered in this paper is used as
input for the simulation experiment. For the example presented in
the paper, the current market values of the working hour for the
considered machinery expressed in RSD / h (in Republic Serbian
dinars per hour) were adopted.
3.

Development of the simulation model

3.1. The model description

Figure 4. Details of the model
Excavation by bulldozer shown on separate process chart and
excavation duration (in minutes) is calculated as: triangular(1.6, 2.2,
3.1) + 0.5. Thereby shown a bulldozer work cycle.

The simulation model was developed in AnyLogic software, using a
hybrid approach, a combination of DES and ABM. The corresponding
blocks represent the individual operations in the earthmoving works,
and by connecting these blocks, the charts process was obtained (Fig.
3). This is a typical application of the DES method. However, by
including the ABM method, the model gained in comprehensiveness
by introducing agents. Trucks and bulldozers are the agents in the
model.

A number of parameters that have been used in the model are shown
in table 1.

In each of the blocks, variable values are set using the appropriate
parameters. Defining variables enables monitoring of changes in the
model during the simulation. Also, bar charts and plot charts are
defined, that visually enable the display of the state in the model in
each time interval during the simulation. The behavior of the model
is defined by entering additional Java code which completes the
system and shows it in more detail. The visual representation of
earthmoving operations is enabled by 2D animation, shown above
process chart on figure 3.

Table 1. The model parameters

Parameter transport distance represents distance from excavating
area to unloading area. Transport speed is average hauling speed and
returning speed is average speed truck is returning, after unloading
process. Both of them have stochastic nature and used as triangular
function of probability.

Parameter
Truck capacity
Excavator bucket capacity
Bulldozer blade height
Bulldozer blade width
Loader bucket capacity
Quantity to excavate
Transport distance
Excavator cost
Bulldozer cost
Loader cost
Truck cost
Number of trucks (variant 1)
Number of trucks (variant 2)

Figure 3. The simulation model process chart and 2D animation
display

Transport speed
Returning speed

Value
11
Set on start of
simulation
Set on start of
simulation
Set on start of
simulation
Set on start of
simulation
Set on start of
simulation
Set on start of
simulation
Set on start of
simulation
Set on start of
simulation
Set on start of
simulation
Set on start of
simulation
Set on start of
simulation
Set on start of
simulation
triangular (15, 25, 30)
triangular (30, 35, 40)
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m
m
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3.3. Output parameters
Setting the appropriate parameters starts the simulation experiment.
Figure 5 shows the initial screen of the simulation experiment.

machinery, total time and total cost are obtained in experiment and
shown in table 2 and table 3.
Table 2. Utilization of the machinery
Number
of trucks
1
2
3
4
5
6
7
8
9
10

Utilization
bulldozer
0.583
0.581
0.581
0.582
0.581
0.580
0.579
0.580
0.580
0.581

excavator
0.196
0.391
0.585
0.782
0.971
1.000
1.000
1.000
1.000
1.000

loader
0.178
0.354
0.527
0.686
0.687
0.687
0.686
0.698
0.688
0.679

Table 3. Total time and total cost
Total time (hour)
Variant
Variant
1
2
46.39
45.47
23.19
22.86
15.46
15.32
11.54
11.74
9.28
11.72
9.00
11.73
9.00
11.74
9.00
11.67
9.00
11.71
9.00
11.87

Number of
trucks

Figure 5. Input parameters before simulation start
During the simulation, changes in the system can be monitored
through a series of variables, 2D animation (Fig. 6) and charts (Fig. 7).

1
2
3
4
5
6
7
8
9
10
4.

Total cost (RSD)
Variant
Variant
1
2
142,471
156,597
142,471
157,587
142,471
157,587
142,471
158,487
142,471
158,487
142,471
158,487
142,471
158,487
142,471
159,023
142,471
158,487
142,471
158,487

Analysis of the simulation results

By analyzing the model, it can be concluded that the simulation gives
realistic and expected results. Based on the graphs showing the price
change during the simulation (Fig. 7), it can be seen that for both
combinations the total price increases with increasing quantity, i.e.,
the unit price decreases. So for all quantities from null to considered
quantity 1000 cubic meter, variant 1 is lower cost.
1.2

Figure 6. Process chart and 2D animation during the simulation

Utilization

1
0.8
0.6
0.4
0.2
0
1

2

3

4

5

6

7

8

9

Number of trucks

10
Utilization excavator
Utilization bulldozer
Utilization loader

Figure 8. Utilization of the machinery

Figure 7. Bar charts and plot charts during the simulation
For the analysis and testing of the developed model, examples were
made for excavation of 1000 cubic meters of soil that was transported
with a different number of trucks to be unloaded at a distance of 5.8
km. The number of trucks has been varied from 1 to 10. Utilization of

In the simulation experiment for the same other parameters, the
number of trucks was varied in order to obtain the optimal number of
trucks. The number of trucks that gives the best utilization of the
excavator in variant 1 is 6 trucks (fig. 8), the utilization of the
excavator is 1,000 (100%). Further increasing the number of vehicles
does not increase the utilization of the excavator which indicates
queues that occur due to the increased number of trucks. In variant
2, the best utilization for loaders is given by 4 trucks (Fig. 8). The
utilization of the bulldozer is generally uniform and this is the result
of the independence of the bulldozer from the number of trucks.
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5.

[9.]

Conclusion

In this paper DES and ABM simulation technique as hybrid approach
have been used to develop the model for optimal choice of
earthmoving machinery. The model is clearly and simply to use in
solving and decision of which variant is better to use. Based on the
amount of soil to be excavated and the unit prices of machine
operation and their capacities, it is very simple and easy to get the
total costs and the total duration of excavation and transport. If a
lower price or shorter duration is chosen as a criterion, it is possible
to choose the optimal solution.
The limitation of the model is that it only serves to choose between
two proposed variants. Also, the model is developed for one excavator,
bulldozer and loader, although, the number of trucks is changeable
and that is set on start of simulation. In terms of costs, only unit costs
of machine operation were introduced as input data at the start of the
simulation. Further research should focus on expanding the cost
structure and studying them in more detail by analyzing direct and
indirect costs.
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selection and decision about machinery that be used for earthmoving
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In this study, the effect of glass powder substitution on the compressive strength and
sorptivity values of ground granulated blast furnace slag (GGBFS) based geopolymer
concretes was investigated. In geopolymer concrete mixtures, 5, 10, 15 and 20% by weight
glass powder was substituted for GGBFS. Geopolymer concrete samples prepared by using
sodium hydroxide as alkali activator were subjected to ambient curing for 28 days. The
compressive strengths of the samples were between 39.54 MPa and 30.67 MPa. As the glass
powder substitution increased, the compressive strength decreased. The sorptivity values
of 5, 15, 30, 60 and 1440 minutes of the samples were determined. The cumulative
sorptivity values of the samples, in which 0, 5, 10, 15, and 20% glass powder was
substituted, were 1.14, 1.18, 1.38, 1.46 and 1.73 mm/min1/2, respectively. As the glass powder
substitution ratio in the samples increased, the sorptivity value increased. An exponential
relationship was found between compressive strength and sorptivity values, and the
correlation coefficient of this relationship was 0.95.

1.Introduction
Portland cement is the main material used in the production of
concrete, which is the second most used material after water in the
world. CO2 emission in Portland cement production constitutes 10% of
global CO2 emissions and the increasing demand for Portland cement
also increases the amount of CO2 emissions. For this reason, efforts to
find an alternative binder in concrete production continue (Zakka et
al., 2021) [1].
The term geopolymer was introduced by Davidovits in 1978. Mediums
such as alkaline medium (Na+, K+, Li+, Ca+, etc.), phosphoric or humic
acid can be used to synthesize geopolymers with a three-dimensional
amorphous microstructure. The geopolymerization process in an
alkaline environment occurs with polymeric Si-O-Al bonds formed by
the reaction of Al and Si minerals with alkaline solution [2].
Alkali activation of waste materials containing alumino silicate such
as fly ash, ground granulated blast furnace slag (GGBFS), clay is used
in the production of geopolymer, which is a new alternative binder
material. Geopolymer concretes are expected to be green binding
materials and consume less energy (Singh et al., 2019) [3].
It is estimated that approximately 200 million tons of glass waste is
stored in storage yards every year in the world. The recycling rate of
waste glass in European Union countries is 73% on average and it is
the leader in the world with this rate. Non-biodegradable waste glass
poses a problem due to the search for new storage yards and low
recycling rate [4]. The use of recycled waste glass in Portland cement
and concrete has received worldwide attention due to rising disposal
costs and environmental concerns (Shi et al., 2007)[5]. Glass can be
recycled endlessly, as there is no loss of quality and value [6]. The use
of waste glass in construction materials is important in terms of
saving waste glass storage areas and recycling waste glass. The use of
waste glass as a substitute for aggregate or cement can both reduce
the consumption of natural resources and reduce the energy use in
cement production (Si vd., 2020) [7].

Sethi et al. (2019) [8] investigated the effect of adding 5, 10 and 15%
glass powder on the compressive strength of the geopolymer
concretes. Sevinç and Durgun (2020) [9] determined the properties of
high calcium fly ash-based geopolymer concretes produced by
replacing 5, 15, 20, 25 and 50% glass powder. Zhang et al (2020) [10]
investigated the compressive strength of waste glass based
geopolymer concrete at different curing temperatures (20, 50, 80 and
100 ºC). Xiao et al. (2020) [11] investigated the compressive strength of
fly ash-based geopolymer pastes cured at ambient temperature. Glass
powder was substituted for fly ash from 0% to 100% with a 25%
increase rate. At the same time, geopolymer series were produced by
using sodium hydroxide in different molarities (0, 2.5, 5, 7.5 and 10M)
in the production of geopolymers. As the waste glass ratio increased,
the compressive strength of the samples decreased. When the 60-day
compressive strengths were compared, the highest strengths were
obtained in the samples containing 10M sodium hydroxide.
Bellum et al. (2020) [12] stated that the sorptivity values of the fly ash
based geopolymer concretes decreased as the GGBFS substitution ratio
increased. Topal et al. (2021) [13] reported that the sorptivity values of
the samples increased as the binder content decreased in GGBFS based
geopolymer concretes. Khan et al. (2021) [14] studied the effect of 10,
20, 30 and 40% glass powder substitution on alkali-activated fly ash
mortars on the sorptivity values of the samples.
In this study, the effect of glass powder substitution at different ratios
on the compressive strength and sorptivity values of GGBFS based
geopolymer concretes was investigated. In geopolymer concrete
mixtures, glass powder was substituted at 5, 10, 15 and 20% by weight
instead of GGBFS. The compressive strength and sorptivity values of
the samples were determined after the geopolymer mixtures prepared
using sodium hydroxide as alkali activator and river aggregate as
aggregate were subjected to ambient curing for 28 days.
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2. Materials And Experimental Procedures
2.1. Materials
GGBFS was used as raw material in the production of geopolymer
concrete. The specific gravity of GGBFS was 2.86 g/cm3, and the Blaine
fineness was 3996 cm2/g. The specific gravity of the glass powder were
2.58 g/cm3. The chemical compositions of GGBFS and glass powder are
given in Table 1. 12M sodium hydroxide solution was used as alkali
activator. River aggregate was used as both fine aggregate (0-4mm)
and coarse aggregate (4-8mm).
Table 1. Chemical composition of GGBFS and glass powder
Component
(%)
GGBFS

SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

32.5

9.94

1.25

32.45

9.31

0.82

Glass powder
Component
(%)
GGBFS

69.4

1.09

0.48

8.27

4.25

-

Na2O

K2O

TiO2

Mn2O3

S-2

LOI

0.31

0.85

1.16

3.51

0.3

Glass powder

12.3

-

-

-

-

16.2

Figure 1. Schematic of the sorptivity test procedure applied to
samples
6.

5.3 Mix design and experiment procedures
In the production of geopolymer concrete, after first preparing 12M
sodium hydroxide solution, GGBFS and glass powder were added and
mixed. Then, fine and coarse aggregates were added to the mixture,
respectively, and mixed. The prepared geopolymer concrete mixture
was placed in steel molds measuring 50×50×50 mm3. After being kept
in the mold for 24 hours, the samples removed from the mold were
subjected to ambient curing for 28 days. The amounts of materials
used in the geopolymer concrete mixtures are given in Table 2.

Results and discussion

The compressive strengths of the samples that completed curing time
are given in Figure 2. The compressive strength of the control sample
without glass powder was 39.54 MPa. The compressive strengths of C5,
C10, C15 and C20 coded samples were 37.81, 35.13, 32.49 and 30.67
MPa, respectively. With the increasing glass powder substitution in
the samples, the compressive strength decreased. These reduction
rates were between 4.6% and 28.9%. Sethi et al. (2019) [8] reported that
the compressive strength of geopolymer concretes activated using
sodium hydroxide with three different molarities (4, 8 and 12 M)
decreased as the glass powder replacement ratio increased. Khan et
al. (2021) [14] stated that the compressive strength of alkali activated
mortars decreased as glass powder substitution increased.

Table 2. Amounts of materials used in geopolymer concrete mixes
(kg/m3)
Mixtures

C0

C5

C10

C15

C20

GGBFS
Glass powder
NaOH solution
Fine aggregate
Coarse
aggregate

400
200
1102.8

380
20
200
1102

360
40
200
1100.2

340
60
200
1099

320
80
200
1097.7

605.35

604.7

604.96

603.26

602.56

Figure 2. Compressive strength values of the samples

ASTM C109 (2020) [15] and ASTM (2004) C1585 [16] standards were
used to determine the compressive strength and sorptivity values of
the samples that completed curing periods, respectively. The equation
in Equation 1 was used to determine the compressive strength.

fm =

P
A

(1)

In order to determine the sorptivity values of the samples, they were
kept in an oven at 105±5°C for 24 hours. Then, the side surfaces of the
sample were wrapped with a waterproof tape and the sample was
immersed in water so that it contacted 5 mm of water from the bottom
surface (Figure 1). The weights of the samples at the end of 5, 15, 30,
60 and 1440 minutes were measured and the sorptivity values of the
samples were determined with the equations given in Equations 2 and
3.

S=
I=

I
t1/2
mt
a×d

The sorptivity values of the samples depending on the time are given
in Figure 3. After 5 minutes, the sorptivity values of the C0, C5, C10,
C15 and C20 coded samples were 0.39, 0.41, 0.47, 0.48 and 0.55
mm/min0.5, respectively. The large part of the total sorptivity values
of the samples were reached in the first 60 minutes. The values at the
end of 1440 minutes decreased considerably. The cumulative
sorptivity values of the samples at 1440 minutes are given in Figure
4. As the glass powder substitution rate increased, the sorptivity
values of the samples increased.

(2)
(3)

Figure 3. Sorptivity values of samples depending on time
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There was an exponential relationship between the compressive
strength and sorptivity values of the samples. This relationship is
given in figure 5. The correlation coefficient of this relationship was
0.95. Similarly, Topal et al. (2021) [13], Siddique et al. (2016) [17], Mehta
and Siddique (2017) [18] determined in their studies that there was a
relationship between compressive strength and sorptivity values.
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The moment magnitude 6.4 Albania earthquake which struck the Durrës region on
November 26, 2019, caused an extensive damage on a large number of buildings, of nearly
all types of construction. Its epicenter was located offshore north western Durrës, about 7 km
north of the city and 30 km west from the capital city of Tirana. Officially, 52 died and 3000+
were injured, and thousands left homeless. Approximately, ~80000 buildings were adversely
affected. Buildings damaged during this event were representative of construction types in
form and structural system to those of the similar vintage found in Europe. This study
focuses on the damage suffered by the masonry and RC buildings during this earthquake
and explains the reasons of observed failure modes. Examples of several damage types, as
observed by the authors during the reconnaissance visit to the stricken area are presented,
along with technically substantiated description of reasons for the damages.

distributed along two ellipses, whose major axis is oriented in NW-SE
(Figure 2).

1.Introduction
Durrës has been assessed as an area of relatively high seismic hazard
[1]. On November 26, 2019, an earthquake hit the central western part
of Albania. It was assessed as Mw 6.4 (Figure 1.).

Figure 41. Earthquake-affected area during the November 26, 2019
Durrës Earthquake
Damages to buildings were serious and widespread. Eventually, 52
people died, with some 3000+ people injured, and thousands left
homeless. A large number of structures comprising RC, masonry and
historical buildings were heavily damaged or collapsed.

Figure 40. Location of epicenter and aftershocks in the first twenty
days of the 26 November Earthquake
Based on a report on historical earthquakes, the region was struck by
several earthquakes. The Durres earthquake was the deadliest in
Albania since 1979 Shkoder Earthquake [2]. As regards the impact on
the building stock, severe seismic shakings induced damage to
buildings in the medieval city of Durrës, Tirana and several
settlements of the broader area. The most earthquake-affected areas
are the city of Durrës and the town of Thumanë at the central-western
Albania. Damage was also observed in Laç town, Fushë-Krujë town,
Kamëz, Vore as well as the capital city, Tirana. Building damage was

According to recent reports, 80000-100000 buildings were seriously
damaged or collapsed [3]. It was observed that URM or RC moment
resisting frames with hollow clay tile infill partitions are the most
popular structural systems in the region. The main structural
materials are unreinforced masonry composed of rubble, stone, brick,
and hollow clay tile. Moreover, observations revealed that most of the
damages in Durres were restricted to old masonry and non-ductile RC
buildings (Fig 3.).
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a)
b)
Figure 42: Two types of typical damages from Vore and Durres; a)
Severely damaged URM building; b) Partially collapsed non-ductile
RC building

Figure 44: November 26, 2019 Earthquake E-W component

There are many incidents of infill wall damages which experienced
either shear failure or out-of-plane failure due to the lack of anchors
at the upper and bottom parts of the walls.
This study discusses different types of structural damages that were
observed by the authors during reconnaissance visits to the region.
The reasons of the structural damages are examined and placed into
context with some recommendations.
6.

Evaluation of strong ground motion records and response
spectra

The earthquake has been recorded by seven stations of the Albanian
Seismological Network, located at epicentral distances from 15 to 130
km [4]. Strong ground motions records for the November 26, 2019
Earthquake
are
given
in
Figures
4-5
(http://www.geo.edu.al/tirana_record/).
Its epicenter was located offshore northwestern Durrës, about 7 km
north of the city and 30 km west from the capital city of Tirana. Its
focal depth was about 10 km. Based on the focal plane solutions
provided by several seismological institutes and observations; the
main shock was generated by the activation of a NW-SE striking
reverse fault [5]. This was the second earthquake to strike the region
after September 21, 2019 earthquake sequences.

Figure 45: Intensity shake map of the 26 November Albania
Earthquake (INGV, 2019)
Intensity Shake map of the 26 November Albania Earthquake (INGV,
2019) is shown in Fig 6. Fig 7. shows the distribution of peak ground
acceleration expressed as percent of the acceleration of gravity.
Based on the recordings, the horizontal Peak Ground Acceleration in
Tirana station was about 0.12 g, whereas this value was
approximately 0.20 g in Durrës (closer to epicentre). However, it is
worth mentioning that the station in Durrës only recorded the event
for the first 15 s due to an electricty cut induced by the earthquake,
hence the 0.20 g value could be considered a lower bound of the real
peak ground acceleration felt in the site. In order to understand the
impact of the earthquake, Fig. 7 shows the response spectra from the
recorded ground motion in Durrës versus the elastic response spectra
defined according to the EC-8 (Catetory D) and Albanian code [6] for
soil category III.

Figure 43: November 26, 2019 Earthquake N-S component
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Figure 46: Peak ground acceleration map in (g %)
The Eurocode [7] has greater spectral accelerations with respect to the
current code. The elastic design spectrum, shown in Fig. 7, is higher
that the response spectra of the recorded ground motions in both
directions. The only exemption is for the period range of 1 to 2
seconds, where the spectra of the ground motion for the N–S
component is comparable to the code-based elastic response
spectrum. This figure clearly shows that buildings were exposed to
seismic forces higher than expected design forces in this range. But,
as mentioned above, this comparison could not be representative of
the actual conditions due to the limited data for the ground motion at
the Durrës station. It is certain that a prolonged period of shaking with
high accelerations would cause a heavier damage profile for the
existing buildings.
7.

Figure 47: Presence of multi-leaf clay brick walls and collapse of the
external leaf: detail of collapse in Durres, Castle of Durres (left) and
partial collapse remains (right)
Unconnected outer and inner wythes are given in Figure 8. These
types of deficiencies led to out-of-plane failures as shown above.

Structural damages

The types of the constructon in the affected area can be classified as
follows:






Older masonry and historical buildings mainly constructed by
brick masonry and stone,
Reinforced concrete (RC) frames with URM infills. This
structural form is used for all building heights. URM infill
walls had a dominant influence on the sesimic performance of
the main structural system.
Prefabricated residential buildings.
Industrial buildings.

The observed damage is correlated with the construction materials
and peak ground acceleration. The structural damages observed
during the eartquake varied depending on the location, building
typology and the age of construction.
a.

Structural damages to historical/old masonry buildings

Durrës (Albania) earthquake served as a good open laboratory for
damaged masonry buildings. Some of those buildings had historical
characteristics. Many of the damaged historical buildings were brick
and stone masonry having low construction quality. Similarly, other
masonry buildings in several settlement areas of Albania were also
constructed by bricks, rubble stone and heavy blocks usually, which
can be easily available around settlement areas. Many of these
masonry buildings were constructed according to older code
requirements and some of them were non-engineered and not
earthquake resistant [8,9]. These buildings are forming the significant
part of the building stock in the earthquake affected area of Durres.
Since the affected region is one of the potentially earthquake prone
zones of the country, old masonry buildings often show typical
deficiencies like aging, low material quality and lack of proper
detailing which increase their seismic vulnerability [2]. The observed
damage patterns of the masonry buildings could be classified as
follows:
-

In-plane and out-of plane failure modes,
Diaphragm-related failure modes,
Anchorage-related failure modes.

Figure 48: Out-of-plane failure of URM walls
In many cases, at corner points of the buildings, masonry units were
not properly overlapped to ensure an earthquake-resistant
connection. This causes walls to be separated at initial stages of the
quake. After that, out-of-plane failures were initiated due to poor
restraining conditions. These types of damages are shown in Figure
9.
In-plane, failure mechanisms are commonly observed near the
openings as shown in Figure 10.

Figure 49: Typical diagonal shear cracks of piers on a multistory
masonry building
Poor connection between walls - walls and roof, the lack of bond beams
leads usually to the failure of corners of masonry buildings. Some
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patterns of this failure are shown from the images below during the
observations done after November 26 earthquake (Fig. 11).

Figure 50: Anchorage-related corner failure of a masonry building
Restraining effect of crossing walls was reduced by wall openings
placed too close to the building corner. Window and door openings
weaken the connection of crossing walls. The failure mode involving
separation of the front facade and return walls was commonly seen
due to poor interconnection of return walls, as can be observed in the
multiple examples shown in Figure 11.
8.

Structural damages to RC buildings

The prevalent structural system used for buildings in Albania consist
of URM structure until 1990s and RC frames with unreinforced
masonry infills after 1990s. This structural form has been used for all
building heights and occupancy. Dual systems are also used in
relatively new buildings. Industrial buildings are either precast/conventional RC or rarely steel framed structures. A typical RC
frame building in Albania consist of a regular symmetric floor plan
with rectangular of square columns and connecting beams. The
exterior enclosure as well as interior partition walls are formed by
non-load bearing unreinforced hollow clay tiles. These partition walls
contributed substantially to the lateral stiffness of the building during
the earthquake and, in many cases, controlled the lateral deformation
and resisted seismically induced forces. The observed damaged
patterns to the RC buildings are discussed in this part.

Figure 52: Inadequate detailing caused buckling of longitudinal
reinforcement in plastic hinge regions (spacing of transverse
reinforcement
Based on most of the observations during the November 26, 2019
earthquake, a number of detailing flaws were observed in damaged
buildings (Fig 13.).
Concrete quality plays a significant role on the structural
performance against earthquakes. In Albania there are many cases
where hand-made concrete is used, especially in the old buildings.
Moreover, workmanship service was not at the desired level resulting
thus in a very low material quality. All these factors including
corroded rebars together with the poor-quality material of the
building led to poor performance during this earthquake (Fig 14.).

Poor concrete quality, insufficient reinforcement detailing in
structural elements, steel corrosion due to insufficient concrete cover
were a few of the deficiencies that led to heavy damages in the RC
buildings hit by 6.4 Mw earthquake in Albania.
The observed failure patterns during the investigation of RC buildings
in the effected cities are categorized as shown below:
• Short column,
• Insufficient reinforcement in columns and beams,
• Poor concrete quality and corrosion,
• Inadequate gaps between adjacent buildings,
• In-plane/out of plane failures.

Figure 53: Column failure due to the corroded rebars and poor
concrete quality

Figure 51: Typical shear failure of short columns in RC buildings
Short column mechanism developed as a reason of continuous
openings located at the top or bottom of infill walls between columns
as shown in Figure 12.

Figure 54: Pounding failure due to lack of enough space b/w adjacent
buildings
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Another damage pattern was observed in many nearby buildings due
to hammering effect. The building seen in Figure 15 can be considered
as one of the typical examples of the hammering effect damage seen
during the investigations.

•
Poor detailing in beam-column joints was also frequently
observed. Stirrups spacings and the amount of the transverse
reinforcement was not detailed properly in most of the damaged
columns.

In-plane and out-of-plane failure of masonry infill wall are widely
observed in the RC buildings damaged during November 26
earthquake. Especially for low and mid-rise buildings it is likely that
the infill walls of the ground story in the RC frames will fail earlier.
This happens as the fact that infill walls found in the ground story,
obtain higher in-plane demands during an earthquake. As the inplane demand reduces at the upper floor, the out-plane forces
increase due to acceleration increases. Figures 16 show the in-plane
and out-plane damage patterns of the investigated RC buildings.

•
Partition walls of RC buildings were not properly restrained
to the frames, and hence out-of-plane failures of those walls were
inevitable.

Moment frames require careful detailing and excellent construction
practice to achieve the intended level of performance during
earthquakes. In Albania earthquake, it was observed that detailing of
many RC buildings was very poor.

The URM structures with the load-bearing masonry walls suffered the
most by the Durrës Earthquake due to the following reasons; aging,
poor construction quality and workmanship, interventions made by
people, the design code of the time. Many of these masonry buildings
were constructed as brick masonry and stone masonry. Materials and
construction techniques of these masonry buildings did not provide
earthquake resistance to these buildings. Considering construction
techniques of these buildings, the most important defects are listed;

•
The lack of interlocking elements between external and
internal units of the wall section and lack of connection between
crossing walls.
•
The wall thickness and the floors were too thick. This
increased the weight of the structure and therefore resulted in higher
earthquake forces in older historical buildings.

a)

•
The percentage of the openings in many masonry buildings
was high and led the formation damage patterns near the corners.
•
Due to lack of proper connection between the walls and roof,
diaphragm related failures were observed.
10. Conclusions

b)
Figure 55: Heavily damaged partition walls; a) In-plane failure, b) Out
of plane failure
9.

Results

Although the magnitude of the event (Mw 6.4) with respect to its peak
ground acceleration values is quite low, it has caused widespread
damages to many RC and masonry buildings. The amplitudes of the
ground shaking affecting Albanian settlements range between 0.16g
- 0.58g. As indicated by the response spectra, the frequency content of
the recorded motions was in the range 0.1 - 1.5 s, which have
resemblance to the range of fundamental frequencies of the most
buildings in the affected area. The experience provided by the Albania
earthquake revealed that there is a significant gap between the
requirements established by modern seismic codes and construction
practice especially in rural areas. Besides poor construction practices
and the use of non-ductile seismic detailing, higher spectral
accelerations were the other reasons of the reinforced concrete
building failures. Further reasons are as follows;
•
It has been observed that the concrete quality is low in
many RC buildings and a important percentage of these buildings
with limited ductility and insufficient strength do not have the lateral
load bearing capacity to withstand ground shaking without damaging
it.
•
No SWs were seen in many of the damaged RC buildings.
Lateral stiffness of multi-storey reinforced concrete buildings was not
sufficient. Due to the presence of slender columns with brittle seismic
behavior, such buildings have suffered significant damage.

Generally, the structural performance of the buildings in the Durres
city center was not satisfactory. The main structural materials are
URM composed of brick, stone, and hollow clay tile. Masonry units
suffered the worst damage. Several modern, non-ductile concrete
frame buildings experienced moderate-heavy damage. In reinforced
concrete structures, many structural deficiencies such as non-ductile
detailing, poor concrete quality, strong beams–weak columns were
commonly observed.
The main conclusions drawn from this study are given below;
•
In the cities under similar earthquake risk, the necessary
precautions must be taken into consideration. In an anticipated
tremor, the potential for damage of masonry buildings seems high. A
new retrofitting approach must be suggested, which will not influence
the functionality and will not disturb normal usage by the inhabitants
for such buildings.
•
The RC buildings without SWs can be retrofitted by adding
external shear walls.
•
To prevent the out of-plane failure of the external partition
walls, intending isolation, a connection with the remaining inner wall
must be provided as well as anchoring to the structural elements in
order to prevent damages.
To sum up, thousands of existing buildings designed and constructed
in accordance with older or no seismic codes at all, are present in
seismically active areas of the region. These buildings must be
properly rehabilitated as soon as possible to prevent future loss of
lives.
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Today, the use of passive dampers as a means of absorbing seismic energy in structures is
very common. Yielding dampers are also among the inactive dampers that show good
performance in vibration loading. With the entry of the yielding damper into the plastic area,
the energy entering the structure will be spent on the plastic deformation. In addition to
absorbing much of the vibrational energy due to entering the plastic area, the dampers that
give in to the Chevron brace will also prevent the braces from buckling like a fuse. Because
the low stiffness of the damper impairs its performance and also the excessive stiffness of
the damper will cause the buckles to buckle, the lateral stiffness of the damper must be
designed in the optimal state. Therefore, to increase the performance of the yield damper,
the geometric conditions of the damper should be defined in such a way that most of it
surrender before local buckling. In this paper, circular and elliptical dampers and T-ADAS
dampers in Chevron bracing are investigated using ABAQUS finite element software. After
extracting the absorption energy, the results are compared with each other to obtain a more
optimal state.

1.Introduction
The choice of the best mechanism to deal with earthquakes in steel
structures has always been considered by many designers. Designers'
desire for ductility of frames due to increased energy loss has caused
special attention to flexural frames. On the other hand, the
satisfaction of difficult conditions and stability has caused the braced
frames to always maintain their position as a bracing system.
Balancing the above conditions has led the minds of designers to a
combination of these features in the structure. It has always been
tried that the mechanism in question, in addition to proper
formability, has the necessary difficulty to control the criteria related
to displacement. In this case, the structure will suffer the least
damage even in severe earthquakes (1) (Whittaker et al., 1989)
To achieve this goal, many ideas and efforts have been made, each of
which has its advantages and disadvantages. For example, the use of
horizontal beams in the structure, in addition to the appropriate
stiffness, will also provide the necessary ductility. But on the
downside, replacing the girder after an earthquake can be a difficult
and costly task. Much of the researchers' efforts have focused on
solving problems or improving the performance of the lateral loadresistant system. The use of a vertical beam as a suitable alternative
to a horizontal beam is a testament to this claim. Zahraei and Moslehi
Tabar (5) performed parametric studies on several braced frames with
vertical connection beams to investigate the periodic behavior of this
system. Zahrai and MoslehiTabar (2013)

arresters in Chevron braces can always be a good solution for energy
loss in metal frames. One of the biggest problems with braces is their
poor pressure behavior due to different types of buckling. The
surrendering dampers act as a fuse in the path of the braces and are
designed in such a way that by surrendering, in addition to wasting
energy, the force that causes the buckles to buckle is prevented from
entering. (6)
The geometry of the centrally yielding dampers must be such that,
firstly, it experiences and tolerates significant trans-elastic
deformations with minimal buckling, and secondly, uniform yield
occurs in the damper (8). In this case, a stable and wide hysteresis
curve will be created, which will result in more energy loss by the
damper and less damage to the main members of the structure. In
fact, with proper design, more plastic deformation can be
concentrated in the yield damper and the main members of the
structure remain in the linear range. It is also necessary to pay
attention to the fact that the excessive stiffness of the damper causes
more force in the braces which can cause it to give in or buckle. For
this reason, the damper must be designed with optimal difficulty. (2)
(NajariVarzaneh et al., 2012)
2.Circular Damper System
As shown in the figure, this damper is made of a circular crosssection. This damper will be connected to the horn and beam braces
with proper connections. The geometric characteristics of the damper
are shown in Table 1.

Surrendering dampers are a group of dampers that waste energy
entering the structure when they reach the plastic area. The geometry
of the submersible dampers should be such that the maximum points
are reached and the energy loss due to plasticization is maximized.
The use of surrender dampers as a D.C. member will focus the damage
on the damper and minimize damage to the main members of the
structure such as columns, beams, and braces. (7) The use of surge
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Figure 1. Circular damper
Table 1. Geometric properties of the frame
Frame specifications

Frame width

Frame height

300

330

Type of frame
moment frame with X‐brace

Figure 3. T-Adas damper

3.Elliptical Damper System

5.Geometric Properties Of The Frame

As shown in the figure, this damper is made of an oval cross-section
that has a constant thickness. The choice of the elliptical crosssection for yield dampers is because under the same shear force it
will perform better than the tubular cross-section. This damper will
be connected to the horn and beam braces with proper connections.
The geometric characteristics of the damper are shown in Table 2.

The geometric characteristics of beams, columns, and braces are
given in Table 3. Also shown in Figures 4, 5, and 6 are the frame
system with the elliptical damper, the circular damper, and the TADAS
damper, respectively.
The height of the frame is 3.5 meters and the length of the opening is
4.5 meters. The selected IPB400 beam and columns and braces are also
of BOX type.
Table 3. Geometric properties of the frame
Section

Figure 2. Elliptical damper

Flange sheet specifications

Web sheet specifications

Width(cm)

Thickness(cm)

Height(cm)

Thickness(cm)

Beam

18

1.25

40

1.85

Column

30

0.2

30

1.5

Brace

15

0.1

15

0.1

Table 2. Geometric characteristics of elliptical dampers
𝒂 𝒄𝒎
Large radius

𝐛 𝒄𝒎
Small radius

𝐭 𝒄𝒎
Thickness

20

15

1

4.TADAS Damping System
In this part, according to the design, 3 models have been made. The
first model according to the design and the second model has stronger
dimensions than the design and the third model has weaker
dimensions than the design.
Case 1: 16 TADAS sheets with a thickness of 2 cm

Figure 4. Frame with oval damper

The first model according to the design consists of 16 TADAS sheets
with a thickness of 2 cm.
Second case: 16 sheets of TADAS with a thickness of 4 cm
Third case: 16 sheets of TADAS with a thickness of 1 cm
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surrender location, according to which the surrender relocation is
equal to 0.6 cm.

Base Shear (Kg)

How to apply cyclic loading is also based on the proposed ATC 24
method in the form of cyclic loading with increasing displacement
amplitude. Figure 8 also shows how to cycle. Applied Technology
Council, (1992)

Figure 5. Frame with circle damper

120000
100000
80000
60000
40000
20000
0
0

5

10

15

Displacement (cm)
Figure 7. Stress-strain diagram- circle damper

Displacement (cm)

6

Figure 6. Frame with T-Adas damper

6. Specifications of The Steel Used

4
2
0
‐2 0

2

4

6

8

‐4
‐6

The steel used is ST-37, which specifications is shown in Table 4.

Time (Sec)

Table 4. Steel specifications.

Poisson's
ratio

0.3

Figure 8. Cyclic Load

Plastic

Elastic

Mod
ulus
of
elasti
city
𝐺𝑃𝑎

Strain

stress
𝑀𝑃𝑎

210

0.0013

240

0.02

450

Loading:
The loading method is single and cyclic. (4)
In loading the single track concerning the height of 350 cm of the
frame, a relative displacement equal to 10.5 cm is applied on the upper
wing of the beam. The ATC 24 method is used to determine the
displacement equivalent to frame surrender. In this case, the pushover curve approximates the yield shift and defines how to apply the
cycle load based on it. According to this method, the forcedisplacement diagram of the frame is determined by two approximate
lines in such a way that the area below the force-displacement
diagram is approximately equal to the area below the two-line
diagram. The intersection of the two graphs is considered as the yield
force. Displacement equivalent to 0.75 surrender force is estimated as
surrender displacement. Figure 7 shows how to determine the

7. Abaqus Software
It is out of the question to state all the details included in the software,
so only some of the main issues are mentioned. In this software, Solid
elements in 3D space are used. The type of steel is defined in such a
way that it enters the plastic area from the elastic region, but it will
never rupture. Because the load is applied slowly, the load is quasistatic and the effects of velocity and acceleration are negligible.
Therefore, Static and general analysis has been used in the software,
which in this type of load analysis will be applied to the model in 14.4
seconds. To draw the cyclic curve, a set called Displacement is defined
at points on the upper wing of the beam, and another set called
Reaction is defined at the locations of the supports. The base of the
columns is considered to be completely clamped, and on the other
hand, because in the real model of the frame, it was restrained in the
out-of-plane direction, supports were provided for tying at the top of
the columns. ¬ Loads are applied to the model as Displacement in both
single and cycle modes. ABAQUS Inc (2004) (3)
8. Results of Modeling
First, the 3 states of TADAS refrigerants are compared and their
hysteresis diagram and diagram of energy absorption due to their
plasticization are compared with each other.
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1st Model

First model TADAS

Bsae Shear (kN)

100000
50000

‐0.04

0
‐0.02
0
‐50000

0.02

0.04

Plastic Energy
(ton.m)

20000
10000
0
0

10

20

Whoale model

‐10000

Time (Sec)

‐100000
Displacement (cm)

30

ADAS

2nd Model
200000
Plastic Energy (ton.m)

2nd Model TADAS
600000
Bsae Shear (kN)

400000

‐0.04

200000
0
‐0.02
0
‐200000

0.02

0.04

ADAS

150000
100000

Whoale model

50000
0
‐50000

0

10

20

30

Time (Sec)

‐400000
‐600000

3th Model

Displacement (cm)

60000

3th Model TADAS
Bsae Shear (kN)

200000

‐0.04

100000
0
‐0.02
0
‐100000

0.02

0.04

‐200000
Displacement (cm)

Figure 9. Hysteresis diagram
Then we show the diagram of energy absorption of dampers due to
plasticization for all three modes and compare them with each other.

Plastic Energy (ton.m)

50000

Whoale model

40000

ADAS

30000
20000
10000
0
‐10000

0

10

20

30

Time (Sec)

Figure 10. Energy absorption due to plasticization for 3 TADAS
models
As shown in Fig 10 the above comparisons, the first type of damper
has shown good behavior, but after the damper sections become
stronger, the energy absorption of the damper decreases sharply and
becomes close to zero, and in the third case, after weakening the
damper. Its behavior improves slightly. The following figures show
the surrendered points for all 3 states.

PACE 2021- Ataturk University, Engineering Faculty, Department of Civil Engineering, Erzurum, 25030, TURKEY 20-23 June 2021

441

Najaf et al.

circle damper
Base Shear (ton)

100
50
0
‐50
‐100
‐6

‐4

‐2

0

2

4

6

8

12

Displacment (cm)
Figure 11. Damper1

Base Shear (kN)

elliptical damper
1000
500
0
‐500
‐1000
‐12

‐8

Figure 12. Damper 2

‐4
0
4
Displacement (cm)

200000

Bsae Shear (kN)

T‐adas damper
100000
0
‐0.04

‐0.02

0

0.02

0.04

‐100000
‐200000
Displacement (cm)

Figure 14. Compare models
Figure 13. Damper 3
Now let's compare the behavior of circular and elliptical dampers and
TADAS dampers (the best case of the above 3 models).

As can be seen in Fig 14, the surface below the hysteresis diagram,
which indicates the absorbed energy, is better for the TADAS damper
than the circular damper and the oval damper.
9. Conclusion
The use of circular dampers absorbs more energy than oval sheet
dampers, and TADAS dampers perform better than both. So that
TADAS damper absorbs 91% of the total energy of the frame, circular
damper absorbs 84% of the total frame and elliptical damper absorbs
78% of the energy relative to the frame. The surge arrester must not
only waste most of the energy entering the frame, but must, like a
fuse, prevent excessive force from entering, which will cause the
braces to buckle. For this reason, the thickness of the damper, as well
as the thickness and number of hardening sheets, must be designed
in the optimal state. Excessive stiffness of the damper causes the
braces to buckle or give way, which will be considered undesirable
because the purpose of designing this style of a damper is to focus the
damage on the damper so that the main members of the structure
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such as columns, beams, and braces are low. The thickness of the
damper, the thickness, and the number of hardening sheets are the
most important factors in achieving the most desirable result so that
it can be selected with a more appropriate choice than the stated
models. Better results were obtained. Finally, the use of circular
dampers is recommended due to the simplicity of the execution steps.
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Increasing urban populations and decreasing amounts of green areas around the world
increase the recreational needs of people. The areas designed within the scope of increasing
recreational needs increase the amount of green areas in cities and attract the attention of
tourists. Tourism-oriented recreation areas should be suitable for the region and include
original values, taking into account the needs of the region. Scope of work; Recreation area
planning and design, which will be a first in Turkey, has been made along the Fol Stream in
the Tonya district of Trabzon city. Within the scope of this design, a tourism-oriented
recreation area is planned along a corridor with a length of 5.71 km, which will both meet the
needs of the local people and strengthen the local people economically. The planning and
designs made throughout the recreation area were tried for the first time with original
design and equipment elements within the scope of Thematic Rural Tourism Center.

1.Introduction
It is expected that the world population will be concentrated in cities
and this trend will continue in the projections created [1]. Since the
day Covid-19 emerged, all people have started to produce many
alternatives in order to live calmer and more isolated. One of these
solutions is to live in villages or rural settlements or to participate in
recreational activities frequently in rural areas. For this reason, urban
space solutions should be presented in rural settlements in
accordance with the region. While producing these solutions, it is
necessary to avoid the mistake of producing the same solutions in all
Turkish cities and making them all look alike. In short, the values
specific to the region should be handled and evaluated, and a path
should be taken in the light of this. In addition, while making
arrangements in rural areas, they should not adversely affect the
ecological conditions of the region, should not transform the area into
an urban space, and should not cause loss of identity. In this context,
Kalınçam Village in Tonya district of Trabzon province was
considered as the design area. The stream passing through Kalınçam
Village acts as an edge [2] within the village according to the planning
definitions. At the same time, it has been evaluated as a green road
within the scope of green infrastructure in order not to disturb the
ecological balance in the village.
Green roads are generally defined as natural formations such as
rivers, valleys, ridges, recreational areas following railway routes,
scenic roads, natural reserve areas, cultural/historical areas to
settlements or areas that connect them [3]. Green roads can be planned
for recreation or nature protection, as well as green roads with both
purposes.
Recreation; It is defined as getting away from daily routines, resting
mentally and physically, allocating time for personal hobbies in their
free time [4]. As urban activities and urbanization increase rapidly, the
need for recreational areas increases rapidly [4,5].

Since the second half of the 20th century, tourism has become one of
the fastest growing and expanding sectors in the world economy. The
effective use of the resources of the developing and expanding
tourism sector is important in terms of eliminating the imbalances
between regions and ensuring regional development [6]. It has also
revealed that the demographic and socio-economic changes that
occur in the local people within the framework of regional tourism
activities are effective in the view and attitudes of the local people
towards tourism [7,8].
Tourism is an economically important sector, both internationally
and nationally, throughout the country. Tourism has a great
contribution to employment, the use of unique values, equal income
distribution and the development of rural areas throughout the
country. But; When tourism physical planning is not done well, it
creates negativities for the protection of natural and cultural
environment. In order to protect these reservations and assets, the
concept of ecotourism has come to the fore in time [9].
Within the scope of this study, local characteristics and identity were
determined. As a result of the determinations, deficiencies were
determined in line with the needs of the local people. In this direction,
the elements with original identity value were abstracted and the
recreation area was arranged by considering the balance of protection
and use at the creek where reclamation work was done. Frequently
used in these abstractions in the region; designs were created based
on serender, stuffed eye tissue, black hive, scientific hive, bellows
used in beekeeping and honeycombs.
2.

Material and Method

Kalincam Village of Tonya district has been discovered in recent years
with its natural and cultural resource values, and has been declared
a Tourism Region with the aim of bringing the village to domestic and
foreign tourism (Figure 1). Among the tourism resource values are the
unique natural landscape features created by the topographic
structure, stream-wide and narrow valley formations, unique rural
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villages and plateau settlements and architecture, agricultural
landscape patterns and the Famous Fol Honey, dairy products
(famous butter, cheese), spruce, beech, Chestnut, rhododendron,
blueberry-dominated natural vegetation creates a unique structure
every season, a cool climate structure that offers bioclimatic comfort,
clean forest air and transportation opportunities. The population of
Kalınçam Village, one of the oldest and largest villages in the district,
is also very dense especially in summer months. All these
opportunities have attracted the attention of tourism investors, Folea
Tourism Facility has been put into service within the borders of the
village, and investment studies for new accommodation facilities are
continuing.

3.

Results

3.1. Determination of the natural life track
The natural life track is 5.71 km long during the planning phase
(Figure 3), and the area was planned in 2 stages.

Figure 3. Natural Life Planning Zone
The length of the recreation track planned as the first stage is 3.1 km
and covers the central region of Kayışlı-Kalınçam Villages (Figure 4).
Figure 1. Location Map of Tonya/TRABZON
As a result of the Fol Stream reclamation, which are about to be
completed by the State Hydraulic Works (DSI), the evaluation of new
area gains along the stream route has come to the agenda. While some
village residents made new arrangements in these areas as
agricultural areas, some of them started to create commercial areas.
Although the stream was successfully reclamated by DSI in terms of
technique, the visibility of the water decreased visually, even though
this construction was supported by reinforcements such as stone
walls, wrought iron fences and bridges (Figure 2). The natural
ecosystem of the stream has deteriorated, and although access to the
stream has been achieved at some points, human, domestic and wild
animal access/easy access to the water has been partially limited in
general. For this reason, the walking path to the waterside has gained
even more importance in terms of making the waterfront more useful
and visually contributing to the region.

Figure 4. Stage 1 of Natural Life Track Planning Zone
The length of the track planned as the second stage is 2.61 km long,
although it is north of the first stage (Figure 5). While determining the
natural life track, it emerged as a project that connects the villages,
stretches along the Fol Stream where the reclamation work is carried
out, and will reveal the natural values of the region, at the same time
protect the local values and fill the lack of recreation areas in the
region where tourism comes to the fore.

Figure 2. Fol Stream, which has been reclamation
The idea of a walking and bicycle path project within the boundaries
of the village was conveyed to the Mayor of Tonya, who stated that he
would follow up the project if it was created. Project preparations are
ongoing and it is aimed to be introduced in the near future.
The walking path initially covers the distance between the first
mosque in the village and the Scout School area at the village exit (5.71
km). The second mosque area, which is the village center, was chosen
as the pilot area. The walking path was passed from the opposite side
of the stream in other parts parallel to the main road in places with
suitable width. Uninterrupted transportation was provided by using
the existing wrought iron bridges on the walking path.
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Figure 7. Natural Life Track Concept Design Area
3.4. Structural planning
Uninterrupted walking and cycling path will be covered with natural
compaction ground.

Figure 5. Stage 1 of Natural Life Track Planning Zone
3.2. Determination of the most suitable recreational equipment
areas in the natural life track
The functions in the natural life track have been determined both
within the scope of spreading the tourism vitality in the region to the
whole region and considering the property status of the lands. In
addition, the needs of local people were determined through
observation and recreation items in the area were included. At the
center of the life track, original designs reflecting the local sociocultural structure were included by making abstractions to promote
local values and especially Fol Honey and attract tourism-oriented
attention (Figure 6).

A lost culture recovery was achieved by placing the gazebos, called
“Serender” in the region, in suitable areas along the walking path.
Hartama, which was used as a roofing material in the region in
ancient times, will provide harmony with the natural environment.
Seating units are made of natural wood logs. For this purpose, resinfree trees such as beech, chestnut, oak and alder will be used.
At the point close to the center, original children's play elements from
the natural trees of the region will be placed.
There are view terraces and canopies in suitable areas along the
waterfront with the walking path. Shades will be built on the terraces
extended over the water so that they can see the water. Care has been
taken to ensure that these are compatible with nature, reflecting the
leaves of herbaceous or woody plant species that grow naturally in the
region. For example; The herbaceous plant known as kela in the
region and the mushroom plant, which has many species in the
region, were used.
At a point close to the village center, there is a local product sales area,
a country cafe with a library, a security and a service building for bike
rental. All the buildings in this area will be built in the style of stone
knitting between wooden beams and the traditional architecture of
the region will be kept alive in this area. This type of building style is
used in all structural units, contributing to the brand value of the
area.
The idle local house at an accessible distance along the walking path
will be restored and equipped as a village mansion, and it will be
turned into a stopover area or promotion office that offers the
opportunity to eat and drink.

Figure 6. Fol Honey Concept Design Area
3.3. Design of recreational equipment elements-Concept
Local values were prioritized in the design of recreational equipment
elements in the course planning. A special inspiration and concept
area has been determined for the promotion of Fol Honey, one of the
most famous products in the region.
In addition, the most known of the local architectural elements along
the track; modern Serender structures have been redesigned and
placed at certain distances along the track. In terms of the economic
development of the local people; Designs such as the Local Village
Market, Book Cafe, Country Wedding Area, and Lake Area are included
(Figure 7). These designs are; Although it is tried for the first time in
Turkey within the scope of thematic rural tourism center, it has an
original design.

The walking path will be integrated with the newly designed country
wedding area.
Along the road route, there are fountains, WCs and garbage cans. With
the traditional fences of the region, function and visuality are
provided in the space.
Along the route, introductory plates that introduce the natural and
cultural features of the region and show the walking distance will be
placed.
In the illumination of the area, night use was encouraged by placing
medium-height lighting poles that reflect the flower of the
likarpa/blueberry plant that grows naturally in the region. In some
areas, spot lighting was preferred to emphasize the architectural and
natural structure.
Completely natural plant species were used in order to provide the
opportunity for shady walks and to provide visuality along the shores
of the road. For this purpose, plant species such as mountain ash,
mountain maple, rhododendrons, likarpa, currant, viburnum,
euonymus, lily were mainly used, and all plant species will be labeled
with their scientific names in terms of environmental sensitivity
along the route.
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3.5. Advantages and disadvantages of recreational planning of
Kalınçam Village
Due to the excessive increase in vehicle traffic, pedestrian
transportation in the village jeopardizes pedestrian safety / lack of
walking area for pedestrians on the roadside
Existence of new waterfront areas that will ensure pedestrian safety
and provide an opportunity for the construction of walking paths with
the completion of the stream improvement work.
Having a suitable slope and flatness for the pedestrian road in the
village / suitability of the topography, uninterrupted transportation
opportunity
Providing the opportunity to use as a bicycle path as well as safe
pedestrian transportation / encouraging the use of bicycles
It offers pedestrians the opportunity to walk in a more comfortable,
noise-free, safe, healthier and more natural area away from exhaust
gas on the waterfront.
Opportunity to create different recreational/resting and shopping
areas along the walking path

In case the pandemic disappears, it is expected that foreign visitors
will come to the village. The project idea can be discussed with
Trabzon
Governorship,
Metropolitan
Municipality,
Tonya
Municipality, tourism investors, village headman and residents, the
feasibility of the project can be made and the project can be sourced
from the relevant funds. It is also an opportunity to have local
politicians who will convey the project to the relevant authorities and
contribute from the procurement of resources to its implementation.
The project, the main concept of which has been presented above, will
be carried out jointly with Tonya Municipality. With the
implementation of the project, an original design will emerge that
completely refers to the natural and cultural environment.
A physical change process has begun to be experienced with new
investments in the village of Kalıncam, which has been declared a
Tourism Zone. In all physical investments, non-recyclable structures
that will disrupt the natural and cultural structure of the region
should be avoided. There is a need for controllable physical
investments that are ecological, aesthetic, sustainable, highlighting
the local identity, in peace with the user. In all investments, first of
all, village residents should be informed and the balance between
protection and use should be taken into consideration with a
participatory approach. We all have a great responsibility to carry our
natural and cultural resource values to the future with confidence.

Benefiting from the visual and bioclimatic effect of the stream
In addition to the tourism investments in the village, the location of
the village on the main transportation route of many highland
settlements / the prestige it will provide to the village in addition to
its function.
Opportunity to use natural living and non-living building materials /
ecopark, sustainable approach compatible with the environment
Positive approaches of Tonya Municipality, which is the implementer,
on the subject and the possible encouragement of the village because
it is a neighborhood of Trabzon Metropolitan Municipality/decision
makers to know the region.
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Contributing directly to employment with the presence of security,
cleaning and control officers throughout the area.
With the implementation of the project, besides providing a
comfortable livable space for the local people, it is aimed to bring
many benefits such as contributing to the economic structure of the
region, functional, aesthetic, ecological, providing prestige to the
village and contributing directly to its promotion.

3.6. Challenges/threats to the construction of the recreational
project
Cost/economic situation in the implementation of the project
Reluctance of decision makers and implementers
Negative approaches of the owners of agricultural land on the river
bank
Expropriation difficulties in some areas
Problems that may arise if the area is used intensively
4.

Conclusion

Due to the increasing traffic density in the village of Kalıncam, which
has a dense population especially in the summer months, pedestrian
safety is in great danger. Due to the absence of any pavement along
the highway, local people have to use the highway in their daily lives
as pedestrians. The new area gains as a result of the reclamation of
the stream have created an opportunity to construct a walkway that
will provide many benefits outlined above. Tourism investments in
the village have increased the visibility of the village.
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This work shows the application of a new breakage model fitted using discrete element
method (DEM) simulations in laboratory scale, which are used to model the bead motion
inside the planetary ball mill and also to estimate the energy generated and distributions of
particles of a dry powder. Thus, the same material can be fitted to various experimental tests
with varying calibration. The simulations results showed that charge throw trajectory was
more susceptible to mill speed. Hence, the contact parameters revealed negligible effect on
grinding dynamics.

and abrasion were negligible in the case of smaller size and a
remarkable deviation from first order breakage kinetics.

1.Introduction
Over the last decades, discrete element method (DEM) simulation has
been considered as a significant numerical tool for computing the
effect and motion of small number of particles applied in various
engineering fields such as mathematical and material sciences.
In 1970s, the DEM was developed by Cundall and Strack (1979) [1] in
the aim of solve problems associated with rock mechanics. They also
used distinct element method in the aim of distinguish the soft
contacts model of finite duration from the event driven method.
Mishra and Rajamani (1992) [2] used DEM for the first time to simulate
torque and mill power conforming to the rotating mill speed. Thus, all
parameters are determined experimentally for various operating mill
conditions. The results showed that the anticipated torque agrees with
the experimental results.
Cleary (2001) [3] investigated the influence of changes in mill
operating parameters on the change power draw and shape of a 5-m
ball mill by using DEM modelling. The results revealed that the
inclusion of particle shape contributes to the enhanced quantitative.

Rosenkranz et al. (2011) [7] simulated the ball motion in planetary ball
mills by DEM modelling technique. They also investigate the effect of
important parameters such as ball filling, friction shall, speed, etc. on
the ball movement. The obtained results showed a remarkably effect
of the friction conditions and ball filling ratio.
Siiria and Yliruusi (2011) [8] investigated the effect of parameters on
degree of mixing and energy using a simulation based on Newtonian
mechanics. The results revealed that the choosing of the appropriate
mixing parameters can improves the final result with less strain on
the material mixed.
Wang et al. (2012) [9] investigated the grinding process in tumbling
ball mills using a DEM based model. Thus, three forms of energy inner
mills are studied and associated to particle breakage. They revealed
that the collision energy was more directly related with particle
breakage.

Gudin et al. (2007) [4] investigated the effect of the friction coefficient
on the bead movement in

DEM simulations were conducted to evaluate the validity of a number
of hypothesis habitually used in advanced ball mill modelling by
involving both milling media and particles powder in the simulations
[10].

a bead mill under wet conditions by using DEM simulation. The results
showed that the bead velocity obtained by simulation was compatible
with that obtained experimentally.

Additionally, the relationship between mill diameter, particle
gravitational acceleration, and rotation speed was studied by using a
series of DEM simulations [11].

Cleary et al. (2008) [5] used a slice model to explore the influence of
various coarse cement feed sizes in a 36’ semi-autogenous mill by
using DEM modelling. They showed that breakage in the mills was
nearly always the result of multiple collisions. They also revealed that
when using a dynamic breakage model DEM simulations predict
reasonable fracture rates, particle flow pattern, and product size.

Daraio et al. (2020) [12] used DEM to simulate the bead movement
inside two different mills (planetary ball mill and attritor mill) and to
estimate both the specific energy and the stress energy during
mechanical milling of - and -alumina. They revealed that the
formation of -alumina nuclei was controlled by the stress energy.
The simulations results showed that the average specific energy and
stress energy for the planetary ball mill are about 15 and 1000 times
greater that for the attritor mill, respectively.

Tavares and Carvalho (2009) [6] established a mathematical model to
describe the breakage rates of coarse particles in ball mills. The
simulations results showed that the contribution of particle damage

Bibak and Banisi (2021) [13] used a combined physical and DEM
modelling approach to study particle shape effects on load motion in
tumbling mills. They showed that cubical particles participated 5 %
more in the high energy impact action compared to spherical particles
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and that the simulation time increased by 35 times when the shape
changes from spherical to cubical.

However, average overlap of 0.1-0.5 % of the particles diameter and
spring constant of 106-108 Nm-1 are required.

Marijnissen et al. (2021) [14] simulated the comminution process in a
high speed rotor mills by coupling computational fluid dynamics (CFD)
with DEM. Thus, the obtained data was used to determine the
minimum mandatory working parameters to reach proper ore
comminution.

In addition, the tangential force is given by:

Ponzini et al. (2021) [15] used coupled CFD-DEM model to simulate the
dispersion and aerosolization of the drug product powder particles.
They concluded that it is possible to validate coupled CFD-DEM
simulations to investigate the carrier aerosolization.

Ct is the tangential damping coefficient (𝐶

In our previous work (2021) [16], we studied the simulation of highenergy ball milling process by using DEM modelling approach. The
simulations results showed the efficiency of mechanical alloying
process for low velocities ratios.
This work aims to investigate the modeling of dry milling in planetary
ball mill through discrete element method simulations.

11.

𝐹

min 𝜇𝐹 , 𝑘

𝜗 𝑑𝑡

𝐶𝜗

(2)

where kt is the tangential spring stiffness constant (𝑘
2

8𝐺 ∗ 𝑅 ∗ 𝛿 ),

𝛽 𝑘 𝑚∗ ), µ is the

friction coefficient, and ϑt is the tangential velocity. The integral of
the tangential velocity over the relative behaves as an incremental
spring that stores energy from the relative tangential motions. The
total tangential force is limited by the Coulomb’s frictional limit (µFn).
2.2. Particle shape
During DEM simulations, the particles are represented as a spheres or
super-quadrics according to the following equation:
1

(3)

where m is a constant that determines the shape of the particles and
the ratios b/a and c/a determine the aspect ratios of the particles.

Discrete element method

2.1. Contact model

For m = 2: elliptical particles are obtained;

DEM is a particle based technique where each particle in the flow is
tracked and all collisions between particles and between particles and
boundaries are modeled using a contact force low.

For m = 10 and aspect ratios = 1: cubic particles are obtained;

The contact force law is based on a linear spring-dashpot model
defined by normal and tangential components (Fig. 1).

However, the simulation time using super-quadratics is much longer
than those using spheres.

For a = b = c: spherical particles are obtained.

In this context, Williams and Pentland (1992) [17] first used DEM
simulations for modeled 2D shape particles. Thus, Cleary (2004) [18]
first applied DEM modelling to investigate 3D shape particles.
12. Mill configuration and simulation parameters
The ball mill used in this study is a planetary ball mill, utilized in
laboratory scale (Fig. 2). The powders distribution, the balls
distribution, and the wear were modeled using DEM approach. The
simulations of dry mill were conducted by using a standard
coefficient of restitution of 0.3 and a friction coefficient of 0.75 (ballball and ball-liner collisions) [3]. The charge consisted of powders and
balls with filling of 40 % of the charge (by volume). The materials
properties used for simulation are presented in Table 1. The ball mill
parameters are illustrated in Table 2. The specific gravity of the media
is equal to 2.7.

Figure 1. Collisions of balls in normal and tangential directions

The normal force is given by:
𝐹

𝑘 ∆𝑥

𝐶 𝜗

(1)

where kn is the normal spring stiffness constant 𝑘

𝐸 ∗ 𝑅 ∗ 𝛿 , Δx

is the amount of overlap, ϑn is the normal velocity, and Cn is the
normal damping coefficient (𝐶

2

𝛽 𝑆 𝑚∗ ), which determines the

effective coefficient of restitution.
Figure 2. Ball mill used in this study
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Table 1. Materials properties used for simulation
Parameter
Poisson’s ratio
Young’s modulus (N/m2)
Density(kg/m3)

Value
0.3
1.8×1011
7700

Moreover, the speed coloring (from blue: slow to red: fast) provides
information on the charge motion (see Fig.4a-d). Fig.4d shows moving
particles in high speed, which produce high energy impacts during
milling (with velocity of 8.56 m/s). It would be considered that the
number of collisions decreases with increasing energy per collision
[12].

Table 2. Ball mill parameters
Parameter
Shaft power (kW)
Angular speed (used here) (rpm)
Effective diameter of main disc (mm)
Milling process
Mill filling (%)
Mill speed (% critical speed)
Time step (s)
Ball density (kg/m3)
Vial density (kg/m3)
Materials of the milling tools
Length (mm)
Depth (mm)
Height (mm)
Weight (kg)

Value
0.37
250
140
Dry
40
10-100
1.01×10-4
7700
7700
Stainless steel
370
530
500
50

13. DEM simulation results
The modelling hypotheses are described by starting with the
identification of the material (contact law), the geometry of mill and
filling, and the description of the simulation and the post-processing.
During simulation, all the particles are considered and represented as
a spherical element.
The stages of building a model are:
- Geometry clean-up;
- Geometry import;

Figure 4. Snapshots of particles in planetary mill at different stages
of particle breakage

Fig. 5 shows the variation of specific energy with particle size. The
figure demonstrates that the specific energy decreases approximately
exponentially with increasing particle size from 0.08 to 0.005 kwh/t.
The specific energy can be divided into two components (normal and
tangential). Hence, the specific energy is strongly related to mill speed.

- Settings the dynamics of model elements;
- Setting the parameters of model elements;
- Setting the parameters of bulk materials
Moreover, the CAD geometry used for simulation is given in Fig. 3.

Figure 5. Variation of specific energy with particle size

Finally, the presented work gives a semi-quantitative measure of the
change in milling speed as the liner profile changes.

Figure 3. CAD geometry used for simulation

Fig. 4 illustrates the different stages of particle breakage. The powders
distribution is mainly concentrated near the wall of vial due to the
high centrifugal accelerations caused by the movement of the vial.
With an increase in velocity, the powders occupy almost the entire
volume of the vial space. In addition, the smaller particles, which
receive large amount of the impact energy, circulate on closed
trajectories near the wall of vial due to gravity. The results are in
accordance with those obtained by Hirosawa et al. (2021) [19].

14. Conclusion
DEM simulations provide a powerful solution into understanding the
effect of the parameters on planetary ball mill performance. The
combination of an increase in energy intensity and collision
frequency leads to increased probability of breaking a powder particle.
High energy and low frequency impacts cause body breakage. Liner
design has an important effect on milling efficiency. Thus, by
optimizing the design through starting materials, a number of
enhancements can be made to reduce relining time and to improve
wear resistance. Also, DEM simulations can be applied to calculate
collision rates and impact energy spectra of balls in industrial mill.
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Nomenclature

planetary ball mill and an attritor mill. Minerals Engineering
155(2020)106374.

DEM : Discrete Element Method
CFD : Computational Fluid Dynamics
F : force
n : normal components
t : tangential components
E : Young’s modulus
G : Shear modulus
m : mass
m* : effective mass
V : velocity
R : radius
rel: relative
δ : overlap
ε : coefficient of restitution
µ : coefficient of static friction

[13.] Bibak, Z., Banisi, S.. A combined physical and DEM modelling
approach to investigate particle shape effects on load movement
in tumbling mills. Advanced Powder Technology. 32(3)(2021)916930.
[14.] Marijnissen, M.J., Graczykowski, C., Rojek, J.. Simulation of the
comminution process in a high-speed rotor mill based on the
feed’s macroscopic material data. Minerals Engineering
163(2021)106746.
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A statistical analysis on the aftershock sequence of January 24, 2020 Sivrice-Elazığ (Turkey)
earthquake was performed by using well-known parameters such as b-value and p-value.
Aftershock catalog was taken from KOERI and includes 4458 aftershocks in one year after
the mainshock. b-value was computed as 0.82±0.02 by considering the magnitude of
completeness value as Mcomp=1.9. It is smaller than typical b1 and this small b-value may
be caused by the abundance of aftershocks with ML4.0. p-value was estimated as 0.80±0.02
with a c-value=0.279±0.068 and it is smaller than the global p1. This low p-value may due
to the relatively slow decay rate of the aftershock activity. The lowest b-values were found
in the north, south and southwest direction of the mainshock including Pütürge and Erkenek
segments. These findings indicate that there is a relation between the largest aftershocks
and the lowest b-values. The highest p-values were observed in and around the mainshock
including Pütürge segment. The regions with the smallest b-value and the largest p-value
have large stress and coseismic deformation, respectively. Stress variations and coseismic
deformation are highly effective on the b-value and p-value variations. Thus, earthquake
hazard may be evaluated with the aftershock hazard parameters and spatio-temporal
analysis of aftershocks is suggested for a preliminary assessment after the mainshock.

1.Introduction
Analysis of spatio-temporal behaviors of aftershock sequences can be
considered as one of the significant tools for the understanding of
earthquake mechanisms because aftershock occurrences supply
potential information about the nucleation of earthquakes and
physical characteristics of materials in the earthquake fault zone [1].
Aftershock occurrences provide a detailed source of information on
the Earth’s crust, fault geometry, stress distribution after the
mainshock and earthquake source properties as well as the aftershock
hazard in comparison with mainshock hazard [2]. Thus, aftershock
sequences continue to exist as the key features of earthquake activity
and hence, evaluation of aftershock sequences have been gained
increased attention in recent years.
A large earthquake (with an intensity of Io=IX), which struck the
Pütürge segment in Elazığ, with moment magnitude Mw=6.8 (local
magnitude ML=6.6) at a depth of 4.8 km which has left lateral strike
slip faulting mechanism, occurred on January 24, 2020 between the
southern Elazığ and Malatya provinces at local time 20:55:11.0
(17:55:11.0 UTC).This earthquake was one of the largest earthquake
affecting the EAFZ since 1971 (M6.8 Bingöl earthquake) and effected
four cities surrounded the mainshock epicenter. The main shock
directly caused heavy damages and resulted in 41 causalities with
hundreds of injured people. After the earthquake, 1540 buildings were
damaged moderately, while 8519 buildings were damaged heavily and
collapsed.
The principal purpose of this study is to make an evaluation of the
aftershock sequence following the January 24, 2020 MW=6.8 SivriceElazığ earthquake. For this purpose, a statistical analysis including
characteristic aftershock parameters such as the b-value in the
Gutenberg-Richter formula, p-value in the modified Omori law was

achieved by using 4458 aftershocks described in one year from the
mainshock. ZMAP software package [3] was used for all estimations of
aftershock parameters.
15. Methods
Magnitude-frequency distribution of aftershock occurrences was
given by Gutenberg and Richter (1944) [4]. This basic form is well
known in earthquake statistics and empirical equation can be given
as follow:

log 10 N ( M )  a  bM

(1)

where N(M) is the cumulative number of aftershocks with magnitudes
larger than or equal to M, a-value and b-value are positive constants.
Changes in a-value depend on the observation period, size and
seismicity of study region, and it exhibits important variations for
different regions. b-value defines the magnitude-frequency relation
of aftershocks and, tectonic structure of study area effects the regiontime changes in b-value. Utsu (1971) [5] suggested that b-values
changes mostly between 0.3 and 2.0. A negative correlation exists
between b-value and stress distribution and, b-value shows the ratio
between the relative numbers of small and large earthquakes in the
region [6].
Temporal decay rate of aftershocks can be defined by a power law
named as the modified Omori law or Omori-Utsu law [7]. Aftershock
decay rate with time after the mainshock can be given by following
scaling law:

n(t ) 

K
(t  c) p

(2)
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where n(t) is the number of aftershocks (aftershock decay rate per day)
per unit time t (days) after the mainshock. p, c, and K values are
empirically derived positive constants. They depend on the activity
rate in the earliest part of the sequence and the total number of
aftershocks in the sequence, respectively. K-value, stated as
aftershock productivity, is controlled by the total number of events in
the sequence. It is a normalizing parameter and depends on the total
aftershocks number and the threshold magnitude. c-value is
dependent on the aftershock activity rate in the earliest part of the
sequences and incomplete detection of small aftershocks in the early
stage of sequence effects c-value estimation [8]. Fast decay rate of
aftershocks has large p-value but slow decay of aftershock sequences
has small p-value. It is stated that p-value generally varies from 0.5
to 1.8 for different aftershock occurrences in the world. Changes in pvalue may be associated with fault heterogeneity, slip distribution or
crustal heat flow but it is not clear which condition among them is
more effective in p-value changes.
16. Results and Discussions

incompleteness cane be seen in the catalog at earliest part of the
aftershock sequence and therefore, an artificial large c-value can be
computed. In fact, there is no upper limit of c-value. However, this
value is generally suggested as small or very small: for example,
around 0.01. In this stud, it is aimed to remove these types of
uncertainties on the estimations by considering Mmin=1.9 and
Tstart=0. With this approach, the earliest part of the sequence is
included in the analyses and completeness was provided although the
number of aftershocks strongly decreased. Thus, in order to estimate
the decay parameters of the modified Omori law, 2235 aftershocks
were used with ML≥1.9.
Fig. 2 shows the cumulative number of aftershocks in one year after
the Sivrice-Elazığ mainshock. Considering the slope of the cumulative
number of aftershocks curve, two subregions may be defined on Fig.
2. The first two months can be considered as the first part and the rest
ten months as the second region. 2537 aftershocks were recorded in
the first two months from the mainshock and there are totally 1921
aftershocks in the remaining time period. Aftershock activity after the
first two months is relatively constant and indicates a slower decrease
by comparison with the activity of the first two months.

Aftershock catalog were supplied from the Bogazici University,
Kandilli Observatory and Earthquake Research Institute (KOERI). The
aftershock region were limited by taking into account the different
studies and reports and thus, the area between the coordinates 38.3E39.7E and 38.0N-38.7N was selected (Fig. 1). Aftershock catalog is
homogenous for local magnitude, ML, and consists of 4458 events with
magnitudes 0.6≤ML≤5.7.There are 4165 events with magnitude ML<3.0,
246 events with 3.0ML<4.0, 41 events with 4.0ML<5.0, 6 events with
ML5.0 and aftershock with ML=5.7 is the biggest of all. The highest
density of aftershocks (all size of events in general) was recorded in
all the parts of the aftershock region whereas the larger aftershocks
(ML4.0), including the biggest event, were especially observed in and
around the mainshock, in the northeast part of the mainshock and
southwest end of the aftershock region (Fig. 1).

Figure 2. Cumulative number of aftershock in one year after the
mainshock

Figure 1. Epicenter distributions of aftershocks of Sivrice-Elazığ
earthquake.
For the estimation of aftershock parameters, two important inputs
must be organized to ensure the completeness: (i) minimum
magnitude threshold, Mmin, and (ii) a minimum time threshold,
Tstart, i.e. excluding the first hours to days from the mainshock. As a
simple way, Mmin can be considered for the shortest Tstart and thus,
this approach uses the highest magnitude completeness (Mcomp)
value, described for the earliest part of the sequence [9]. This
magnitude level can be simply defined as the lowest magnitude in the
catalog and is based on the assumption of Gutenberg-Richter scaling
law distribution of magnitudes. Mcomp level includes 90% of the
earthquakes that can be sampled with a scaling law [10] and shows
spatial and temporal changes according to different networks and
catalogs. For the aftershock sequence of Sivrice-Elazığ earthquake,
Mcomp value was taken as 1.9 in the estimation of both the b-value
and p-value. Although the maximum number of aftershocks is
recommended to be used, the amount of available data is reduced with
this application. Thus, for the aftershock sequence of Sivrice-Elazığ
earthquake, Mmin=1.9 and Tstart=0.01 were used to calculate the
aftershock decay parameters. c-value is measured in time unit, days
for example. After some big earthquakes, some delay (usually small)
can be seen in the aftershock sequences. It can be observed in the
aftershock decay curve with time. In many cases, however, a large

Gutenberg-Richter relation and magnitude-frequency distribution of
aftershock sequence was given in Fig. 3. Mcomp value was taken as
1.9 and b-value was calculated as 0.82±0.02 by using the maximum
likelihood solution. This b-value is relatively smaller than the average
b-value of 1.0 which is observed worldwide. However, as seen in from
Fig. 3, magnitude-frequency distribution of Sivrice-Elazığ aftershock
sequence is well represented by Gutenberg-Richter scaling law with
an average b-value close to 1.0. Frochlich and Davis (1993) [11]
suggested that some factors such as the higher stress concentration
or high strain in the region, low heterogeneity degree of medium can
cause decreases in b-value. Bender (1983) [12] provided a detailed
study on the dependence of b-value to the data fitting techniques,
relative number of small and large earthquakes, maximum
magnitude in the catalog, the interval size and sample size. Low bvalue is related to the great number of large earthquakes, whereas
high b-value indicates that there are many small earthquakes rather
than great earthquakes in the catalog. As given in data section, there
are 246 aftershocks with 3.0≤ML<4.0 and 47 aftershocks with ML4.0.
Thus, this low b-value may be related to relatively large number of
aftershocks with ML4.0.

Figure 3. Gutenberg-Richter relation and magnitude-frequency
distribution of aftershock sequence
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The modified Omori law fit to the cumulative numbers of aftershock
sequence observed from mainshock time of January 24, 2020 SivriceElazığ earthquake and estimated aftershock decay parameters for
different starting times with the magnitudes McompMmin were
plotted in Fig. 4. All aftershock parameters including p, c and K-values
in the modified Omori formula, their standard deviations, the
minimum magnitude, starting time for the data and the number of
aftershocks were also given. For the calculation of p, c and K-values,
the maximum likelihood approach was used, and the aftershock
sequence was modeled by the modified Omori model, closely following
the modified Omori law with a clear exponential decay. p-value was
calculated as 0.80±0.02 was estimated for the sequence by using
Mmin=1.9, Tstart=0.01 with a c-value=0.277±0.068. According to the
Dieterich (1994) [13], if a main shock is modeled as a dislocation,
aftershock rate within a finite time interval and region decays with
the p-value about 0.8, due to a nonuniform stress change around the
mainshock. Helmstetter and Shaw (2006) [14] stated that a
heterogeneous stress distribution produces a power law decay with a
p-value smaller than 1.0 (the more heterogeneous the stress is; the
larger p-value is (closer to 1). According to these results, there is a low
stress heterogeneity in the Sivrice-Elazığ aftershock sequence. A
smaller p-value for an aftershock occurrence also indicates a slow
decay rate and thus, the aftershocks sequence of the Sivrice-Elazığ
earthquake has a relatively slow decay rate (as seen in Fig. 2).

mainshock including Ulutaş, Kavakköy and Aladikme) and there is a
faster decay of aftershock activity in these areas. On the contrary,
lower p-values (<0.7) were obtained in the south parts of the Hazar
Lake, northwest part of Pütürge segment and southwest end of the
aftershock region (including Durmuştepe, Çakırköy, Yangınkonak,
Erkenek segment, Başmezra, Pelitli and Erenli). These small p-values
means that aftershock decay rate is slower in these parts rather than
in the other parts of the region. Thus, aftershock activity decays faster
in and around the mainshock epicenter (p~1.1) than that of along the
rest parts.

Figure 5. Regional variations of b-value. b-value was plotted by
sampling the nearest 350 aftershocks with cells spaced 0.02 in
latitude and longitude. Star shows the mainshock

Figure 4. The modified Omori law fit to the observed data and
aftershock decay parameters starting 0.01 days after the mainshock
To obtain regional changes of b-value and p-value, aftershock area
was divided into rectangular cells separated 0.02 in latitude and
longitude. The closet nearest epicenters (number of events, Ne) was
taken as 350 aftershocks for each cell and the minimum nearest
epicenters (Nemin, minimum number of events > Mcomp) was taken
as 100 events. Then, regional variations of b-value and p-value were
mapped considering the number of aftershocks between 100 and 350.
Next, as an important input data, c-value was taken as 0.279 days and
Tstart=0.01 days since these input parameters are more satisfying
(Fig. 4) for the regional imaging of p-value.
Regional changes of b-value and p-value for aftershock sequence
were shown in Figs. 5 and 6, respectively. b-value show regional
changes between 0.5 and 1.2, and regional variations in p-value vary
from 0.5 to 1.1. Aftershock activity (including all size of aftershocks
with ML<5.0) was densely occurred in and around the mainshock, in
the northeastern and southwestern parts of the mainshock (Fig. 1).
Also, the largest aftershocks with ML≥5.0 show a high density around
the mainshock epicenter and in the southwestern end of the
sequence. b-value changes can be thought as three groups: (i) the
smallest b-values (<0.8) to the north and south direction from the
mainshock epicenter (including Gülmahmut, Akçakiraz, Sivrice,
Ulutaş and Kavakköy) and in the southwestern end of the region
(including Erkenek segment, Pütürge, Uzuntaş, Başmezra and Pelitli),
(ii) intermediate b-values (between 0.9 and 1.1) to the northwest and
southeast direction from in Pütügre segment (including Harabekayış,
Akuşağı, Yangınkonak, the north and south parts of Hazar Lake), and
(iii) the highest b-values (>1.1) to the northeast end of the region
(including Değirmenönü, Durmuştepe and Çayırköy). The smaller bvalues were generally computed in the larger aftershock (ML≥4.0)
regions, whereas the biggest b-values are related to the regions in
which aftershocks with ML<3.0 generally observed. Regional changes
of p-value for aftershock sequence have both low and high values in
all aftershock area. The largest p-values (>1.0) were found in the north
and south parts of the mainshock epicenter (in and around the

Figure 6. Regional variations of p-value. p-value was plotted by
using the same grid and number of aftershocks with cells spaced as
in the case of b-value map. Star shows the mainshock
Following the January 24, 2020 Sivrice-Elazığ earthquake, several
studies including geotechnical evaluations were made and different
parameters such as coseismic slip distribution and displacement, post
seismic deformation, mainshock faulting, rupture kinematics,
dynamic modelling and stress distribution were analyzed and
discussed. Obtained results in this study among b-value, p-value,
stress distribution and coseismic deformation are supported by the
general results provided by literature.
17.

Conclusions

Spatio-temporal evaluation of aftershock parameters following the
January 24, 2020 MW=6.8 Sivrice-Elazığ earthquake was made by
considering the b-value of Gutenberg-Richter relation and p-value of
the modified Omori model. Results include that the variations in b and
p-values are highly affected the stress distributions and coseismic
deformation after the mainshock. Hence, considering the aftershock
hazard after the mainshock, evaluation of the spatio-temporal
parameters of the aftershock sequences may give preliminary,
reliable and useful results for the fast evaluations of real time
aftershock hazard.
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The interaction of oblique monochromatic incident waves with a submerged porous structure
placed over undulated seabed is investigated in the context of two-dimensional linear wavestructure interaction theory. The solution of the associated boundary value problem is obtained
using the boundary element method (BEM). Various parameters of interest are studied to analyze
the wave scattering by the thick bottom-standing porous structure under oblique incident ocean
waves.

1.

Literature survey

Submerged breakwaters generally constructed in nearshore areas for
harbour protection. These submerged breakwaters are made up of
concrete blockas of different shapes and sizes. Theoretical models for
porous thick breakwaters had been developed by Sollitt and Cross
(1972). By using BEM, Sulisz (1985) solved the water waves past a thick
bottom-mounted porous structure which is also surface-piercing in
nature. Losada et al. (1996) developed eigenfunction expansion based
analytic solutions for the water wave diffraction due to the
interaction with submerged porous breakwaters. Koley et al. (2015)
developed semi-analytical solutionsand numerical solutions for the
scattering of oblique ocean waves by permeable thick breakwaters of
different shapes. Koley et al. (2015) investigated the performance of
trapezoidal muti-layered porous breakwater on wave scattering when
placed over a sloping seabed. It was seen that the outer porous layer
of the breakwater is effective to reduce the wave scattering and also
increase the wave energy dissipation. Behera et al. (2015) investigated
the wave scattering and trapping by thick rectangular porous
breakwater of different types in a two-layered fluid domain and had
shown that the waves scattering is affected by both the internal and
surface waves. Koley and Sahoo (2017) studied the wave scattering by
a semi-circular breakwater placed over undulated porous seabed and
found this particular shape of the breakwater is very effective to
reduce the wave scattering. Recently, Koley (2019) studied the regular
and irregular water waves interaction with bottom-standing thick
porous multi-layered breakwater. It was found that multiple layers of
porous materials can reduce the waevs scattering to a great extent.
Koley et al. (2020) studied the effectiveness of different types of
porous breakwaters on water waves scattering using numerical and
experimetal results. Panduranga et al. (2021) studied the effectiveness
of multiple slatted screens to reduce the wave forces acting on caisson
breakwater placed over undulated bottom. To quantify the amount of
wave energy dissipation due to the presence of thick porous structure,
Koley and Panduranga (2021) derived the energy-balance relation
when a train of water waves passes through the thick porous
structure. This study is really helpful to understand the effect of
various physical parameters on wave scattering by a thick porous
breakwater.

2. Mathematical formulation
In the present study, it is assumed that a rectangular permeable
bottom-standing breakwater of finite width 𝑏 is submerged in water
of finite depth ℎ. The flow of the water waves is of potential kind.
Assuming that the incident wave is propagating making an angle 𝜃
with the 𝑥-axis and the flow is simple harmonic in time with angular
frequency 𝜔, the velocity potential takes the form
𝛷 𝑥, 𝑦, 𝑧, 𝑡

Re 𝜙 𝑥, 𝑧 𝑒

where 𝑘
𝑘 𝑠𝑖𝑛 𝜃 and 𝑘 is the progressive wave number in the
open water region. Thus, as in Fig. 1, the spatial velocity potentials
𝜙 𝑥, 𝑧 for 𝑗 1,2,3,4 satisfy the modified wave equation as
𝛻

𝑘 𝜙

0, where ∇

𝜕
𝜕𝑥

𝜕
𝜕𝑧

(1)

along with the bottom and free surface boundary condition are given
by

and

𝜕𝜙
𝜕𝑧

0

on 𝑧

ℎ,

for

𝑗

1,3,4

(2)

𝜕𝜙
(3)
𝐾𝜙
0 on 𝑧 0, for 𝑗 1,2,4.
𝜕𝑧
where 𝐾 𝜔 /𝑔 , 𝑔 is the gravitational constant. The boundary
condition on 𝐿 is given by
𝜕𝜙
𝜕𝑧

𝜀

𝜕𝜙
,
𝜕𝑧

𝜙

𝑚

𝑖𝑓 𝜙 ,

(4)

In the aforemntioned papers, the water waves scattering by thick
porous structures of different shapes was studied analytically as well
as numerically using different solution techniques. However, the
ocean bottom is undulated in reality and so there is a need of study
the wave scattering by thick porous structures placed over undulated
bottom.
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4. Results and discussions

Figure 1. Schematic diagram of wave scattering by submerged porous
structure placed over undulated bed
where 𝜀 is the porosity, 𝑚 is the inertial coefficient and 𝑓 is the
linearized friction coefficient respectively. The continuity of pressure
and velocity at 𝑥 0 and 𝑥 𝑏 are given by
𝜕𝜙
, 𝑧∈𝐿 ,
𝜕𝑥
𝜙
𝜕𝜙
,𝑧 ∈ 𝐿 ,
𝜀
𝜕𝑥
where 𝑗 1 at 𝑥 0 and 𝑗 4 at 𝑥 𝑏. Finally, the far-field
boundary conditions are satisfied at the auxilliary boundaries
located far away from the porous structure.
𝜙 ,
𝑚

𝜕𝜙
𝜕𝑥

𝑧∈𝐿
,
𝑖𝑓 𝜙 , 𝑧 ∈ 𝐿

(5)

3. Boundary Element Method
In BEM, as in Fig. 1(a), regions 1 and 2 together refer to the inner
region, and regions 3 and 4 together refer to the outer region.
Applying the boundary conditions (2)-(5) into Green’s second identity,
the integral equations for the velocity potential in each domain of the
inner region are obtained as
𝐶𝜙

𝜕𝐺
𝜕𝑛

𝐾𝐺 𝜙 𝑑𝛤

𝜕𝜙
𝜕𝐺
𝜕𝐺
𝐺
𝑑𝛤
𝜙
𝑑𝛤
𝜕𝑛
𝜕𝑛
𝜕𝑛
𝜕𝜙
𝜕𝐺
𝜕𝐺
𝜙
𝐺
𝑑𝛤
𝜙
𝑑𝛤
𝜕𝑛
𝜕𝑛
𝜕𝑛
𝜕𝜙
𝜕𝐺
𝜙
𝐺
𝑑𝛤 0
6
𝜕𝑛
𝜕𝑛
𝜙

𝜕𝜙
𝜕𝐺
𝜙
𝐺
𝑑𝛤
𝐶𝜙
𝜕𝑛
𝜕𝑛
where the Green’s function 𝐺 is given by

𝜕𝐺
𝜙
𝑑𝛤
𝜕𝑛

0

(7)

𝐾 𝑘 𝑟
(8)
,
𝑟
𝑥 𝑥
𝑧 𝑧 ,
2𝜋
where 𝐾 is the modified zeroth-order Bessel function of the second
kind with 𝐶 0.5, 𝛤 and 𝛤 are the matching boundaries (with outer
region). To solve Eqs. (6) and (7), the entire boundaries of regions 1 and
2 are discretized into a finite number of segments, and the values of
𝜑 and 𝜕𝜙/𝜕𝑛 are assumed to be constant over each segment. Thus,
the integral equations (6) and (7) will be converted into corresponding
matrix equations. Finally, using continuity of pressure and normal
velocity with the outer region, a final matrix equation can be derived
and the required unknown coefficients can be determined.
𝐺 𝑥, 𝑧; 𝑥 , 𝑧

Figure 2. Variations of reflection and tranasmission coefficients 𝐾
and 𝐾 vs. (a) structural width 𝑘 𝑏 and (b) angle of incidence 𝜃 for
different values of structural height 𝑎/ℎ. Solutions obtained using
boundary element method (symbols) are compared with the analytic
solutions obtained using the eigenfunction exapnsion method (lines).
In both the figures 2(a) and 2(b), it is observed that with an increase in
structural height 𝑎/ℎ, 𝐾 increases and 𝐾 decreases. The reason
behind this is that as the height of the porous structure increases,
more amount of wave energy is getting reflected by the porous
structure and less being transmitted in the rear side. Futher, Fig. 1(a)
illustrates that reflection coefficients 𝐾 are of oscillatory pattern. In
Fig. 2(b), it is seen that the reflection coefficient 𝐾 increases after 𝜃
50 , around which the relfection coefficient attends zero minimum.
The results are opposite in case of transmission coefficients.
5. Summary
The present study deals with the scattering of oblique incident waves
with a submerged thick rectangular shape porous brekwater placed
over undulated bed. The solution of the physical problem is obtained
using the well-known boundary element method. It is seen that the
reflection coefficient are oscillatory in nature with the variation in
structural width. Further, the height of the porous structure plays an
imporatnt role to control the scattering coefficients. Moreover, it is
seen that the relfection coefficient attains global minimum when the
angle of incidence is approximately 𝜃 50 . These observations
demonstrate that the structural configurations and the angle of
incidence can be optimized to control the wave scattering parameters.
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The need to conserve energy and traditional sources leads to increased energy efficiency. If
maintaining the comfort of living is also added to these efforts, it can create conditions for
rational energy consumption using the guidelines of sustainable development. Local
thermal and electrical energy consumption in Serbia can be reduced considerably. This
requires investments in the replacement of joinery and building insulation, which have
become outdated, predominantly in public buildings in rural environments. Building
rehabilitation through construction work has not yet been recognized as a priority measure
for energy efficiency. Investing in the provision of larger quantities of energy-generating
products will in turn ensure the necessary thermal characteristics of used spaces in old
buildings. This paper analyzes high energy consumption in public buildings to emphasize
the need for building adaptation and energy conservation.

1.Introduction
In the current stage of development, energy efficiency forms the basis
for the development of any modern society. Sustainable energy
development highlights the need to consider energy consumption [1.]
and the possibility of living without overburdening nature and
exhausting traditional energy resources. Rational energy
consumption would cause a gradual decrease in the consumption of
energy-generating products. The relevant legislation [2.] is the
foundation for the implementation of energy efficiency measures,
which is why it is imperative to adhere to the adopted laws, strategies,
regulations, and directives pertaining to the energy industry. The
energy management system regulates the authority of the
government and the ministers [3., 4., 5.] and defines the designated
parties of the energy management system and their responsibilities,
the goals of energy conservation and consumption limits, the
responsibilities and conflict of interest of certified energy auditors,
the responsibilities of energy managers, the procedure and
methodology for creating reports on completed energy audits, as well
as other elements concerning data confidentiality and energy
manager licenses.The regulation of the energy management system
also includes the definition of governmental and ministerial
authority, as well as appointment and licensing of energy managers
and energy auditors. Laws pertaining to the energy industry also
regulate the organization of training for energy managers and
auditors as well as their license revocation, which is why they should
focus on all public buildings at the local level. Planning acts for energy
efficiency of the designated parties of the system prescribe the
procedure for writing the energy efficiency programs of local selfgovernment units. The purpose of the energy management system is
to resolve the ongoing issues and to introduce energy conservation
measures.Table 1 shows a detailed procedure of ensuring energy

efficiency and appointing energy managers and auditors, whose
primary task is to ensure the implementation of adopted measures.
The energy policy goals, whether short- or long-term, are a part of the
process of developing energy planning.

Table 1. Energy management system
Energy management system
Responsibilities of the designated parties of the system and the
government bodies
Energy conservation goals
Energy consumption limits
Consumption limits for energy-generating products
Submission of the annual report
Development of energy efficiency planning acts
Development of the energy efficiency program
Training for energy managers
Training for energy auditors
Examination requirements for energy managers and energy
auditors
Energy manager and auditor examination
Energy manager and auditor appointment
Energy manager and auditor license
Energy manager and auditor license revocation
Regular energy auditing
Creation of the energy audit report
Energy planning is influenced by numerous factors. Definition of
feasible energy efficiency measures, implementation of proposed and
adopted measures, planning and provision of financial resources, and
the meeting of deadlines underlie all the issues related to the reaching
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of planned energy efficiency levels. The issues are current at the
national level, because insufficient financial resources have been
allocated for the rehabilitation of buildings and improvement of their
thermal characteristics. Disregard of legislative guidelines at the local
level has resulted in the use of buildings with no insulation and with
joinery older than twenty years.
Improvement of the levels of energy efficiency of municipalities can
lead to progress in achieving sustainable energy development, but
only if oversights regarding the consumption of energy and energygenerating products have been realistically analyzed. The optimal
way to increase the level of rational energy consumption locally is to
develop energy efficiency programs and plans for local selfgovernment units. Improvement of energy efficiency and incentives
to use locally available renewable sources can significantly contribute
to the improvement of the state of the environment, so these aspects
need to be considered when developing spatial plans.
Practice has shown that the energy consumption by public buildings
of the same category varies considerably in different municipalities,
which is why it is crucial to determine significant deviations in order
to list all the buildings that require a detailed analysis of the reasons
for their excessive energy consumption and to determine priority
measures for their energy efficiency. Resolving the issue of excessive
consumption and using the available energy sources in accordance
with spatial plans should help overcome the issues at the local level.

2.

Analysis of energy consumption

2.1. Analysis of building characteristics
Harmonization of energy, environmental, and economic principles
through planning of energy efficiency measures is a highly complex
task, which also needs to be tackled at the local level.
When adopting the energy policy, the harmonization of the said
interests, with the state’s intervention, is based on the enforcement of
regulations, as the most important instrument. Analysis of energy
consumption should also be performed for public buildings in villages,
since these fall into the category of very low energy-efficient
buildings. Typically, a city will operate around twenty public buildings
in the surrounding villages, all in a very poor condition. Over 80% of
the buildings lack proper insulation and have outdated joinery. These
buildings are usually occupied by few people (Figure 1), which is why
the necessary rehabilitation keeps being postponed. The surface area
of the buildings is fairly small (Figure 1) or only specific rooms are
utilized, which means that the heating area in these buildings is also
small.
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Figure 2. Heating area of the buildings [m²]
The analysis was performed based on the data on the number of
occupants and the heating area of buildings in villages surrounding
the Serbian towns of Smederevo, Bor, and Negotin (Figures 1 and 2).
The number of occupants is usually lower than 5, while the heating
area is usually smaller than 100 m2, most often around 20 m2.
Implementation of energy efficiency measures is not a simple task,
even though there is legislation in place that aims to ensure
continuous improvement of the current state of energy consumption.
Legislative guidelines concerning the energy industry call for the
proposal of better and more demanding solutions to accomplish the
set goals. Serbia enacted the Law on Energy Efficiency and Rational
Energy Use, so it is necessary to focus on energy conservation at the
local level, as well.
2.2. Analysis of electrical and thermal energy consumption
This paper presents the results of the analysis of electrical and
thermal energy consumption of public building in the three
aforementioned Serbian towns. The following parameters are
graphically shown in the figures below: specific electrical energy
consumption (Figure 3), specific thermal energy consumption (Figure
4), specific final energy consumption per surface area (Figure 5), and
specific final energy consumption per occupant (Figure 6).
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2.3. Analysis of total energy consumption
Another important analyzed aspect is the total energy consumption
in public buildings in villages. It should be noted that the majority of
the analyzed buildings are utilized for a similar purpose, as they
mainly accommodate village administrative offices and town
administrative outposts, and that there is an approximately same
number of buildings around the three towns for which the energy
efficiency program was developed. Figures 7-10 show the values of
total specific energy consumption.
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Figure 4. Specific thermal energy consumption [kWh/m²]
734

BOR

1200.0

1812

SMEDEREV
O

1000.0
800.0
600.0

0

400.0

500

1000

1500

2000

2500

200.0
0.0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

SMEDEREVO

BOR

Figure 7. Total specific electrical energy consumption [kWh/m²]

NEGOTIN

Figure 5. Specific final energy consumption per surface area
[kWh/m²]

2342

NEGOTIN

2164

BOR
40000
35000
30000
25000
20000
15000
10000
5000
0

SMEDEREV
O

2101

1900

2000

2100

2200

2300

2400

Figure 8. Total specific thermal energy consumption [kWh/m²]
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

SMEDEREVO

BOR

NEGOTIN

4710

NEGOTIN
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The figures above indicate that eight buildings have prominently high
electricity consumption, while seven buildings have prominently
high thermal energy consumption. If the energy consumption values
are compared against the figures depicting the number of occupants
and the heating area (Figures 1 and 2), it would be reasonable to expect
that those buildings should not display increased energy
consumption. However, a comparison against specific energy
consumption per surface area (Figure 5) indeed validates the
increased energy consumption of the specified buildings. Significant
deviations are noticeable from Figure 6, which indicates higher final
energy consumption per occupant in the public buildings in villages
around the town of Bor.
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Figure 10. Total specific final energy consumption per occupant
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The data shown in the figures above indicate that the villages around
Negotin have the highest electricity and heat consumption.
The numbers for specific final energy consumption per surface area
indicate higher consumption in villages around Negotin and
Smederevo. However, the highest values for total specific energy
consumption per occupant were registered in the villages of the Bor
municipality.
Overall, the values of total specific energy consumption are
excessively high for this type of public buildings, which is why their
rehabilitation is warranted.
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2.4. Analysis of average energy consumption
Average consumption of electricity and heat in public buildings with
a similar purpose suggests that energy efficiency measures are
generally disregarded, as are the principles of energy conservation.
This section presents the results of analyses of average specific
energy consumption (Figures 11 and 12) and average specific final
energy consumption (Figures 13 and 14).
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Yet, with regard to average specific final energy consumption per
occupant (Figure 14), it is markedly higher in the public buildings of
the Bor municipality.

Figures 11 and 12 indicate that rural public buildings in the
municipality of Negotin consume excessive amounts of energy, which
also applies to the analysis of average final energy consumption per
surface area.

The analysis of electricity consumption per occupant among different
local self-governments showed that energy policy is not implemented
uniformly across all jurisdictions, which resulted in different levels of
energy efficiency among public buildings of the same category.
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3. Conclusion
Implementation of energy efficiency procedures [6.] and measures
according to the prescribed energy goals can help resolve the issues
causing a high degree of energy inefficiency. Enforcement of the Law
on Energy Efficiency and Rational Energy Use will help lay the
foundation for everyday living activities that involve a more rational
use of energy-generating products. By adopting the new law, Serbia
has signalled its readiness to abide by the guidelines and the
European legislation as well as to provide financial resources to
resolve the existing issues.
Preparation of planning documents at the local level [7.] and in
keeping with the law should be one of the priority tasks of energy
managers and representatives of local self-government units. These
documents are written to define the short- and long-term measures
of energy efficiency, which is the basis for a more rational use of
thermal and electrical energy and the attainment of designated levels
of energy efficiency.
With developed and adopted energy efficiency plans and programs, it
is possible to improve the current situation and to adhere to the
current legislation, while observing the prescribed energy efficiency
measures. Management of energy resources by the local selfgovernments, in compliance with the guidelines from spatial plans, is
the basis for raising environmental quality by using renewable energy
sources and for meeting the requirements imposed by energy
industry rules and regulations at the local level.
Finally, it is crucial to focus on the rehabilitation of public buildings
when defining the priority measures of energy efficiency. The
construction work involved in the rehabilitation, such as replacing
outdated joinery and façade insulation, is an energy efficiency
measure that can resolve the issue of excessive consumption of
traditional energy at the local level. The proposed measures are also
significant for energy conservation at the national level.
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The herein paper deals with the study of the effect of the epicentral distance and the RC
building's Eigen period on their structural responses. First, low- and medium-rise RC
buildings are tested under the effect of records collected during the Boumerdes earthquake
(Algeria, May 21st, 2003) at different epicentral distances. Which allowed developing
formulations linking the RC structural responses namely: base shear, storey displacements,
interstory drifts versus the epicentral distance and building's Eigen period, where the good
fitting was verified according the statistics.
The whole responses are directly proportional to the building's Eigen period, ground
acceleration and inversely to the site epicentral distance. In a second step, considering the
chosen parameters as random variables, with lognormal distribution, a probabilistic
investigation has been carried out, through Monte Carlo simulation.
The results emphasizes that the developed formulas are more influenced by epicentral
distance uncertainty than that of the Eigen period. A good accuracy in the established
formulations is reflected by the small width of the confidence intervals of the studied
responses.

PACE 2021- Ataturk University, Engineering Faculty, Department of Civil Engineering, Erzurum, 25030, TURKEY 20-23 June 2021

464

Research Article

20-23 June 2021

Mobile Charger Based on Solar Energy with Solar Tracking System
Amar Kumar Verma*,1, Prerna Saurabh2

Birla Institute of Technology and Science, Pilani- Hyderabad campus, Telangana
Vellore Institute of Technology, Vellore Campus, Tamilnad
Corresponding Author E-mail: p20170423@hyderabad.bits-pilani.ac.in Corresponding Author ORCID:0000-0002-4398-0454
1

2

Keywords

Abstract

Solar Energy,
Solar Tracking System,
Microprocessor,
Photovoltaic Cell,
ATMEGA8.

Solar energy is one of nature's most abundant sources of electricity and one of the most
efficient kind of renewable energy. The Solar Tracking System keeps track of the sun's
movement through the sky. It tries to keep the solar panel perpendicular to the sun's beams
all day long, ensuring that the panel receives the maximum amount of sunlight. The Solar
Tracking System comprises two LDRs, a solar panel, a stepper motor, and an ATMEGA8
microprocessor. In this study, a microcontroller 8051-based circuit is employed with a small
number of components, and stepper motors are used to follow the sun accurately. A solar
mobile charger with a solar tracking system has been designed and developed in this study.
The quantity of energy generated by a solar cell is stored in a battery. The photovoltaic cell
will be positioned according to the intensity of sunshine. Because the sun will be higher on
the west side in the morning, the solar tracker will be on the west side. Similarly, at midday,
the intensity of sunlight is the same in both directions. Therefore, the photovoltaic cell does
not move and remains stationary. The motor can control the solar cell's movement. And,
depending on the intensity of light falling on the LDRs employed in the solar cell, it will be
positioned west or east. As a result, by implementing this scheme, we want to utilize solar
energy better to provide a consistent supply to loads and alleviate the energy crisis to a large
extent. Consequently, the electricity bill will be lower, and the cost of electricity generation
per unit will be lower.

1.Introduction
A solar panel is a bundled, connected photovoltaic cell assembly, also
known as a solar module, photovoltaic module, or photovoltaic panel.
Photovoltaic (PV) is a method of converting solar energy into direct
current electricity using semiconducting materials that exhibit the
photovoltaic effect. A photovoltaic system employs solar panels
composed of several solar cells to supply usable solar power. Power
generation from solar PV has long been seen as a clean, sustainable
energy technology that draws upon the planet's most plentiful and
widely distributed renewable energy source – the sun. The direct
conversion of sunlight to electricity occurs without any moving parts
or environmental emissions during operation. The photoelectric
effect was first noted by a French physicist, Edmund Becquerel, in
1839, who found that certain materials would produce small amounts
of electric current when exposed to light [1]. In 1905, Albert Einstein
described the nature of light and the
photoelectric effect on which photovoltaic technology is based, for
which he later won a Nobel prize in physics. Bell Laboratories built the
first photovoltaic module in 1954. It was billed as a solar battery and
was mostly just a curiosity as it was too expensive to gain widespread
use [2]. In the 1960s, the space industry began to make the first serious
use of the technology to provide power aboard spacecraft. The
technology advanced through the space programs, and its reliability
was established, and the cost began to decline. During the energy
crisis in the 1970s, photovoltaic technology gained recognition as a
source of power for non-space applications [3]. In commercial and
domestic applications, the solar panel can be utilized as a part of a
larger photovoltaic system to generate and supply electricity,
effectively creating renewable energy. The DC output power of each

panel is rated under conventional test settings and normally ranges
from 5 to 10 watts. Solar panels, in general, are immobile and do not
follow the sun's movement. Thus, they do not receive the maximum
amount of sunshine throughout the day. Another key issue is
determining whether a solar power unit's storage battery is being
charged or not. Solar energy is one of the numerous energy sources
provided by nature and one of the most efficient types of renewable
energy, so this study proposes a solution to the aforementioned
concerns. We will utilize a Solar Tracker System to follow the sun's
movement across the sky and try to keep the solar panel
perpendicular to the sun's beams throughout the day, ensuring that
the maximum amount of sunlight is incident on the panel. From dawn
to dusk, the solar tracker follows the sun throughout the day until
evening, then repeats the process the next day. Along with the Solar
Tracker, we'll utilize a simple Charging Monitor to show whether or
not a solar power unit's storage battery is being charged.
Solar energy is a valuable renewable energy source that produces no
pollution or hydrocarbons, making it highly beneficial to our
environment. Because fossil fuels are fast decreasing, they can
provide energy for a very long time. As a result, the solar charger
application can help minimize reliance on fossil fuels and is also
considered a possible solution to future energy shortages. It can also
diminish the greenhouse effect and global warming, which causes
temperature rises and sea level rises on Earth. In conclusion, the solar
charger application has numerous advantages, not only for
consumers but also for the environment in the long run. A solar panel
is connected to the motor. A solar panel consists of photovoltaic cells
arranged in an order. Photo resembles light, and voltaic is electricity.
A solar cell is made up of semiconductor material silicon. When a light
ray from Sun is incident on the solar cell, some amount of energy is
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absorbed by this material. The absorbed energy is enough for the
electrons to jump from one orbit to another inside the atom as shown
in Figure 1. Cells have one or more electric field that directs the
electrons which creates current. By placing metal contact, energy can
be obtained from these cells. Light Dependent Resistors are resistors
whose resistance values depend on the intensity of the light. As the
intensity of light falling on the LDR increases, the resistance value
decreases. In the dark, LDR will have maximum resistance. LDR will
output an analog value which should be converted to digital.

2. Methodology
Two LDRs, a solar panel, a stepper motor, and an ATMEGA8
Microcontroller make up the solar tracking system. On the solar
panel's edges, two light- dependent resistors are positioned as shown
in Figure 2. When light falls on light-dependent resistors, they
produce low resistance. The panel is rotated in the direction of the Sun
by a stepper motor connected to it. The panel is set up so that the light
from two LDRs is compared, and the panel is rotated toward the LDR
with the highest intensity, i.e., lowest resistance. The panel is rotated
at a specific angle by the Stepper motor. The panel progressively slides
to the right when the intensity of the light falling on the right LDR is
higher and to the left when the intensity of the light falling on the left
LDR is higher. Sun is ahead at midday, and the intensity of light on
both panels is the same. In such circumstances, the panel remains
stationary and does not rotate [13,14].

Figure 1. Schematic diagram exhibits the photo voltaic effect.

How Sun Tracking Solar Panel Works?















Initially power the circuit.
Place the set up in the dark
When the two LDRs are in the dark, there is no movement
in the panel.
Now place a torch in front of the left LDR. Panels slowly
move towards its left.
Now move the light from left to right. You can observe the
panel moving slowly with the torch towards the right.
In the middle, when intensity on both LDRs is equal, the
panel will not move until there is a difference between the
light intensity falling on the LDRs.
Advantages of Sun Tracking Solar Panel:
solar energy can be reused as it is a non- renewable
resource.
This also saves money as there is no need to pay for energy
used.
Sun Tracking Solar Panel Applications:
These panels can be used to power the traffic lights and
streetlights
These can be used in the home to power the appliances
using solar power.
These can be used in industries as more energy can be
saved by rotating the panel.

Figure 2. Solar mobile charger circuit.
3.Software Implementation
To create a new project in µVision2, you must:
a)
b)
c)
d)
e)
f)

g)

Select Project - New Project.
Select a directory and enter the name of the project file.
Select Project - Select Device and select an 8051, 251, or
C16x/ST10 device from the Device Database™.
Create source files to add to the project.
Select Project - Targets, Groups, Files. Add/Files, select Source
Group1, and add the source files to the project.
Select Project - Options and set the tool options. Note when you
select the target device from the Device Database™, all special
options are set automatically. You typically only need to
configure the memory map of your target hardware. Default
memory model settings are optimal for most applications.
Select Project - Rebuild all target files or Build target as shown
in Figure 3.

Limitations of Sun Tracking Solar Panel Circuit:
a)
b)
c)

Though solar energy can be utilized to the maximum
extent, this may create problems in the rainy season.
Although solar energy can be saved to batteries, they are
heavy and occupy more space, and are required to change
from time to time.
They are expensive.

A few other aspects of extracting maximum power from solar PV cells
using blend of MPPT with Artificial Intelligence-based approach. With
advancements in Artificial Intelligence Techniques, the machine
learning algorithms can be exploited in several applications. Various
ML approach for different applications have been extensively used in
[4-12].

Figure 3. Solar tracking system schematic diagram
Building Projects and Creating HEX Files:
Typical, the tool settings under Options – Target is all you need to start
a new application. You may translate all source files and line the
application with a click on the Build Target toolbar icon. When you
build an application with syntax errors, µVision2 will display errors
and warning messages in the Output Window – Build page. A double
click on a message line opens the source file on the correct location in
a µVision2 editor window. Once you have successfully generated your
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application, you can start debugging. After you have tested your
application, it is required to create an Intel HEX file to download the
software into an EPROM programmer or simulator. µVision2 creates
HEX files with each build process when Create HEX files under Options
for Target – Output is enabled. You may start your PROM
programming utility after the making process when you specify the
program under the option Run User Program Ref. Appendix.
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The LDR with different sunlight intensity and hardware
implementation are shown in Figure 4 and Figure 5 respectively.

Figure 4. LDR with different sunlight intensity.

Figure 5. Hardware implementation.
4. Conclusions
In this study, the sun tracking system is developed based on an 8051
microcontroller. The microcontroller 8051 based circuit is used in this
system with a minimum number of components, and the use of
stepper motors enables accurate tracking of the sun. After examining
the information obtained in the data table section and the plotted
graph, it has been shown that the sun tracking systems can collect
maximum energy than a fixed panel system collects. High efficiency
is achieved through this tracker, and it can be said that the proposed
sun tracking system is a feasible method of maximizing the light
energy received from the sun. This is an efficient tracking system for
solar energy collection. We considered the study to be a successful
attempt at supplementing their energy requirements while
maintaining economic viability. Our initial goal was to develop the
economically viable circuitry required to step up the 1.5V to 5V. On
developing the circuitry, we decided to prototype the entire system
and performed it favorably.
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Appendix
Program for Solar Tracking System #include<reg52.h>
#define lcd_data P2 sbit lcd_rs=P2^0; sbit lcd_en=P2^1; sbit ldr1=P1^0;
sbit ldr2=P1^1; sbit ldr3=P1^2; sbit m1=P1^3;
sbit m2=P1^4;
void delay(unsigned int value)
{
unsigned int x,y; for(x=0;x<300;x++) for(y=0;y<value;y++);
}
void lcdcmd(unsigned char value)
// LCD COMMAND
{
lcd_data=value&(0xf0); //send msb 4 bits lcd_rs=0;
//select
command register
lcd_en=1; //enable the lcd to execute command delay (3);
lcd_en=0;
lcd_data=((value<<4)&(0xf0)); //send lsb 4 bits lcd_rs=0;
//select
command register
lcd_en=1; //enable the lcd to execute command delay(3);
lcd_en=0; }
void lcd_init(void){ lcdcmd(0x02); lcdcmd(0x02);
lcdcmd(0x28); //intialise the lcd in 4 bit mode*/ lcdcmd(0x28);
//intialise the lcd in 4 bit mode*/ lcdcmd(0x0c); //cursor blinking
lcdcmd(0x06);
//move the cursor to right side lcdcmd(0x01);
//clear the lcd
}
void lcddata(unsigned char value)
{
lcd_data=value&(0xf0); //send msb 4 bits lcd_rs=1;
//select
data register
lcd_en=1; //enable the lcd to execute data delay(3);
lcd_en=0;
lcd_data=((value<<4)&(0xf0)); //send lsb 4 bits lcd_rs=1;
//select
data register
lcd_en=1; //enable the lcd to execute data delay(3);
lcd_en=0; delay(3);
}
void lcd(unsigned char b[]) // send string to lcd{ unsigned char
s,count=0;
for(s=0;b[s]!='\0';s++)
{
count++; if(s==16) lcdcmd(0xc0); if(s==32)
{
lcdcmd(1); count=0;
}
lcddata(b[s]);
}
}

m1=0;
delay(300); m1=0;
m2=0;
lcdcmd(0x01);
lcd(" SOLAR TRACKING ");
lcdcmd(0xc4); lcd("SYSTEM");
while(ldr1==1 && ldr2==1 && ldr3==0);
}
}
}

void main()
{
//m1=m2=0;
//ldr1=ldr2=ldr3=1; lcd_init();
lcd(" SOLAR TRACKING ");
lcdcmd(0xc4); lcd("SYSTEM");
while(1)
{
if(ldr1==0 && ldr2==1 && ldr3==1)
{
lcdcmd(1);
lcd("solar moving to position 1"); m1=1;
m2=0;
delay(100); m1=m2=0;
while(ldr1==0 && ldr2==1 && ldr3==1);
}
if(ldr1==1 && ldr2==0 && ldr3==1)
{
lcdcmd(1);
lcd("solar moving to position 2"); m1=1;
m2=0;
delay(100); m1=m2=0;
while(ldr1==1 && ldr2==0 && ldr3==1);
}
if (ldr1==1 && ldr2==1 && ldr3==0)
{
lcdcmd(1);
lcd("solar moving to position 3"); m1=1;
m2=0;
delay(100); m2=1;
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This paper reviews the utilization of the natural fibers and the benefits acquired, following
their use as construction materials, to achieve sustainable infrastructure. The concrete being
most widely used construction material in the infrastructure industry is brittle in nature
causing fatigue and failure cracks without showing the plastic deformation. The addition of
fibers however, increases the ductility of the concrete and hence, reduce the failures and
cracks. The addition of artificial fibers such as steel and glass fibers to the construction
materials have produced successive outcome to transition the nature of concrete to ductility,
but they compromise the economy significantly. Consequently, the addition of the natural
fibers concludes their use as construction materials for an economic, ecological and
sustainable infrastructure. The research on the use of natural fibers as construction
materials is necessary to investigate their significance in the construction industry to
enhance the sustainability.

1.Introduction
The fibers are hairlike raw materials which are acquired from either a
natural or artificial source which include the artificial fibers such as
glass, steel and nylon, and the natural fibers such as Researchers have
used plant fibres as an alternative source of the artificial fibres to be
used in composites in the building materials, primarily concrete [1].
for increasing its strength, while not losing the economy. These plant
fibres, herein referred as natural fibres, include coir, sisal, jute, ramie
bast, pineapple leaf, kenaf bast, date, bamboo, palm, banana, hemp,
flax, cotton and sugarcane [3,5]. The significance of these natural
fibers is an important factor which must pe put under consideration,
during the construction practices for the sustainable infrastructure.
The construction materials primarily the concrete is brittle in nature,
failing without showing the plastic deformation, the need of fibers to
add ductility to concrete becomes a necessity [2,6]. Adding the steel
fibers to the materials produce the successive outcome to transition
their nature to ductility, and prevent the failures such as fatigue
failures and cracks [4]. However, the use of the artificial fibers, mainly
the glass nylon and/or steel fibers, compromise the economy
substantially. Therefore, the use of natural fibers as construction
materials provide the economic, ecological and sustainable
alternative for sustainable infrastructure.
Construction is a vast field including the categories like structure,
design, transportation, Geotech and many other fields. The basic
purpose in the construction industry includes that the construction
must be environmentally friendly and economical. The determination
of the properties of natural fibers is to investigate that it can be used
in the construction industry or not. This research is to use of the
natural raw fibers rather than the materials are using now a days.
This is determined by different tests and experiments such as tensile
strength, young’s modulus, water absorption, chemical composition,
etc. The determination is done carefully under the considerations that
it gives a better result and it must be economical and environmentally
friendly. The researchers study comparatively about the natural
fibers properties and characteristics as reinforced concrete
composites [2]. Coconut fiber can be used as reinforced in corrugated

slabs that their properties related according to strength and stability
[3]. Natural fibers properties relate with the compressive and tensile
strength to achieve for sustainability [4]. The reviewers review about
the natural fibers used as composite polymer materials [5]. Researcher
Used the coir fiber to improve the properties of expansive soil. They
determine the characteristics of the soil and to improve them they use
coir natural fiber [2]. The research included the mechanical properties
of natural fibers as a reinforced thermoplastic to enhance a
sustainable construction [6]. Many researchers work on the
determination of mechanical properties of natural fibers to be used
these raw materials as construction materials for sustainable
infrastructure.
2.

Natural fibers as construction materials

The addition of the fibers has brought the remedies to the failures and
the problems prevalent in the infrastructure industry. Due to the
considerable brittle nature of the concrete, the problems such as the
fatigue and failure cracks arise. Therefore, the addition of the fibers
to the materials transitions the nature of the concrete to ductile in
nature by showing plastic deformation preceding the failure, and
hence bring about the solutions to these problems. For instance, the
addition of the artificial fibers such as steel and glass to the concrete
does alter the properties and bring about the increase in their
strengths. However, the economy of the construction gets
compromised substantially. Therefore, the natural fibers as
construction materials are preferred for sustainable infrastructure, as
these fibers can be renewed and they are non-abrasive, inexpensive,
abundant availability, and they exhibit high flexibility and are budget
effective as they can be re used over and over again with the abundant
availability in the world for their use. Therefore, using the natural
fibers as reinforcements in polymer composites is increasing
substantially, for inexpensive construction materials these days and
in the upcoming years. [14]. An experimental investigation to study
the influence of the addition of steel fiber reinforcement on the
stress–strain behavior of concrete made with aggregates. Moreover,
the flexural strength and splitting tensile strength was also put under
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examination. As a consequence, it showed an increase in the
toughness and the compressive strength was enhanced.
Furthermore, the natural fiber-reinforced composites are more and
more frequently applied to the construction practices. It was
determined that the fiber-reinforced composites alter and enhances
the mechanical properties of the product obtained [22].
2.1. Production of natural fibers
The natural fibers are the natural raw materials which are acquired
from the natural sources such as plants and animals, for instance, the
sugarcane, cotton, sisal and hosts of other natural fibers which are
easy to acquire due to their abundant availability in the world. The
grown crops and the extraction from the animals are primarily the
sources of the natural fibers. The statistics show the abundance of the
we have to determine the mechanical properties of natural fibers
available in the region. As for the determination of mechanical
properties of natural fibers, different lab tests and experiments are to
be performed. The tests include water absorption, tensile strength,
tensile modulus, young’s modulus, chemical composition, etc. Many
researchers used the natural raw fibers in the specimens to determine
the properties that rather it can be used in construction or not. But
according to this paper, different tests performed only on the natural
fibers sample and determine on the basis of that tests that can it be
used in the construction industry or not. We need some specific tests
to determine that can it be economical and sustainable for
infrastructures. To determine the strength and sustainability of the
natural raw fibers.
The researchers perform tests on natural fibers as compressive
strength and the tensile strength tests to determine their strength
and stability as a sustainable construction material [4]. The natural
fiber is a microstructure material and their mechanical properties
checking by different tests on breakage of these sample of the fibers
[7]. Properties checking on the performance of various natural fibers
composites using for different scenarios [16]. The abundant
production of the natural fibers in the world is shown in the figure 1
attached below.

Figure 1. Natural fiber production in million tons in the world
(Townsend, T. 2016)
2.2.

Properties of natural fibers

The addition of the artificial fibers such as steel and glass to the
construction materials do alter the properties and bring about the
increase in their strengths. However, the economy of the
construction gets compromised substantially. Therefore, the
natural fibers as construction materials are preferred for
sustainable infrastructure, as these fibers can be renewed, they are
non-abrasive, inexpensive, possess abundant availability, exhibit
high flexibility, are budget effective, and show less concern with
health and safety during handling and processing [10,16,19].
Therefore, there has been a growing interest in utilizing natural
fibers as reinforcement in polymer composite for low-cost
construction materials in the recent years [14].

Furthermore, the natural fiber-reinforced composites are more and
more frequently applied to the construction practices. It was
determined that the fiber-reinforced composites alter and enhances
the mechanical properties of the product obtained [22]. However, the
determination of their properties is essential to be carried out to
check whether they are worthy of being used in the construction
industry. For the development of an economic and sustainable
infrastructure, the natural raw fibers could be used without
exhaustion of resources for future.
The researchers reviewed about the natural fibers (banana, coir,
sisal) used as the alternative materials in construction industry.
These materials are to be economical and environmentally friendly
[19]. To review the fiber properties for use as alternative materials
instead of the materials using now in construction [15]. To review
the natural raw fibers as used in the construction and as building
materials [9]. Fibers are determined according to their mechanical
properties for use in design and as materials [8].
2.3. Utilization of natural fibers in construction industry
The addition of the artificial fibers such as steel and glass to the
construction materials do alter the properties and bring about the
increase in their strengths. However, the economy of the
construction gets compromised substantially. Therefore, the
natural fibers as construction materials are preferred for
sustainable infrastructure, as these fibers are renewable, nonabrasive, cheaper, abundance, show high flexibility and show less
concern with health and safety during handling and processing
[10,16,19]. Therefore, there has been growing interest in utilizing
natural fibers as reinforcement in polymer composite for low cost
construction materials in the recent years [14].
Furthermore, the natural fiber-reinforced composites are more and
more frequently applied to the construction practices. It was
determined that the fiber-reinforced composites alter and enhances
the mechanical properties of the product obtained [22].
The physical and mechanical properties of the natural fibers in
correlation to the materials and specimens they are used in alter
their properties as well. The residual tensile strength (or toughness)
of concrete is experimentally determined to be considerably
enhanced with the addition of fibers, after the matrix has cracked,
and quantifying this defines the material for design. The use of
natural fibers enhances all the strength and flexural performance
of concrete, and the ductility of brittle construction materials
[7,8,11,20]. The results of the investigation showed that natural
fibers can be used as reinforcement in the cement-based composites
to elevate the economical construction practices, while enhancing
the strength, ductility and toughness of the materials. Furthermore,
the addition of the natural fibers to the composites modifies
beneficially the cracking behavior of concrete and cement matrices.
Also, the crack width is reduced [7]. The improvement becomes
significant in the fracture toughness of these natural fiber
composites. In addition to this, with a slight adverse effect on the
compressive strength of the natural fiber composites, their tensile
strength gets improved significantly [17,18]. This results in the
economic, ecological and sustainable construction practices, with
the enhanced strength of the materials they are used in the
researchers study comparatively about the natural fibers’ properties
and characteristics as reinforced concrete composites [2]. Coconut
fiber can be used as reinforced in corrugated slabs that their
properties related according to strength and stability [3]. Natural
fibers properties relate with the compressive and tensile strength to
achieve for sustainability [4]. The reviewers reviewed about the
natural fibers used as composite polymer materials [5].
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Figure 2. Construction materials conjoining the natural fibers
(Fujita, H. 2011)
3. Conclusion
To conclude with, the availability in the abundance of the natural
fibers on the planet Earth, summon their use in the construction
industry after their properties fulfilling the desired requirements to
be used in construction industry. The natural fibers proceeding the
determination of their mechanical properties correlating to the
properties required, can be utilized as the construction materials, as
reinforcement of composites for the sustainable infrastructure
signifies the increase in the economic, ecologic and sustainable
construction practices, with the considerable increase in all the
strengths and the ductility of the materials by altering and
enhancing their properties to minimize the failures in the
infrastructure industry for sustainability.
Declaration of Conflict of Interests
The author(s) declare(s) that there is no conflict of interest. They
have no known competing financial interests or personal
relationships that could have appeared to influence the work
reported in this paper.

References
[1.]

[6.]

M. Sivaraja, Kandasamy, N. Velmani, and M. S. Pillai, “Study on
durability of natural fibre concrete composites using
mechanical strength and microstructural properties,” Bull.
Mater. Sci. (India), vol. 33, no. 6, pp. 719–729, 2010.

[7.]

Amin, S. J. Foster, R. I. Gilbert, and W. Kaufmann, “Material
characterization of macro synthetic fibre reinforced concrete,”
Cem. Concr. Compos., vol. 84, pp. 124–133, 2017.

[8.]

G. Ramakrishna and T. Sundararajan, “Studies on the
durability of natural fibres and the effect of corroded fibres on
the strength of mortar,” Cem. Concr. Compos., vol. 27, no. 5, pp.
575–582, 2005.

[9.]

J. M. L. Reis, “Fracture and flexural characterization of natural
fiber-reinforced polymer concrete,” Constr. Build. Mater., vol.
20, no. 9, pp. 673–678, 2006.

[10.] N. Salemi and K. Behfarnia, “Effect of nanoparticles on
durability of fiber-reinforced concrete pavement,” Constr.
Build. Mater., vol. 48, pp. 934– 941, 2013.
[11.] M. Khan and M. Ali, “Effectiveness of hair and wave
polypropylene fibers for concrete roads,” Constr. Build. Mater.,
vol. 166, pp. 581–591, 2018.
[12.] G. L. Sivakumar Babu, A. K. Vasudevan, and M. K. Sayida, “Use
of coir fibers for improving the engineering properties of
expansive soils,” J. Nat. Fibers, vol. 5, no. 1, pp. 61–75, 2008.
[13.] M. Zakaria, M. Ahmed, M. Hoque, and A. Shaid, “A comparative
study of the mechanical properties of jute fiber and yarn
reinforced concrete composites,” J. Nat. Fibers, vol. 17, no. 5, pp.
676–687, 2020.
[14.] M. J. John, K. T. Varughese, and S. Thomas, “Green composites
from natural fibers and natural rubber: Effect of fiber ratio on
mechanical and swelling characteristics,” J. Nat. Fibers, vol. 5,
no. 1, pp. 47–60, 2008.
[15.] S. K. Saw, K. Akhtar, N. Yadav, and A. K. Singh, “Hybrid
composites made from jute/coir fibers: Water absorption,
thickness swelling, density, morphology, and mechanical
properties,” J. Nat. Fibers, vol. 11, no. 1, pp. 39–53, 2014.
[16.] D. M. A. Ismail, “Compressive and tensile strength of natural
fibre-reinforced cement base composites,” AL-Rafdain
Engineering Journal (AREJ), vol. 15, no. 2, pp. 42–51, 2007.

G. Ramakrishna and T. Sundararajan, “Impact strength of a few
natural fibre reinforced cement mortar slabs: a comparative
study,” Cem. Concr. Compos., vol. 27, no. 5, pp. 547–553, 2005.

[17.] K. L. Pickering, Properties and performance of natural-fibre
composites. Cambridge, England: Woodhead Publishing, 2008.

[2.]

V. Agopyan, H. Savastano Jr., V. M. John, and M. A. Cincotto,
“Developments on vegetable fibre cement-based materials in
São Paulo, Brazil: an overview,” Cem. Concr. Compos., vol. 27,
no. 5, pp. 527–536, 2005.

[18.] P. J. Herrera-Franco and A. Valadez-González, “Mechanical
properties of continuous natural fibrereinforced polymer
composites,” Compos. Part A Appl. Sci. Manuf., vol. 35, no. 3, pp.
339–345, 2004.

[3.]

K. G. Satyanarayana, K. Sukumaran, P. S. Mukherjee, C.
Pavithran, and S. G. K. Pillai, “Natural fibre-polymer
composites,” Cem. Concr. Compos., vol. 12, no. 2, pp. 117–136,
1990.

[19.] J. A. Carneiro, P. R. L. Lima, M. B. Leite, and R. D. Toledo Filho,
“Compressive stress–strain behavior of steel fiber reinforcedrecycled aggregate concrete,” Cem. Concr. Compos., vol. 46, pp.
65–72, 2014.

[4.]

R. D. Toledo Filho, K. Ghavami, M. A. Sanjuán, and G. L. England,
“Free, restrained and drying shrinkage of cement mortar
composites reinforced with vegetable fibres,” Cem. Concr.
Compos., vol. 27, no. 5, pp. 537–546, 2005. M. Rahim, O. Douzane,
A. D. Tran Le, G. Promis, and T. Langlet, “Characterization and
comparison of hygric properties of rape straw concrete and
hemp concrete,” Constr. Build. Mater., vol. 102, pp. 679–687,
2016.

[20.] J. D. Chaitanya kumar, G. V. S. Abhilash, P.Khasim Khan, G.
Manikanta sai, and V. Taraka ram, “Experimental studies on
glass fiber concrete,” Ajer.org. [Online]. Available:
http://www.ajer.org/papers/v5(05)/O05050100104.pdf.
[Accessed: 04-Nov-2020].

[5.]

F. de A. Silva, B. Mobasher, and R. D. T. Filho, “Cracking
mechanisms in durable sisal fiber reinforced cement
composites,” Cem. Concr. Compos., vol. 31, no. 10, pp. 721–730,
2009.
PACE 2021- Ataturk University, Engineering Faculty, Department of Civil Engineering, Erzurum, 25030, TURKEY 20-23 June 2021

471

Research Article

20-23 June 2021

Causes of Defects in Buildings and their Relationship with Life Cycle Design, Construction and Post Occupancy Stage
Sharmin Khan*1, Anwar Hussain2, Mohammad Saquib3

Associate Professor, Department of Architecture, ZHCET, AMU, Aligarh, India
Assistant Professor, Architecture Section, University Boys Polytechnic, AMU, Aligarh, India
3
Associate Professor, Department of Architecture, Faculty of Architecture & Ekistics,
JMI, New Delhi, India
Corresponding Author E-mail: sharminamu@gmail.com
Corresponding Author ORCID: 0000-0003-0387-5710
1

2

Keywords

Abstract

Life Cycle Of Building,
Maintenance Cost,
Poor Workmanship,
Faulty Design,
Quality Control.

Defects have always been a matter of concern for stakeholders in construction industry, as
they lead to additional running cost of project during the post occupancy stage. It is essential
to identify the causes of these defects so that rectification measures can be expedited. For
the purpose of research, the building life cycle is classified into three stages; design,
construction and post occupancy. An investigation into the causes of defects is carried out
through structured questionnaire survey based on Guttman’s scale, from architects working
in Indian construction industry. Twelve causes of defects related to different stages of
building were examined. The descriptive data analysis and cross-tabulation of data resulted
in some interesting facts. The research concluded that major causes of defects in buildings
are associated with construction and post occupancy stage of building, and can be listed as;
dampness/seepage in buildings, poor workmanship, lack of quality control, improper
installation of services and lack of maintenance.

1.Introduction
Defects in building have an impact on the life cycle cost, as they are
liable for huge investment, before the useful life of building is over. In
context of a building contract, defect is defined as failure of the
accomplished project to fulfil the quantity obligation and the implied
quality (Cama, 2004). The life cycle of a building is comprised of four
major stages; design, construction, post occupancy or maintenance,
and demolition stage. The defects occurring in a building have direct
relationship with the quality of work and it must be related to cost to
achieve the total quality management system (Abdelsalam and Gad,
2009). Hasan et al. (2016) argued that improved workmanship,
identified responsibility for all parties, frequent meetings for
evaluating progress, selection of good quality building materials,
usage of modern construction methods, readable drawings,
compliance with specifications, regular and proper inspection on site,
are most effective strategies for minimising defects in building
construction projects. Incorrect methods of construction, selection of
poor materials and bad labour practices lead to design and
construction defects (Olanrewaju et al. 2010). Besides this, the
maintenance management during post-occupancy stage also
contributes towards the life cycle cost of building. It is presumed that
the likely causes of these defects have their roots underlying in
different stages of a building, i.e., design, construction and post
occupancy stage. The endeavour of this research is to investigate
these causes of defects and establish their relationship with the
different stages of building. The opinion of architects in India, are
collected for data analysis.
2.

Literature Review

Defects can be divided into two categories; based on their occurrence
time and nature of defect. The defects are sometimes referred as
patent and latent defects, which are related to their time of
occurrence. Latent defects are hidden defects caused by the designers

that become apparent at some later date, whereas patent defects are
caused by the constructer (Cama, 2004). Patent defects are can be
discovered upon examination or in other words, these are
shortcoming in a structure that are apparent to reasonable inspection
(Chan, 2002). The nature of defects can be classified as structural and
non-structural, depending upon the severity of damage caused or
likely to occur in future. The defects have an impact on the life cycle
cost, that is defined as, the current value of an asset over its operating
life that includes; the initial investment cost, cost of occupation,
operating costs, and also the profit earned after disposal of the asset
when the useful life is over. Broadly speaking, the life cycle costs can
be classified as; Capital costs, Costs-in-use, and finally the costs
involved in disposal of the property. The capital cost includes cost of
construction including all services. The maintenance costs are a
component of cost-in-use, considering all recurring costs. The
running, repairs and replacement required will cover costs-in-use,
and it is accepted that all of these are subject to be considered well
during the design process (Chanter, B. and Swallow, P., 2007). The
activities performed during three stages; design, construction and
post-occupancy, need to be examined in order to further investigate
on their relationship with the defects and their causes.
Bakri and Mydin (2014) have summed up structural defects as: Cracks
in walls caused by overload or because the structure has settled or
heaved; Unstable Foundation because of movement of the soil, faulty
design, overload (Dead and Living Load), material strength, or natural
Disaster. Borku, W.T. (2020) state that structural defects in roof, stairs,
cracking door and window are caused likely because of poor quality of
construction materials, poor workmanship, lack of site supervision,
poor construction practices or mix design problems. Bakri and Mydin
(2014) have also identified non-structural cracks in buildings, such as:
Peeling paints (interiors) due to poor surface preparation; Peeling
paints (exteriors) surfaces due to exposure to the rain, sun, thermal
variation, and new plastered or skimmed walls or ceiling are not given
enough time to completely dry before painting; Dampness due to rain,
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condensation, flooding, service leaks, construction process, or
improper usage of building; Non-biological deterioration in timber
because timber in service being subjected to environmental exposure,
living organisms such as insect infestation, fugal decay and marine
borers, design alterations, poor maintenance, wood boring insects,
fungal decay; Mold and fungi due to water damage, high humidity, or
dampness; Cracks due penetration of rain to the external surface of
structural; Manmade holes; Plaster falling off from ceiling because of
vibration due to usage; Shrinkage Cracking due to usage of strong
mixes of render on weak or bad prepared background; defects of
Rendering (exterior plaster) due to loss of bond between coats, surface
cracking, friable powdery surfaces, water damage from overflowing
tub, leakage in the toilet or shower, seep out of plumbing or roof, storm
damage, cracks around a chimney or movement of structure. Borku,
W.T. (2020) also stated some non-structural defects such as:
Honeycomb, Peeling of paint, Dampness penetration, Vegetable
growth on buildings due to poor maintenance, poor project
management, poor quality of construction materials, poor
workmanship, lack of site supervision, and poor construction
practices. Lack of coordination of design work, errors in production
planning, erroneous craftsmanship, and late deliveries are common
defects (Josephson and Hammarlund, 1999).
Natural hazards are unpredictable and so are the defects related to
them. These hazards may cause damage ranging from minor cracks
to collapse of the structure. The codes provide some provision to
design buildings taking safety measures, so that collapse can be
prevented. However, the probability of defects occurring due to
natural hazards including movement of soil beneath the building due
to earthquakes cannot be ignored. Gryna (1988) defines cause as a
demonstrated basis for the occurrence of a defect. Hence, it is
essential to focus on causes of defects during different stages of
building project.
a.

Defects and the Design stage

The design stage has the greatest scope for technical performance
problems to originate. It is assumed that poor detailed design
practices can contribute towards performance problems during the
later life of a building. In other words, the real cause exists during an
earlier stage. The defects occurring during the later life of a building
may be easily associated with the detailed design stage. The
introduction of high technology in building construction demands
greater emphasis on the need to co-ordinate design from both
perspectives, i.e.; technical and organisational. There is a need for
better co-ordination i.e., design management practices, and checking
systems (Chanter, B. and Swallow, P.,2007). Hasan et al. (2016)
highlighted causes such as poor design, low-quality workmanship,
construction not according to design, or exposure of the building to
variables not accounted for in the design, as liable for defects in
construction project. The study also considered the impact of the
design's buildability on the quality of work and the long-term
durability of building materials.
b.

Defects and the Construction stage

Defects can occur in a building during construction stage, defects
liability period, and post defects liability period also. It has been
verified that most defects occurred during construction stage (Ede,
2010). A study was conducted by Chong and Low (2005) to investigate
defects at construction stage of building, and it was observed that
internal wall defects accounted for 89% of all defects, with
workmanship problems as the cause of defect. As per the building
feature and stage of occurrence, the following causes were
investigated: the frequency of design, workmanship, material, lack of
safety, and maintenance. Chanter, B. and Swallow, P. (2007)
emphasized that execution on site is an important stage and site
supervision, checking of materials on site, and workmanship must be
focussed on. However, employing building materials of low quality is
identified as main cause of building collapse (Oloyede et al., 2010) and
high maintenance (Hashim et al, 2015). Isa et al. (2016) researched for
the causes of architectural defects in Malaysian university house and
identified most common causes as; work did not meet specifications,
poor workmanship, lack of safety, vandalism, and water seepage.

According to Kim et al. (2019) defects are mostly caused by human or
process errors and there are a few causes of defects in residential
buildings, such as; lack of control, accelerated schedules, construction
by inexperienced staff, material defects, and insufficient inspection.
c.

Defects and the Post occupancy stage

Chanter, B. and Swallow, P. (2007) emphasised that a considerable
number of construction failures are contributed due to poor
maintenance practices, like; inadequacy of routine maintenance, nonimplementation of an ineffective replacement planning, lack of
regular and proper inspections, non-availability of data to enable the
maintenance so that it can be properly carried during the post
occupancy period. The buildings may last for centuries, if they are
properly maintained. It is also of crucial significance that the
maintenance managers are involved at the design stage.
Chong and Low (2005) found that at the occupancy level, mechanical
and electrical components accounted for 73 % of defects caused by
design flaws. Incorrect installation affects construction project
efficiency and workmanship, design, management, equipment,
material, or lack of safety of already installed objects are the most
common sources of defects traced in construction projects. These
defects can be associated with adjustments, mistakes, omissions, or
harm (Alencastro et al., 2018).
2.4 Cost of defects
According to Ali et al. (2010), the building maintenance efforts in the
United Kingdom have surpassed 50% of all annual construction
operations. According to studies, 70-85 percent of building
maintenance and running costs can be controlled during the design
stage. It accounts for a significant amount of total building life cycle
costs, and there has been a recent rise in awareness of the need of
budgeting for building maintenance and operations (Krstic and
Marenjak,2012). Josephson and Hammarlund (1999) stated that the
defect costs account for 4.4 percent of total manufacturing costs. The
time it takes to correct them is about 7% of the overall time spent on
the job. Rework of defective components discovered late during
construction wastes 6-15 percent of construction costs, while rework
of defective components detected during maintenance wastes 5% of
construction costs
3.

(Akinci and Boukamp, 2004).

Research Methodology

The literature review highlighted issues related to likely causes of
defects during life cycle of building. These causes can be summarised
as; natural hazards, movement of soil beneath the building,
dampness/seepage in building, inadequate drainage system, faulty
design, poor workmanship, faulty plumbing, lack of quality control on
building material, non-adaptability of building for future demands,
improper installation of building services (during construction and
post occupancy), alterations during post occupancy, lack of
maintenance.
3.1 Research questions
The research aimed to investigate the causes of defects those are
related to different stages of building life cycle i. e., Design,
Construction and post occupancy. Further, it also aims to explore
whether the professional experience, in terms of number of years and
exposure of respondents changes their opinion towards the causes of
defects. An attempt was made to enlist the possible causes of defects
through literature survey and conduct a questionnaire survey to
analyse the research questions.
3.2 Instrument design and data collection
In order to investigate the causes of defects in buildings during life
cycle of buildings, an online structured close-ended questionnaire
was designed and the survey was conducted through a nonprobability sampling method. The questionnaire consisted of two
parts. Part A comprised of questions related to the profile of
respondents and included a set of closed-ended questions with a
single choice. Part B comprised of twelve causes of defects. Attitude
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scaling was adopted based on Guttman’s scale that helps to measure
the composite scores (Dixit, 2011). The target group were 200
architects with variation of professional backgrounds, such as:
academicians, practitioners, and both. Akintoye (2000) have stated
that receiving 20-30% response is acceptable in the construction
industry and the response rate for the survey conducted as 62%, that
can be assumed to be acceptable.
4.

Data Analysis

The demographic profile concerned the profession category,
experience, and budget of the projects handled by respondents. The
highest response rate was from practicing architects (64.7%) and from
architects having experience of 0-20 years (87.9%). Majority of
architects (62.9%) had an experience of handling projects of budget
above 5 Crores. The descriptive analysis conducted for 'Part A' was
based on three indicators of architect's profile as illustrated in Table
1.

Figure 2. Cross tabulation of experience of respondents with causes
of defects

Table 1. Demographic profile of respondents
Profile

Category

Professional
Experience/
Job position

Academicians
Practicing architects
Both

Frequency
(n)
11
75
30

Working experience

0-10
66
11-20
36
21-30
8
31-40
3
Above 40
3
Budget of projects
30-50L
10
51L-1.5Cr
7
1.6-2.5Cr
9
2.6-5.0Cr
10
Above 5.0Cr
73
Not applicable (for
7
academicians)
% - percentage, n- sample response, L-Lakh, Cr-Crores

%
9.5
64.7
25.9
56.9
31.0
6.9
2.6
2.6
8.6
6.0
7.8
8.6
62.9
6.0

Figure 3. Cross tabulation of type of profession with causes of defects

The general perception of respondents regarding the causes of defects
is demonstrated in Figure 1.

Figure 4. Cross tabulation of budget of building with causes of
defects

Figure 1. General perception for causes of defects
It is observed that highest response is received for poor workmanship
(86.1%), dampness and seepage in buildings (82.6), lack of quality
control and improper installation of building services (both at 73.9%),
and lack of maintenance (72.2%). Lowest response is in favor of nonadaptability of buildings for future demands (36.5%).
A descriptive analysis of the data was also performed to obtain
frequencies and cross-tabulation of data was conducted on the basis
of their experience, profession and budget of projects handled, as
presented in Figure 2, 3, and 4 respectively.

On close examination, it is observed that the profile of responses for
various causes of defects is similar when cross-tabulated with years
of experience and profession. On the contrary, the response received
from projects above 5 crores of budget are distinguishably different
from all other projects of lower budget. A comparative description of
frequencies for responses obtained after cross-tabulation is presented
in Table 2, that includes data that is related to distinguishable
frequencies only.
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Table 2. Comparable frequencies for causes of defects
CAUSES

BUDGET
(Above 5
Cr)
n
33
34
57
46
49
59
48
54
26
60

Natural hazards
Movement of soil
Dampness/seepage
Inadequate drainage
Faulty design
Poor workmanship
Faulty plumbing
Lack of quality control
Non adaptability
Improper services
installation
alterations
36
Lack of maintenance
54
Other
1
n – frequency, Cr-Crores, y-years

Exp
010y
n
35
36
58
43
45
52
43
45
21
51
29
41
2

Exp
1120y
n
15
13
25
18
24
32
22
26
15
23

Profession
Practicing

18
26
0

38
58
1

n
35
40
60
46
51
63
51
60
24
59

5.

Conclusion

Exhaustive literature review was done to identify the causes of
defects and they were further investigated through questionnaire
survey to identify the most common causes. The three stages during
life cycle of building were identified as; Design, construction and post
occupancy. Further discussion is mandatory to classify these causes
of defects in different stages of building life cycle. The causes of
defects associated with the Design stage are; Inadequate design of
drainage system (62.6%), faulty design (67%), non-adaptability of
building for future demands (36.5%), and movement of soil beneath
the building (48.7%). Movement of soil can be due to nonconsideration of soil type during structural design exercise. The
causes of defects related to construction stage are; poor workmanship
(86.1%), faulty plumbing (68.7%), lack of quality control on building
material (73.9), and improper installation of building services (73.9%).
The causes of defects associated with post-occupancy stage are;
dampness/seepage in building (82.6%), alterations (47%), and lack of
maintenance (72.2%). Some causes such as natural hazards (48.7%) are
unpredictable.
The opinion of respondents having professional experience in
architecture of upto 20 years illustrates that the issues related to
construction and post occupancy stage such as; dampness/seepage in
buildings, poor workmanship, lack of quality control, improper
installation of services and lack of maintenance, are critically
responsible for defects in buildings. These responses are in
coordination with the academician’s opinion also (reference to Figure
6). It is also observed that non-adaptability of building for future
demands, movement of soil beneath the building, alterations during
post occupancy are not majorly responsible for defects in buildings.
6.

Figure 5. Comparative frequencies for causes of defects
It can be verified from Figure 5, that the most commonly recognised
causes of defects in buildings identified by three categories of
respondents; practicing, having 11-20 years of experience, and those
who have handled projects above 5.0 Cr, are dampness/seepage in
buildings, poor workmanship, lack of quality control, improper
installation of services and lack of maintenance.
Further, an investigation was carried out to examine the significance
of the relationship between the opinion of architect's having different
professional background. A scatter diagram was plotted between the
academician’s response and practising architects’ responses as shown
in Figure 6. Scatter plot is a method of regression analysis or line of
best fit (Oberoi, 2012). The scatter plot confirms the positive
association between two categorical variables (Figure 6) i.e., similarity
in responses towards the causes of defects in this case.

Figure 6. Scatter plot showing positive association between opinion
of academicians and practicing architects

Limitations of study and future scope

The research is conducted in Indian construction industry and is
limited to the opinion of architects only. The opinion of other
stakeholders from construction industry may vary from these results
and prove some contradiction. Further analytical studies can be
conducted to examine the understanding of different stakeholders
and in different context of places.
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Linear model of compactness constitutes a theoretical approach of the forecasting study
of the compactness of granular stacking, it requires the knowledge of certain parameters:
proper compactness and interaction functions (effects of skin and interference).
The objective of this communication is to make this model operational, for that in the first
part of our work we have started an experimental study on crushed grains, our aim was to
determine: First the proper compactness of each size range. Second the compactness of the
binary mixtures which leads to the experimental determination of new analytic
expressions concerning the effects of skin and interference. These expressions reflect the
reality with an average error that is tolerable. The second part of the study illustrates a
programming in FORTRAN language, of the linear model of compactness, this
programming is used for the validation of the model. The validation of the model is carried
out by comparison ¦prevision/experience¦ relating to mixtures drawn from the literature
(of different morphology) gave a rate of very acceptable correlation.

1.Introduction
The concrete material remains since its existence at the beginning of
XIXth century, the key element in the construction industry, and
always presents an integral part in the construction. Its employment
is broad and intensive because of its many qualities among which: a
certain durability, a good compressive strength, a good sealing and a
relatively low cost... etc.
The improvement of its properties for a long time interests the
researchers. They proved that one of the principal causes of the
properties’ degradation is the trunk composition of the concrete. The
clothes industry of a good composition is conditioned by several
parameters in particular a judicious choice of the inert phase: sand +
gravel.
Today all the authors agree on the fact that maximizing the
compactness of the granular mixture led to a good concrete [1].
The work suggested wants to be a contribution in the study of the
compactness of the granular mixtures by experimental and
theoretical way. The study being based on the concept of the linear
model.
The concrete material remains since its existence at the beginning of
XIXth century, the key element in the construction industry, and
always presents an integral part in the construction. Its employment
is broad and intensive because of its many qualities among which: a
certain durability, a good compressive strength, a good sealing and a
relatively low cost... etc.
The improvement of its properties for a long time interests the
researchers. They proved that one of the principal causes of the
properties’ degradation is the trunk composition of the concrete.

The clothes industry of a good composition is conditioned by several
parameters in particular a judicious choice of the inert phase: sand +
gravel.
Today all the authors agree on the fact that maximizing the
compactness of the granular mixture led to a good concrete [1].
The work suggested wants to be a contribution in the study of the
compactness of the granular mixtures by experimental and
theoretical way. The study being based on the concept of the linear
model.

2.

Definition of The Linear Model of Compactness

The research of the maximum compactness of the granular skeleton
occupied several generation of researchers. The complexity of the
problem leads the LCPC to develop a model known as the linear model
of compactness, it is an ideal model developed at the laboratory of
macroscopic physics of the LCPC, it allows the numerical prevision of
the maximum compactness of a mixture of finish extent starting
from the following data [2]:
- Granularity of the mixture,
- Proper compactness of each size range,
- Functions of interactions between grains (effects of skin and of
interference).
Experimental studies undertaken, by various authors (in particular by
Caquot), on structures in form of granular stacking let appear two
essential phenomena.
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2.1 Effect Of Skin

3. Characterization of Materials Used

The effect of skin is the interaction studied in all its details by Caquot
in 1937 and is reflected in the fact that at the proximity of a grain of
higher size, the stacking of grains of lower size is slackened [3].

The aggregates used result from the region of Bendjerah (Guelma City)
east of Algeria:

This phenomenon is observed during dismantling of concrete
element (posts, beams... etc.) where an enrichment in fine elements
(cement + sand) in front of the skins is observed.

- A sand of career 0/5,
- A gravel of career 3/8, 5/15,15/25.

2.2 Effect Of Interference

Table 1.

The effect of interference reflects the fact that when a lower grain of
size is not sufficiently fine to be introduced into the porosity of the
stacking of the grains of higher size, it destructor them. Indeed, while
coming to intercalate it between the large ones, they induce a
relaxation of the structure [3].

Characteristics physical and mechanical are presented in the next
table:
Physical and mechanical Characteristics of the aggregates
used.
Classes
Sand
0/5

Gravel
3/8

Gravel
5/15

Gravel
15/25d

1.47

1.42

1.48

1.49

2.53

2.77

2.76

2.77

0.22

0.52

0.32

0.32

Surface cleanliness (%)

-

14

1

1.32

Fineness modulus (%)

2.56

-

-

-

Apparent density
Mass (g/cm3)
absolute density Mass
(g/cm3)
Water content w (%)

grains du

grain du gros granulat

granulat fin

4. Experimental Study
4.1. Presentation of The Test of Compactness

Figure 1. Effect of skin [4].

Volume
sécant

Zone
perturbée

Figure 2. Effect of interference [4].
The linear model gives for the prevision of compactness the
following expression [2]:

ci 

i

1  ( 1  i ) j 1 g( i , j ) y j   j i 1 f( i , j ) y j
i 1

c = inf ci

n

1 < i < n

Where:

- Principle of the test:
The principle of the measure test of compactness consists in
subjecting a sample of volume determined to a series of vibrations to
reach best arrangements of the grains.
Several procedures are proposed, one of which consists in:
- Filling a cylindrical mould with one liter of volume in three equal
layers,
- For each layer, making the mould compact on electric machine of
sieving during 10 successive shocks,
- Levelingl the mould with a rigid stem,
- Weighing the mould to determine the mass of the aggregate it
contains.
From the weighing and absolute density, determined beforehand, we
can determine the proper compactness of the grain. For each test, we
take at least three measurements.
This procedure was used to obtain the compactness of the
monodimensional classes and the binary mixtures of variable
extents.

4.2. Results of The Tests
4.2.1. Test of Proper Compactness
A separation of the various monodimensional classes which
correspond to the various used sieves for granulometric analysis of
sand and gravel.
The results are presented in the next graph:

ci
n

compactness of the mixture for the dominant class " i "
number of granular classes,
αi
Proper compactness on the class " i "
yi
volumecals proportions
f( i , j ) interaction function “effect of skin”
g( i , j ) interaction function “effect of interference”
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0.75
0.7

0.6
0.4
0.2
0.063 0.15 0.212 0.3 0.425 0.6 1.18
d ( mm )

2

3.35

compactness

compactness

0.8

0.65
0.6
0.55

0.8

compactness

0.5
0

0.6

0.4

0.2

5

6.3

8

10

11.2

14

20

d ( mm )
Figure 3. Variation of proper compactness
diameter of the grain.

i

according to the

It is noticed that the proper compactness of a grain varies according
to his diameter. This is true for sand as well as for gravel, this
variation remains rather modest and the precision of the tests is
(10%).
4.2.2. Compactness of The Binary Mixtures
We carried out a systematic study of the binary mixtures obtained by
a combination of two monodimensional classes, beforehand
separated.
For the realization of the mixtures, we proceeded to a manual
homogenization.
Having seven classes (a - b - c - d – e - f - g) of the aggregate, the sizes
of the grains within the sieves were the next:

0.3 mm < a < 0.425 < b <0.6 < c < 1.18 < d < 2 < e < <3.35 <f < 5 < g < 6.63
mm.

0.2

𝑑𝑚 𝑖

𝑑

0.8

d2/d1=0,213

d2/d1=0,322

d2/d1=0,38

d2/d1=0,47

d2/d1=0,559

d2/d1=0,595

d2/d1=0.64

d2/d1=0,74

1

Figure 4. Variation of compactness according to y2 for the various
binary mixtures.
Of the whole of the obtained results, the first outstanding fact is the
form of the function C= f(y2) it is initially increasing until a maximum
for a certain value of y2 it decrease then: it is the shape of bell.
The second remark to make, is that the variation of compactness is
faster on the side of large dominant (small percentages of grains fine
y2 = 0.4) than that on the side of the small ones.
Concerning the inflcuence of the granular extent (d1, d2) of the grain
on the value of maximum compactness, we remark that compactness
decreases when the d2/d1 ratio increases. This experimental fact
confirms the work of Caquot on the granulard mixtures.

4.2.3. Experimental
Interactions

Determination

of

The

Functions

of

After the preliminary study of measurement of the compactness of
various binary mixtures, we propose to determine in experiments
functions of interactions defined previously.
According to the linear model, compactness can take one of the two
following forms [2]:
case of the large dominant

𝑐

,

case of small dominant

2

We obtain for the seven classes the following average sizes:

dm(i)
(mm)

Y2 0.6

d2d/1=0,135

The average size of the aggregates is estimated according to the next
formula [2]:
𝑑

0.4

a

b

c

d

e

f

g

0.36

0.51

0.89

1.59

2.67

4.17

5.65

We prepared 9 mixtures of variable extent (from 0.13 to 0.74). For the
realization of the mixtures one chose proportions of small grains y2
by successive increment of 10%. Here are some results:

𝑐

𝛼
1

1

α

g 𝑑 ,𝑑

𝑦

From these two relations, we draw the values for the functions of
interactions f and g
𝑓 𝑑 ,𝑑
𝑔 𝑑 ,𝑑

𝑐

𝛼
c 𝑦

𝑐
c 1

𝛼
𝛼

𝑦
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Table 2 presents the value of the functions f and g for the various
mixtures studied.

1

Table 2. Experimental values of the functions of interactions f and
g.
mixture
0.36 – 2.67
0.89 – 4.17
0.512 – 1.59
1.59 - 4.17
2.67 – 5.65
0.89 – 1.59
1.59 – 2.67
2.67 – 4.17
4.17 – 5.65

d2/d1
0.135
0.213
0.322
0.38
0.47
0.559
0.595
0.64
0.74

Value of f
0.356
0.343
0.248
0.227
0.255
0.263
0.167
0.169
0.134

Value of g
1.032
0.699
0.690
0.467
0.662
0.328
0.347
0.305
0.496

We sought to establish, from these experimental results, simple
mathematical expressions according to d2/d1, the form:

y = (1 - x) n
and this with an aim of responding to the conditions at the limits of
the model, i.e:

x=0

y=1

x=1

y=0

0.8
0.6

g

0.4
0.2
0

0.2

0.8

1

Figure 6. Experimental Points and smoothing of the functions
of interactions f and g.

5. Comparison of the Models
5.1. Domain of Small Dominant
Figure 7 presents the layout of the function g(d2/d1) according to the
models:

g ( 1 , 2 ) =1 -

f(d2/d1) = ( 1 – d2/d1 )3.4

2

- 5 a2 [( 1 + d2 / d1 )3/2 – 1]
16

-Caquot he proposes the following general expression [2]:

g ( 1 , 2 ) = 1 - d 2 / d1

and for the function g the best smoothing of the experimental
points led to the exhibitor n=0.92≈0.9
g(d2/d1) = ( 1 – d2/d1 )0.9

Thus

0.6

d2/d1

-Ben-Ain : this author proposes for the function g the equation [2]:

For the function f the best smoothing of the experimental points led
to the exhibitor n=3.42 ≈ 3.4
Thus

0.4

-The function of the experimental results drawn from the literature
(smoothing) [2]:
𝑑 .
𝑔 𝑑 /𝑑
1
𝑑
-Our experimental results.
𝑔 𝑑 /𝑑

Figure 6 presents the experimental points and the smoothing of the
functions f(d2 /d1) and g(d2 /d1)

.
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Figure 7. Values of the function of interaction g(d2/d1) according
to the models

d2/d1
We remark that:
- the model of Caquot satisfied the conditions at the limits : (g(0)=1
and g(1) = 0),
- the model of Ben-Aim does not satisfy one of the two conditions at
the limits: (g(1) # 0).
- the smoothing deduced from the literature gives results weaker
than our own values. Notice that this smoothing is deduced from tests
carried out on grains of perfectly spherical form, which can partly
explain the differences of the raised results.
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- The experimental function we suggested gives low values by default
compared to the other models.

5.2. Domain of Large Dominant
Figure 8 presents the layout of the function f(d2/d1) according to the
models:
- Linear model (for u=0 and u=0.2) according to the equation [2]:

6. Validation of The Model

𝛼
𝑑
1 𝑢
𝛼 ∗ 𝑑 ,𝑑
𝑑
- The function of the experimental results drawn from the literature
(smoothing) [2]:

For the calculation of the compactness of the mixtures, in the logic of
the linear model, we worked out a data-processing program (written
in Fortran77 language) which allows, from the base data that are the
proportions of the monodimensional classes and the proper
compactness to estimate the compactness of the mixture.

𝑓 1,2

1

f(d2 / d1)  ( 1  d2 ) 2.4
d1

In this part, we will present a comparative study between the linear
model (calculation made by the program) and of the experimental
results of a study undertaken by Joisel.

- Our experimental results.

f(d2 / d1 )  ( 1  d2 )3.4
d1

Joisel, for its experiments, used six classes (a – b – c – d – e - f) of a
rolled aggregate (resulting from the Seine), sizes (within the sieves)
following [5]:

1

0.8

0.2 mm < a < 0.4 < b < 0.8 < c < 1.6 < d < 3.2 < e < 6.4 < f < 12.8 mm.
The table 3 has the average sizes and proper compactness for the 6
classes’ studies:

u=0

0.6

f

u=0.2

Table 3. The Average Sizes and Proper Compactness Used

0.4
Lissage

0.2

Dm(i)
i

expérimental

0

0

0.2

0.4

0.6

0.8

a
0.3
0.620

b
0.6
0.641

c
1.2
0.949

d
2.4
0.646

e
4.8
0.633

f
9.6
0.616

1

Comparing 9 binary mixtures and 9 mixtures of 4 classes, some
results are presented in the following graphs:

Figure 8. Values of the function of interaction f(d2/d1) according
to the models.
- The linear model responds to the conditions at the limits for U = 0,
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Figure 9. Theoretical and experimental values of compactness for various mixtures according to the proportion of the finest class.
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It is remarked that the general shape of the curves remains faithful.
The model in particular, however, gives compactness generally a little
stronger especially in the surrounding of the optimum.
On the whole of taken measurements, the model gives a rate of
correlation of 96%, compared to the experimental results of Joisel.
This rate of correlation is very acceptable. Such results allow to think
that the use of interactions functions values by the linear model
constitutes a good tool in the study of granular stacking.

7. Conclusions and Prospects
- The linear model of compactness is a theoretical approach of the
study predicted compacting granular piles.
- This theory is interested in studying stacks granular gives, through
the many uses, quite satisfactory results in the field of binary
mixtures.
- A rate of 94% correlation suggests that the linear model using the
values of interactions functions deducted experimentally is a good
tool for studies of granular piles.
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Modular structures have just emerged in the building industry. Modules are manufactured
at the factory, transported to the site and assembled on site by means of a tower crane. The
size of the modules is limited by the vehicle carrying the modules. Because modular
structures are repeatable and manufactured in the factory, they are low in cost, fast to build,
high quality, and less risky in terms of security. The most important component of modular
structures are connections. Because the connections greatly affect the stability, tolerance,
oscillation, strength, strength and behavior of the structure. However, it is quite difficult to
understand the performance of the connections. Therefore, a lot of work needs to be done on
the connections.

1. Introduction
The modules that generate the modular buildings are assembled
internally and externally at the factory and transported to the on site,
and the modules are combined in the field through inter-modular
connections as seen Fig.1. The size of the module is limited by the size
of the transport vehicle. The figure shows the module sizes allowed by
the rules for the road[1]. Due to the repeatability of the modules, these
buildings are mostly used in hotels and student residence. Modular
structures are not preferred in retail, parking area or mixed-use
buildings that require wide column spacing. Since modular structures
are repeatable, they provide less waste and fast assembly. Modular
structures ensure safety and high quality, as the modules are
manufactured in the factory under controlled conditions. In modular
structures, modules are reusable and easy to assemble and
disassemble because they are combined thanks to inter-module
connections. Since the modules are produced in the factory
environment, they cause little disturbance to the environment in
terms of noise and pollution. Although modular structures have many
advantages over traditional buildings, they also have some
disadvantages. Factory production facilities are more costly because
the modules are manufactured in the factory. Modular buildings have
many structural challenges, there is a need to better understand the
performance of modular structures, but engineers have little
experience with modular building[2].

Figure 1. Assembly process of modular structures[1]

2. Structural systems for modular buildings
2.1. 2D Panelised systems
In 2D modular systems, as seen Fig.2., columns or walls are installed
first, and then the panels are placed on the vertical elements. The
connections used in this type of system connect the panels to each
other and provide load transmission between the panels[3].
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7.3 Hybrid Core Systems
As the height of the structure increases, the lateral height increases,
so the size of the elements of the submodules is larger. A hybrid core
system, in Fig.5.(a),can be used to avoid this disadvantage. In this
system, the core added to the structure meets the lateral loads and
reduces the lateral deformation[3].
7.4 Hybrid Podium Systems

Figure 2. 2D Panelised system[4]

Since modular buildings cannot be used in large span areas, hybrid
podium systems, Fig.5.(b), are used to eliminate this disadvantage. In
this system, the lower floors (usually the first two floors) are
constructed using a long space steel or concrete frame. Then the
modular segment of the building is placed above the podium[3].

7.2 3D Systems

7.5 Frame Unit Systems

Assembling a 2D system is more complicated than a 3d system.
However, the 2d system is more flexible than the 3d system. 3D system
is more suitable for projects with high repeatability[4]. The 3D modular
system is divided into two according to the way of load transfer; Loadbearing wall systems and corner supported frames[3].
7.2.1

In the frame system, in Fig.5.(c), the primary structure of the building
is the traditional frame. After the frame is installed, the modules are
placed between the structural members of the frame[3].

Load-Bearing Wall Systems

In load-bearing wall systems, vertical loads (dead and live loads) are
transmitted to the walls and then transmitted from the walls to the
foundations. The load-bearing members of this type of modular are
the walls, as seen Fig.3. These modules comprise of cold formed Csections that repeat along the wall[3].

Figure 5. (a)Core system (b)Podium system (c)Frame unit system[4]
8.
Figure 3. Load bearing wall system[1]

7.2.2

Corner-Supported Systems

Connection Systems

Connections greatly affect the performance of a modular building.
Therefore, this study focuses on modular connections. In modular
structures,as seen Fig.6, connections are divided into three; modulefoundation connection, intra-module connection, inter-module
connection.

Corner supported systems, Fig.4, carry the vertical loads coming from
the side beams of the modules. In this system, which mostly has
columns at its corners, steel hollow profiles (SHS) are generally used
for the columns. In this type of modular system, columns and beams
carry vertical loads, while some support elements or coatings bear
lateral loads[3].

Figure 6. Modular connection system[5]
3.1.

Figure 4. Corner supported system[1]

Module to foundation Connection

Foundations are built before the modules come to the construction
site. Basing on the construction site and ground conditions, almost
any system can be used in the foundations. Every connection system
has its advantages and disadvantages. For example, the main
connection type, chain / cable / keeper plate, is cheap but has
limitations in low-rise buildings. Welding to the base layer in the field
is stiff connecting but it requires extra cost onsite and has impair to
steel corrosion. Foundations in steel buildings usually consist of
precast concrete footings and bored pile. In multi-storey modular
buildings, foundation connections are important because as the
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lateral loads increase, if the modules are not attached to the
foundation sufficiently, overturning and slip failure may occur[5].

connection with tie rod, inter connection with connector and inter
coonection with bolt [4].

3.2.

Connections are made on site and are repeatable. Therefore, it affects
the structural performance of the building more than intra - module
connections and foundation- module connections[9]. Although a
detailed understanding of modular interconnections is needed,
experimental and numerical studies on connections are very limited.

Intra-module Connection

Traditional methods are used to connect the elements that make up a
module. Bolted and welded joints usually are used in intra modules.
Bolted connections usually include single fin plates, double angle
cleats and bolted end plates. Bolted connections are easy to dismantle
and reuse later. However, since it offers relatively low moment
capacity, rotational capacity and ductility, the joints need to be
strengthened. Welds are available for factory assembly[5].
3.3.

Inter-module Connection

Interconnections are divided into three according to their types;
bolted, welded and composite connections. Bolted connections are
widely used in modular structures as they require little site work and
can be disassembled easily. Bolted connections must be pre-drilled
during the molding process and are manufactured to accommodate
shear and strain. However, the use of long slotted holes can result in
the potential for increasing tolerance and failure to slip under great
horizontal force. Nevertheless slip of connection can be controlled
using the friction grip or pre-tensioned bolts force[5].

There are several innovative connection types developed for
interconnects in modular steel buildings. Since modular
interconnections require a lot of workmanship onsite such as laying
rebar, site grouting for concrete modular buildings, the assembly
speed decreases and thus the benefits of modular structures are
eliminated[4]. Therefore, the connections of concrete modules are not
included in this study.
Interconnections can be categorized into three types: inter connection
with tie rod, inter connections with connector, and inter connection
with bolt[4].
4.

Inter-module connections

4.1.

Horizontally connected techuniques

On the other hand, welds provide good stiffness so they can be used
in modular structures. However, it requires a lot of onsite work and is
very costly to dismantle. This goes against the purpose of modular
structures. Sometimes, concrete or grout is used to fasten the
connection in-place. Thus, composite concrete-steel connection is
formed[5].
This connection includes a vertical connection (VC) that fasten the
modules overlapping as illustrated in Fig.7.(a) or a horizontal
connection (HC) that fasten the modules that are next to each other as
illustrated Fig.7.(b). Moreover interconnections may also contain both
vertical connection and horizontal connection. Interconnections
provide load transfer between modules and transfer the loads of
overlapping modules to the foundation[6].
Interconnections also provide building tolerance, overall stability,
load distribution, alternative load paths in modular steel buildings in
case a certain load path does not occur. Therefore, interconnections
are the most important element affecting the structural performance
of modular steel structures.

Figure 8.(a)Horizontally connected with tie plate[6] (b) bolted side
plate[6]
Bolted connections are frequently used in modular structures as
they are easy to assemble and disassemble in the field. Fig.8. The
connection shown in (a) is connected horizontally using a tie plate,
and the connection shown in (b) is connected horizontally using a
bolted side plate.[6]

4.2.

Vertically connected techuniques

Figure 7. (a)vertical interconnecting (b)horizontal interconnecting[6]
Modules are essentially strong enough to carry vertical loads without
additional resistance system. Thanks to interconnections,
diaphragms transmit lateral loads to other modules or external lateral
load resistance system. Therefore, diaphragm movement of the
modules depends on the strength of the interconnections[7].
However, since each module has its own structural element (floor,
column, beam, etc.), the diaphragms of modular buildings are
discontinuous. Diaphragm discontinuity, which is a big problem, can
lead to flexible diaphragms. Under seismic loads, if high-rise modular
buildings have flexible diaphragms, faults in the lateral load
distribution, excessive drift and collapse may occur[8].
In addition, gradual collapse of the building may occur in extreme
situations such as fire, explosion, loss of support, blows.
Interconnections can be catagorized into three types: Inter

Figure 9. Rod connection using plugin bar and prestressed
tendon[10]
The fig.9. shows details of the pre-stressed modular connection. End
of each column has holes for pre-stressed strand or plugin bars.
Thanks to the a range of strand connectors placed in the connecting
area of the column ends as stabilizers, the pre-tension level can be
controlled and when the strand inside the column are damaged, the
other column is not affected by this situation. There is a shear block
at the column end to resist shear force. In order to prevent crushing
of the concrete and increase the ductility, plugin bars are placed in
the joint area and these bars are extended along the column. During
on-site assembly, the upper module is aligned upon the bottom
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module and strands and bars are placed in the holes. Then the
tendons were brought to the desired stress point, fixed with
connectors and finally concrete poured into the module columns
through holes. The two-storey prestressed modular frame is subjected
to cyclic loads at different earthquake levels. The frame offered
sufficient rigidity and ductility at frequently occurring earthquake
levels. However, as the load transfer resistance was exceeded between
the concrete, the plugin bars and the strands, shear and span
occurred. This led to a decrease in strength and rigidity and crushing
of the concrete. The experimental results of this connection have been
verified by the finite element method[10].

are directly proportional and the increase in the contact area causes
a slight increase in the shear load. A new connection type is suggested
by looking at the load-slip behavior of the connection[12].

Figure 12. Connector with self-lock[13]

Figure 10. Rod connection using steel box[11]
The innovative inter-module connection, in fig.10, that connects the
columns of the bottom and upper modules vertically, has a steel box
with sloped upper and lower edges and a post-tensioned rod in middle
of the steel box. Beams of the module are welded off-site to the
columns. Steel boxed specimens with different thicknesses and
specimens with different initial post-tensioning loads experienced
quasi-static cyclic loading testing. Also, two samples, one fully welded
and one partially welded, were used to compare with post-tensioned
connections. The results showed that the post-tensioned joint had
sufficient lateral resistance and showed better cumulative energy
dissipation and higher stiffness distortions. It was observed that the
maximum displacement of the sample with the thinnest steel box and
without initial post-tensioning load was less[11].

The joint boxes, seen fig.12, placed in the module corners are welded
to the module columns and beams. The stud is interpolated into the
upper part of the bottom module. Other parts of the connector is
placed inside the joint box in the upper module. A hole is drilled in the
lower surface of the joint box in the upper module for mounting.
During the assembly phase, the upper module is aligned on the bottom
module. When the stud is inserted into the mounting hole of the joint
box in the upper module, the connection is automatically locked.
Cyclic testing and pull out testing were performed to analyze the
structural performance of the connection. At the end of the pull out
test, it was observed that the joint showed good tensile behavior and
the tensile strength was mainly dependent on the stud diameter and
material properties. The failure mode was found not to be due to
slippage, but to fracture in the weakest part of the stud. At the same
time, excellent seismic performance of the connection has been
observed. The failure mode of the connection resulted from fracture
and buckling in the beam root[13].

Figure 13. Connector connection using corner fitting[14]

Figure 11. Rod connection using threaded rod[12]
In this design, in fig.11, there is a threaded rod and a shear key inside
the hollow steel section that makes up the modules. The P1 plate,
which has a centre hole to let the threaded rod to pass through, is
welded to shear key and the p2 plate to the columns. The access
opening ensured in the module columns lets the rod to be inserted
through the modules and be tensioned. However, since a rod is used
in the connection, the bar must have a larger diameter. this causes
tension. On the other hand, while this connection provides a vertical
connection thanks to the connecting rod, the horizontal connection is
not considered in this design. The sliding behavior of the joint was
investigated experimentally by changing the coating surface, contact
surface area and preload. The results showed that those with sandy
surfaces increase the slip factor and thus provide more slip
resistance. It has been observed that the bolt preload and shear load

This connection, seen fig.13, used in the modular building in China
consists of corner fittings and connectors. The connector includes a
connecting plate and a nut. There are access openings on both sides
of the corner fitting to hoist the module and to rotate the nut. In the
assembly phase of the connection, first the lower and upper corner
fittings are aligned, then the nut is tightened from the access
openings in the corner fitting with the help of a specific bar. Both
experimental and finite element methods are used to understand the
rotational stiffness of the connection. Flexural test was performed to
understand the structural behavior of the connecting. Buckling is
observed in the upper plate of the lower corner fitting[14].
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4.3.

Both vertically and horizontally connected techniques

As seen in the fig.16, this connector can be connected to beams and/or
columns or connectors can be attached to each other. Therefore, this
connection offers both horizontal and vertical connections between
stacked modules. This cube-shaped connection used in China has
holes on all faces for bolt mounting. Both experimental and numerical
methods have been used to investigate the loading capacity of this
connection. The behavior of this connection in shear and tension,
failure mode and loading capacity are analyzed by experimental
methods. Then, the structural performance of the connection was
investigated by the finite element method. Shear loading test and
simply supported test were performed and the results showed that the
connections failed because the bolts exceeded the tensile capacity[17].

Figure 14. Rod connection using tie plate[15].
While the steel connection plate provides a horizontal connection
between the modules, the threaded steel bar fixed with the nut
provides a vertical connection as seen fig.14. The steel bar resists the
tension forces and avoids it from separating vertically While the
columns resist the compression forces, shear forces are countered by
the shear key[15].

Figure 15. Connector connection using gusset plate[16]
Module units, consisting of column, floor-ceiling beams HSS sections,
are connected by vectorbloc connector from the corners. The
connector is connected to the HSS sections with a full penetration
fillet weld. The gusset plate, which is connected to the lower module
using FHCS onsite, establishes a horizontal connection between the
modules. After, as seen fig.15, the upper module is installed into the
bottom module via the registration pin. Finally, with the socket head
cap screws(SHCS) assembly, the modules are combined vertically. The
joint has experienced axial tension and axial compression testing to
understand the behaviour of the joint. Based on the rigidity and
strength of the connection, the position of the SHCS screws has been
found to play an important role. As the axial tensile load increased,
abrupt breakage was observed in the SHCS screws. Therefore, the joint
is fragile and requires improvement in order for it to fail ductilely[16].

Figure 17. Bolted connection using plugin device[18]
In the proposed modular interconnection, the plugin device, which
has four tubes, provides horizontal connection, while high-strength
bolts provide vertical connection. By welding the intermediate and
cover plate of the beams of the modules, local buckling of the beam's
plate against the tensile force of the bolt is avoided. This connection
does not require welding on site. During assembly, as seen fig.17, the
columns of the module are inserted into the plug-in device. When the
columns are placed, a horizontal connection is automatically
provided with the effect of clamping. Finally, long bolts will be
inserted through the holes in the beams of the modules, thus the
connection will be completed. In this connection, the samples were
classified according to whether they were stiffening or not and the
size of the samples, and they experienced static monotonic loading
test, quasi-static cyclic loading test and numerical analysis. The
results showed that gap was created between the modules' columns
and the plug-in device, and the gap increased as lateral force
increased. As soon as the lateral displacement attained a critical
value, cracks were observed in the beam-column joint area. In
addition, local buckling has been observed in the columns[18].

Figure 18. Bolted connection using gusset plate and cover plate[19]

Figure 16. Bracket connector[17]

All structural elements of the module consist of HSS. For the assembly
of the connection shown in the fig.18, first of all, a part of the columns
is cut in the factory. Holes are drilled for mounting the bolt on the
column cover plate and the outer surface of the column. In addition,
holes are drilled in the cross-shaped gusset plate, which provides both
horizontal and vertical connections, corresponding to these holes. In
the field, firstly, the cruciform gusset plate is placed between the two
bottom modules. upper modules are placed on the lower modules.

PACE 2021- Ataturk University, Engineering Faculty, Department of Civil Engineering, Erzurum, 25030, TURKEY 20-23 June 2021

487

Karacalı and Sağıroğlu Maalı
Lastly, the cut part of the column is closed by welding the cover plate.
Four different samples, fortified and non-reinforced, were examined
under cyclic load. Reinforced ones exhibited greater moment
resistance capacity than non-reinforced ones. Generally, local
buckling, plastic joint progress was observed in the samples. In
addition, a fracture was observed in the column-beam junction
area[19].

Figure 19. Bolted connection using bling bolt[20]
A connection plate with blinds and high-tension bolts was used to
connect four adjacent modules. Hollow structural steel (HSS) used for
columns is attached to blind bolted connection plate. A cold formed C
section used for ceiling and floor beams is attached to a normal high
tension bolted connection plate. In total, as seen fig.19, ten blind bolts
and eight high tension bolts are used. Two types of samples were
designed to understand the structural performance of beam-tocolumn connection, and knee brace was used in one of the two
samples to understand bending stiffness. The results showed that
knee pads play an important role in the rigidity and strength of the
connection[20].

Figure 21. Bolted connection using plate[22]
This connection, as seen fig.21, provides both vertical and horizontal
connections and is designed to transfer vertical and horizontal loads.
This load transfer occurs by bolting the columns of the adjacent
modules. Three types of fastening were studied depending on the size
of the bolt and type of the bolt hole. The behavior of the connection
under lateral loads has been investigated using both experimental
and numerical methods. The sliding behavior of the bolts has been
observed under great lateral forces. Large slots are not recommended
in high-rise modular buildings as larger deflections occur as the slip
gets larger[22].

Figure 20. Different types of bolted connections[21]
Modular units are usually connected using high strength bolts and
connection plate, but the performance of the column decreases as
holes are drilled to use bolts. In order to compensate for this situation,
bolts and connection plate used without drilling holes are used in this
connection. As shown in the fig.20, L, T and cross shaped connection
types can be standardized according to the module assembly. These
connection types can be easily assembled, disassembled and reused.
To analyze the seismic behavior of the junction, cyclic loading testing
was performed and the structural performance of the connection was
investigated. Three specimens with bolts of different shapes were
analyzed by experimental and numerical methods. In addition, a
welded specimen was produced to compare with these specimens. The
welded specimen exhibited greater initial stiffness and greater
maximum moment than bolted specimens. It was also observed that
as the size of the connection decreased, the stiffness decreased[21].

Figure 22. Bolted connection using locating pin[23]
The recommended locking connection is seen in the fig.22. This
connection allows to combine a total of eight modules, with four
modules on the top and four modules on the bottom. While horizontal
connection is provided with P2 plate, vertical connection is provided
by means of bolts. The locating pins are welded to the p1 plate at the
factory. P1 and P3 plates are welded to the ends of the module
columns. The P2 plate is then placed on the P1 plate and the P3 plate
on the P2 plate. Finally, the plates are fastened with pre-stressed bolts.
In order to understand the F-d behavior of the connection, both
experimental tests and numerical methods were used. The presence
of both locating pins and bolts in the connection caused an increase
in shear resistance. In addition, it was observed that as the preload of
the bolt changes, the slip resistance changes and the hole tolerance
has little effect on the slip resistance[23].
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Conclusions
In this study, modular structures are introduced and modular
building types are mentioned. The importance of connections in
modular structures is explained and the proposed innovative
connection types are examined.

Declaration of Conflict of Interests

Figure 23. Bolted connection using connector plate(a),using resilient
layer(b), using column plate[24]
The fig.23. shows three types of connection types can transfer both
vertical and horizontal loads. In the connection shown in figure a, a
steel plate is placed between the column plates. This steel plate
reduces the seismic energy generated by the modules and helps the
connection's energy consumption. In the connection in figure b, both
steel plate and flexible plate made of rubber material are used. This
flexible plate provides additional damping. Having the same column
dimensions as fig. a and b, the connection in figure c consists only of
column plates and bolts. These connection types were compared in
terms of energy loss and seismic performance using the finite
element method. The joints in Fig a and b showed better ductility and
better performance than the joints in fig c. The performance of flexible
plate and steel plate a and b plates is improved. Connection B is
recommended for use in steel modular structures in terms of ductility,
energy and seismic resistance[24].

Figure 24. Interlocking system[7]
This connection is easier to set up compared to other connections
since the movements made during assembly are simple. The two
strips in the figure are intertwined to avoid rotation and any
separation. The figure shows the resistance of the connection to shear
and pressure, which is subjected to any load. As seen in the figure, this
combination provides both horizontal and vertical connections. The
modules are clamped with a simple push action, thus ensuring
structural integrity. The structural performance of this connection is
found by static and dynamic horizontal loading. The structural
integrity of modular buildings against accidental loads is found by
conceptual lifting of the supports. Modular interconnections are
based on forces arising from loss of support.[7]

The authors declare that there is no conflict of interest. They have no
known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.
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Intercity travel has been restricted to breakdown the chain of sporadic Covid-19. Kuala
Lumpur, the capital city of Malaysia has driving the quality service to the socioeconomic in
the country. With the restrictions during lockdown, all public activities and intercity travel
prohibited and the socioeconomic becomes downturn. The usage on mode choice in using
public transport for travelling intercity has changed. This paper is to investigate the pattern
of mode choice on public transport for travelling intercity to Kuala Lumpur pre- and postMCO with the risk exposure of Covid-19. The data collected by questionnaire survey and
analyzed using Stratified Random Sampling Method. Results show that lower risk level of
Covid-19 exposures more likely travelling intercity to Kuala Lumpur and majority choose
bus as the mode choice of public transport. The characteristics of passengers were collected
using demographic factors. This research can improve the socioeconomic to overcome the
downturn during pandemic globalization.

1.Introduction
On 31st December 2019, the outbreak of Coronavirus disease (Covid-19)
was initially detected in Wuhan, China. This virus had spread all over
the world and affected a total of 171 countries as of 26th March 2020
(Roser, 2020). The current mortality rate is 2.2% as of 6th June 2021
(WHO, 2021). Many countries had lockdown including Malaysia to
contain the spread of Covid-19. Malaysia has promulgated the
Movement Control Order (MCO)1 in response to Covid-19 pandemic
on 18th March 2020 by implementing restrictions including the
prohibition for intercity travel.
1
MCO is referred to Movement Control Order implemented by the
federal government of Malaysia as a preventive measure in response
to Covid-19 pandemic. The regulations also known as lockdown or
partial lockdown. The order had 4 phases from 18th March 2020 until
3rd May 2020. The restrictions of intercity travel were prohibited and
travelers were allowed to travel 10km in radius from their home
except for medical purposes and certain conditions.

Malaysia is a relatively small country with a total land area of 329,847
square kilometers. However, Malaysia has extensive road networks
where road density is 0.76 kilometers per square kilometers of land
(Knoema, MAHF, 2020). Total road length is approximately 250,000
kilometers with 2,000 kilometers of roads are categorized as
expressway. Meanwhile, Malaysia has approximately 1850 kilometers
rail roads and 62 airports serving 13 states and 3 federal territories in
the country (MAHB, 2018).
During the MCO, intercity and interstate travel were banned in
Malaysia, where, travelling is only permitted within 10km from home.
This intercity travel restriction imposed in response to break the
chain of Covid-19 had brought radical changes to the intercity public
transport ridership in Malaysia. A sharp declined in ridership were
observed due to the travel restrictions. Moreover, other factors such

as the reduction in the schedule of the public transport services due
to low demand, higher cost in purchasing flight tickets and the work
from home policy, are among few factors contributing to the
tremendous decreases in the intercity public transport ridership. The
intercity bus, intercity train and intercity flight usage showed huge
reductions of 49.7%, 51.48% and 42%, respectively (Knoema, MAHF,
2020).
Kuala Lumpur is the capital city and federal territory of Malaysia, a
metropolitan area with 8211000 populations in 2021 (Macrotrends,
2021). Highly urbanized in economic development with business hub,
financial, tourism, health and cultural diversity altogether located at
the city center of Malaysia. People come to Kuala Lumpur from around
the world with many purposes. The economic growth rapidly to the
country when they agglomerate in Kuala Lumpur. However, on the
first day of MCO, Kuala Lumpur has 118 of Covid-19 new cases (MOH,
2020). The news sparked the fear to the people as the virus can spread
faster in the environment. With the restrictions during lockdown, all
public activities and intercity travel prohibited while the
socioeconomic becomes downturn. In Greece, the travel behavior has
changed due to Covid-19 pandemic restrictions (Politis, 2021).
Further investigation is needed to overcome the downturn
socioeconomic to the country during pandemic. The pattern of public
transport operation for travelling intercity to Kuala Lumpur pre- and
post-MCO have to be controlled. The objective of this research is to
identify if there are changes in the public transport usage for intercity
travel to the capital Malaysia, Kuala Lumpur pre- and post-MCO. The
demographic factors of every passengers also important to study the
trip characteristics during pandemic. The risk exposure of sporadic
Covid-19 level from passengers’ home region is recorded to determine
the level of their awareness in using public transport for travelling
intercity to Kuala Lumpur pre- and post-MCO.
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2. Research Methodology
2.1. Flowchart of The Research Methodology

Table 1. Questionnaire Design Structure
Section
1
2
3
4
5
6

Description
Eligibility Screening
Intercity Travel Pattern Pre-MCO
Intercity Travel Pattern Post-MCO
Comparison of Intercity Travel Pattern Pre- and
Post MCO
Stated Preference Questions
Demographic

First section of the questionnaire structure is the eligibility screening
of the respondents. The survey screening the passengers of 50%
public transport usage for travelling intercity pre-MCO. The
frequency of the respondents for travelling intercity together with the
location they reside pre- and post-MCO were also taken. Second and
third section of the questionnaire structure covered the intercity
travel pattern of the respondents pre- and post-MCO. The intercity
travel distance of furthest, nearest and most frequent to the Kuala
Lumpur using public transport were recorded. The main purposes and
the frequency of the intercity travel using public transport pre- and
post-MCO also collected. Fourth, the intercity travel behavior of the
respondents pre- and post-MCO also compared. This section collects
the information of the attitudes and behaviors in selecting the mode
choice of public transport together with the way in purchasing the
ticket for travelling intercity pre- and post-MCO.

Figure 1. Flowchart of the Research Methodology

2.2. Questionnaire Design
Intercity travel to Kuala Lumpur has affected the socioeconomic in
Malaysia due to sporadic Covid-19. The restrictions of MCO have
stopped people to travel intercity. The usage of intercity public
transport such as intercity bus, intercity train and intercity flight
reduced tremendously pre- and post-MCO. The restrictions only
allowed to travel within 10km in radius from their home. Here, the
battle with pandemic may happen prolonged for 2 to 3 years later.
Thus, the public transport system needs to be sustained the business
for the socioeconomic of the country.
Before the Covid-19 pandemic hit the whole world, people never been
forced to stay at home for a long period and the schedule of public
transport never been controlled to be reduced. Besides, all the public
activities never been stopped like today where many businesses have
closed and majority company are going bankruptcy. After many years
later, if this pandemic situation happens again, the economy of the
country will be sparked with huge reduction and loss.
The policy maker has to take action to overcome the downturn of
socioeconomic in Malaysia during pandemic. The reduction of public
transportation services needs to be identified. The usage and the
selection of public transport mode pre- and post-MCO important to
control the transportation economy sector. Therefore, this research is
going to investigate the pattern of public transport to Kuala Lumpur
pre- and post-MCO. Questionnaire method is the technique used to
collect the passengers’ intercity trips. After many years later, the
socioeconomic can be sustained although if this situation of pandemic
happen again.
The structure of the questionnaire design is reflected based on the
problems, factors and information from the literature review of
previous studies in relating with this research objectives. This
research is focused on the pattern of public transport for travelling
intercity to Kuala Lumpur pre- and post-MCO with the Covid-19 risk
of the respondents’ home regions, respectively. The demographic of
the respondents also is collected for the respondents’ characteristics.
There are 56 questions with 6 sections altogether as shown in Table 1.

Fifth, the questionnaire structure was constructed to collect the
stated preference (SP) of the respondents with the Covid-19 risk level
at their home region. The stated preference (SP) here is the WTA and
Wtp of the respondents when using public transport pre- and postMCO in terms of risk exposure of sporadic Covid-19. The last section
of the questionnaire structure is the information of respondents’
demographic as it is important for respondents trip characteristics in
travelling intercity pre- and post-MCO. However, this paper is focused
on the research objectives to investigate the pattern of public
transport of the respondents for travelling intercity to Kuala Lumpur
pre- and post-MCO in relating with their exposure of sporadic Covid19 at their home region together with statistics demographic of
passengers characteristics.
2.3. Pilot Study
The method of data collection with questionnaire design has
improved by pilot study within 2 months, from September 2020 until
October 2020. The interview session of questionnaire survey has
conducted for a small scale before continue with questionnaire
design. The respondent’s feedback is important to verify and validate
the questionnaire design. A small sample size of 30 students and
colleagues has going through the telephone survey to avoid face to
face contact with people during pandemic. The session takes about 30
minutes for each of them. The respondents give a positive feedback
with good emotion while the interview session is in progressed. With
the pilot study, the questionnaire design become more feasible to
further questionnaire survey to achieve the research objectives.
2.4. Questionnaire Survey
This questionnaire survey was conducted from October 2020 until
December 2020, using telephone survey method. Prior the telephone
survey, the enumerators were trained via Zoom Meeting.
Overall, the questionnaire survey has collected 500 respondents of
sample size. The sample size distribution according to the regions are
divided into five regions in Malaysia listed in Table 2. This research
specifically considers intercity travel from home locations in
Southern Region, Northern Region, East Coast, Central Region and
Borneo Region of Malaysia. There are 3 types for the mode choices
served highly during intercity travel which are air transportation, rail
transportation and land transportation, other than private vehicles.
The data collection had to analyze the number of respondents for
travelling intercity to Kuala Lumpur using public transport pre- and
post-MCO. It is related with the individually risk exposure of Covid-
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19 from their home region compared to their destination of Kuala
Lumpur. The statistics demographic of the respondents is analyzed.
The data collection is analyzed and distributed using stratified and
random sampling method. After the data analysis, the mode selection
of intercity public transport used pre- and post- MCO to Kuala Lumpur
is observed and further with the discussions.
Table 2. Region States in Malaysia
Region

States

Sample
Size

Northern

Perlis, Kedah, Pulau Pinang, Perak

121

Central

Selangor, Kuala Lumpur, Putrajaya,
Negeri Sembilan, Melaka

148

Southern

Johor

49

Eastern

Pahang,Terengganu, Kelantan

93

Borneo

Sabah, Sarawak, Labuan

89

Total

500
Figure 2. Stratified Random Sampling Method

2.5. Sampling Method/ Data Collection
Stratified Random Sampling Method
The total of 500 respondents were divided into smaller samples or
strata for completing sampling process as shown in Table 3. The strata
are constructed based on mode choice of public transport when
travelling intercity to Kuala Lumpur in relating with the Covid-19 risk
exposure in respondents home region. The trip characteristics of the
respondents were determined with the strata of gender, age group,
marital status, education level, personal and household monthly
income. The samples were selected proportionally after the
respondent’s population have been divided.
Table 3. The Strata of Total Populations
Total
Population

First
Strata

Table 4 showed the respondents choice of public transport for
intercity travel to Kuala Lumpur pre- and post-MCO. There were 58%
of the respondents, out of 285 respondents, who travelled to Kuala
Lumpur by bus pre-MCO. The other public transport mode selection
were 22% and 20% respectively for flight and train. The number of
respondents travelled to Kuala Lumpur using a public transport has
reduced tremendously to 194 post-MCO. Meanwhile, the public
transport has reduced tremendously to 194 post-MCO. Meanwhile, the
public transport mode distribution were 62%, 20% and 18% for bus,
flight and train, respectively.

Second Strata

Table 4. The Intercity Reduction Pre- and Post-MCO

Gender, age group, marital
status, education level,
personal and household
monthly income

Public
Transpo
rt

Pre-MCO
Frequ
Perce
ency
nt (%)

Post-MCO
Freque
Perce
ncy
nt (%)

Reduct
ion

Percen
t
Reduct
ion (%)

Gender, age group, marital
status, education level,
personal and household
monthly income

Bus

165

58

120

62

45

27

Train

Train

56

20

32

18

24

43

Flight

64

22

39

20

25

39

Flight

Gender, age group, marital
status, education level,
personal and household
monthly income

Total

285

Bus

500
Respondents

3. Results and Discussions

2.6. Data Analysis
The data collection is validated and verified before analysed to find
out the mode choice of public transport for travelling intercity preand post-MCO in relating with the risk exposure of sporadic Covid-19
from respondents home region. Also, the demographic of respondents
trip characteristics was determined. The research was analysed using
stratified random sampling method by dividing the total of
respondents into smaller sample sizes as shown in Figure 2. The tools
of Statistical Package for Social Science (SPSS) Software used in this
experiment regarding to limited timing and to make the sampling
process easier. Lastly, the experiment is further continue with
comparison pattern of respondents in using public transport when
travelling intercity to Kuala Lumpur pre- and post-MCO based on
their demographic distributions, respectively.

194

Table 4 showed the usage of public transport for travelling intercity
to Kuala Lumpur has reduced by 32% post-MCO. This was associated
to the risk exposure of infected with COvid-19 disease while travelling
with public transport (Kwok et al, 2020). Intercity travel using train
has the highest reduction of 43% amongst all. This was related with
the decreased in the schedule of train post-MCO as stated in (The Star,
2020). Compared to train and flight, bus usage has the least reduction
which was only 27%. The reason was that generally bus has more
travel option as compared to train and flight that depend upon the
service provision that required airport and rail network.
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Figure 3. Intercity Usage Pre- and Post- MCO
Figure 3 showed the comparison of public transport choice to Kuala
Lumpur pre- and post-MCO. Generally, there was a reduction in the
intercity public transport usage to Kuala Lumpur as mentioned
earlier. However, it was clearly shown in the chart that the bus usage
has increased by 5% post-MCO, from 58% to 63%. The reason was that
generally bus has more travel option as compared to train and flight
that depend upon the service provision that required airport and rail
network. Intercity bus could operate at remote area which has road
connection. Airports only available in major city while rail network
only covered certain location in Malaysia.
The Distribution of Demographics
The selection of mode of intercity public transport to Kuala Lumpur
is analyze with respect to the demographics factor such as gender,
marital status, age group, personal monthly income and household
monthly income, education level and Covid-19 risk level. The analysis
show that there is no significant difference in the selection of mode
of intercity public transport pre- and post- MCO for demographics of
marital status, age group and household monthly income.

Figure 5. The Gender Distribution
The trend in as shown Figure 5 of gender distribution above showed a
significant difference for passengers who travel intercity using flight
to Kuala Lumpur. In the selection of flight, the gender distribution
pre-MCO were 63% versus 38% respectively for male and female. Male
in this category of public transport shows the highest passengers
percentages amongst all pre-MCO. However, the gender distribution
becomes 51% versus 49% post-MCO. This trend shows there is 10%
decreasing of male percentages and an increasing of female
percentages while taking flight. It is opposite with the selection of
mode of bus and train where male passengers are increasing in
percentages compared to female passengers decreasing post-MCO.

Figure 6. The Education Level Distribution

Figure 4. The Covid-19 Risk Level Distribution
Generally, Figure 4 showed the passengers who has lower Covid-19
risk level are tend to use the intercity public transport to Kuala
Lumpur compared to the higher risk level passengers. The
percentages of lower risk level for every category of selection mode
intercity public transport is greater compared to higher risk level. The
greatest percentages of passengers with lower risk was bus for about
78% followed by train about 63% and flight about 62% passengers. The
higher risk level of passengers show the smaller percentages in using
public transport where 23% for bus, 37% for train and 38% for flight.
This pattern shows that the passengers with higher risk level aware
from being infected with the virus of Covid-19. Therefore, they are
more likely reduced in their travelling intercity in using public
transport pre- and post- MCO. Fear of infection and perceived risk also
significantly influence travel behaviors, particularly for transit use,
and the influence varied base on the infected area and demographic
characteristics of the people (Kim et al, 2017, Cahyanto et al., 2016).

For education level as shown in Figure 6, both lower and higher-level
education showed least significant difference of percentages in
reduction pre- and post-MCO for every category of intercity public
transport to Kuala Lumpur. It shows that the bus has small significant
difference of decreasing in lower education level and increasing
higher education level from 16.97% to 16.67% and from 83.03% to
83.33%. Here, the passengers were keep using bus pre- and post-MCO
with small significant difference in changes. However, the selection
of flight for lower education level shows increasing in percentages of
selection mode from 19% to 28% which is 10% increment. Meanwhile,
the higher education level for the selection of flight decreasing for
about 10% from 81% to 72%.
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Table 6. The Intercity versus Marital Status

Train

Flight

165

%

Frequency

%

Single
Bus

Post-MCO

Gender

Frequency

Pre-MCO

Gender

Category

45
120

Married

13

Single

14

56

Single

47

Married

15

Single

13

Married

5

Single

13

Married

7

32
Married

5

Single

14

64

39
Married

8

Figure 7. The Personal Monthly Income Distribution

Table 5. The Intercity versus Gender
Pre-MCO

Bus

Train

Flight

165

56

64

Table 7. The Intercity versus Age Group

Bus

165

Male

22

Female

%
Gender

Frequency

%

Train

Male

27

35

Female

35

Male

5

Male

5

Female
Male

14

Female

13

14

Male

10

Female

8

Female

10

120

32

39

Based on Table 5, generally, the number of passengers taking the
intercity public transport in 2020 to Kuala Lumpur has decreased.
However, we noticed that male passengers are more lightly to take bus
compared to female while female is more lightly to take flight postMCO. There is increasing in trend to male in choosing bus while
female in choosing flight as the selection of their mode choice of
public transport.

Flight

56

64

<23 yrs
old
23-30
yrs old
>30 yrs
old
<23 yrs
old
23-30
yrs old
>30 yrs
old
<23 yrs
old
23-30
yrs old
>30 yrs
old

%

14
33

120

11
5
11

32

4
3
12

39

8

Age Group

Post-MCO
Frequency

Age Group

Pre-MCO

Category

Post-MCO

Gender

Frequency

Category

For the marital status as shown in Table 6, single people passengers
have the same percentages of the selection of mode intercity public
transport for train and flight to Kuala Lumpur. Majority of the single
passengers used the intercity public transport compared to the
married passengers. However, we can see the percentages of
passengers decreased except passengers are more lightly to take bus
no matter single or married post-MCO. It is because bus has high
variety of choice in terms of riding time compared to train and flight.

Frequency

Based on Figure 7, the passengers with no income shows reduction in
using intercity public transport to Kuala Lumpur pre- and post- MCO.
Meanwhile, the selection mode of intercity public transport shows
significant difference for both lower and higher personal monthly
income with increment of percentages for every category pre- and
post-MCO especially for train and flight. The train shows there is
increasing passengers with more than 5% increment for higher
monthly income level from 8% to 14% while the flight shows more
than 5% increment for lower monthly income from 48% to 56% of
passengers. Here, the passengers are mode demanding in using train
and flight during pandemic although the ticket price is quite more
expensive compared to the bus. During Covid-19, passengers being
aware from being infected when travelled from one place to another
place. They have to arrive at the destination before the virus
spreading faster if there is an individual get infected. Therefore, the
passengers tend to choose the train and flight for faster journey as
their mode choice of intercity public transport compared to the bus.

<23 yrs
old
23-30
yrs old
>30 yrs
old
<23 yrs
old
23-30
yrs old
>30 yrs
old
<23 yrs
old
23-30
yrs old
>30 yrs
old

%

16
33
12
4
10
4
2
11
7

Demographic reduced in using intercity public transport to Kuala
Lumpur post-MCO. However, the bus has the highest in percentages
in usage post- MCO among others as the selection of mode choice.
Passengers are tend to use bus compared to train and flight. The
young adults group from 23 years old to 30 years old shows the
highest percentages followed by below 23 comes from the students
which are below 30 years old. During pandemic, the students are more
preferred taking bus for intercity travel especially when they
returned to their colleges. This is because majority buses will send
them directly in front of their colleges even before the world
experienced the global diseases of Covid-19. With the outbreak of
Covid-19 nowadays, majority the buses are not allowed to stop at any
stations so the passengers are not expose to the environment. It
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Table 9. The Intercity versus Personal Monthly Income
Pre-MCO

Train

Flight

165

56

64

Lower

10

Higher

48

Lower

2

Higher

18

Lower

4

Higher

18

120

32

39

%
Bus

Lower

10

Higher

52

Lower

1

Higher

17

Lower

6

Higher

14

Train

Flight
For education level as shown in Table 8, the passengers with higher
education level showed the greatest percentages in choosing the
selection mode choice of intercity public transport to Kuala Lumpur
pre- and post-MCO. Results showed that the bus traveler increases the
percentages of performing intercity trips while there was also
increasing in the passengers percentages for lower education level in
choosing flight as their selection of mode choice. We can say that
people have been educated are more likely choosing bus because as
we know bus is more accessibility. Malaysia has a good road network
so people are easy to get the bus for intercity travel compared to bus
and train. People can get the bus everywhere without worrying about
the trips during pandemic. When compared to train and flight,
railway and airport is the way of train and flight to move to complete
the journey. People still have to learn and make time to take these
transportation especially they need to follow a lot of SOP during
pandemic. So the bus is the only way that is easy for them to access
during pandemic. So the bus is the only way that is easy for them to
access and follow the SOP while travelling intercity.

165

56

64

%
Personal
Monthly
Income

%

Education
Level

Post-MCO

Frequency

Frequency
Bus

Education
Level

Pre-MCO

Category

Frequency

Table 8. The Intercity versus Education Level

Post-MCO
%
Personal
Monthly
Income

Category

Frequency

different when compared with train and flight where the passengers
have to grab other public transport or private transport when they
arrived at the stations and this can expose them to the surroundings.

No
Income
Lower
Income
Higher
Income

24

2

Higher
Income

No
Income
Lower
Income
Higher
Income

7

No
Income
Lower
Income

No
Income
Lower
Income
Higher
Income

31

11

120

32

No
Income
Lower
Income

2

Higher
Income

7

No
Income
Lower
Income
Higher
Income

11

39

5

24
35
3
5
10
3
5
11
4

For the household monthly income as shown in Table 10, majority of
passengers reduced in travelling intercity to Kuala Lumpur except for
the bus has increasing in the percentages among others of intercity
public transport pre- and post-MCO. Also, there is increasing in
passengers in using train from the passengers with RM7500 and
above of monthly income during pandemic. Here, the passengers are
more likely choosing bus because the train and flight has reduced the
schedule. The schedule of bus has more choice when compared to
train and flight. It is because train and flight have limited schedule
post-MCO. So for those who rent a house and stay together, they may
have plan for leaving the house and pick up the public transport
especially during the Covid-19 pandemic.

Based on Table 9, for personal monthly income demographic, the
passengers with no income are reduced in travelling to Kuala Lumpur
pre- and post- MCO. Also, their percentages in selection of mode
choice of intercity public transport also decreasing. Meanwhile, the
lower monthly income passengers of bus and flight increasing in
percentages post-MCO. Here, we can see both lower and higher of
personal monthly income are increasing in choosing bus as the
selection of mode choice of intercity public transport. For individual
monthly income either lower income or higher income, they are more
likely choosing bus because the bus ticket price are reasonable and
affordable for travelling intercity. This is because majority of them
only have to pay once for the bus ticket only where the bus ticket is
cheaper when compared to the train and flight. During pandemic, the
tickets for train and flight are highly in producing but low in
demanding. Thus, the ticket price for train and flight are highly in
producing but low in demanding. Thus, the ticket price for train and
flight becomes more expensive when comparing with the bus.
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Table 10. The Intercity versus Household Monthly Income
Pre-MCO

Train

Flight

Below
RM5000
RM5000
to
RM7499
Above
RM7500

12

56

64

Below
RM5000
RM5000
to
RM7499
Above
RM7500

14

120

%
Personal
Monthly
Income

32

165

Below
RM5000
RM5000
to
RM7499
Above
RM7500

Frequency

%
Personal
Monthly
Income

Bus

Post-MCO

Frequency

Category

Below
RM5000
RM5000
to
RM7499

32

5

32

5
8

39
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4. Conclusions
In conclusion, the category of intercity public transports for the
selection mode choice shows that the bus is increasing in percentages
of passengers pre- and post-MCO. It is because passengers are more
likely choosing bus as the mode choice of intercity public transport
pre- and post- MCO. Generally, the bus has a convenient and
comfortable seats with wide space individually when compared with
train and flight for individual so passengers are protected from being
infected during pandemic. The schedule of bus has more choice when
compared to train and flight. It is because train and flight have limited
schedule post-MCO. Bus has high variety of choice in terms of riding
time compared to train and flight together with more who cheaply and
affordable ticket price compared to train and flights. Lastly, when
then train and flight reduced the number of schedule, the air tickets
become increasing highly in price due to higher in supplying tickets
but lower in demanding flights usage as mode selection of public
transport.
Therefore, the results can help to sustain the economy of the country
especially the system of intercity public transport to Kuala Lumpur,
Malaysia. This research can contribute to the loyalty of passengers as
users. People also can adapt with the new norm and new lifestyles of
pandemic even if it is prolonged for 2 to 3 years. Action of
governments is needed for pre- and post- MCO of transportation
sector strategies to further boost induced supply and demand. Good
actions remain for sustaining the management of mobility policies
during sporadic Covid-19 pandemic.
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The facades and walls of buildings and structures are one of the most essential aspects of
the street, and they play a significant part in its legibility. It is necessary for citizens to pay
attention to the quality of legibility and desirability of the street and ease of mental
perception. Discussion about the form of buildings and spaces in the urban landscape and
the study of color interactions on it plays a significant role in increasing the quality of the
environment .Color and its permanent companion, light, and achieving the relationship of
the use of colors for particular elements can be useful for creating a strong link between the
past and the present and, as a result, cultural continuity .on the other hand, achieving goals
such as visual beauty, spatial harmony, positive environmental and psychological impact,
the need to study the color element in urban space is essential, which is a tool for expressing
human emotions and reflects different cultures .The interview of this research was taken
from a group project that was about the citizens' mental perception of modern and old views
in the fall of 2019. Then, in this research, the combination of this concept with the colors
used in old and modern facades and the analysis of the color combinations of the facades
and how they relate to each other has been discussed .The results show that the use of
indigenous materials in the facade, which is in terms of color in accordance with the climate
and culture of the region and its combination with the form and bodies that have the
principles of facade and form diversity increases the Legibility of the environment and
mental retention in citizens. as we see in the old views, but unfortunately, the modern
facades, due to the lack of attention to these concepts, cannot be legible and mental
permanence, and convey a kind of meaninglessness to the citizens.

1.

landscape studies, which shows the awareness of our ancestors of the
psychological and aesthetic effects of colors. Tadayon et al. (2018) [5]

Introduction

The facades and walls of buildings and structures are one of the most
significant elements of the street that contribute to its legibility. The
task of the facade is to improve the quality of the space around it in
terms of character and personality, landscape, legibility, beauty, and
things like that. Therefore, it is necessary to pay attention to the
quality of legibility and achieve its basic components in defining and
desirability of streets as much as possible and ease in clear mental
perception for citizens and audiences.and things like that. Jedi (2016)
[1] When it comes to the urban perspective, what comes to mind from
today's cities is an amalgam of designs, colors, and forms that have
immersed ugliness and abnormality in the eyes and minds of citizens
without any deep content. Yousefi (2010) [2] In the past, city buildings
were not only designed individually, beautifully and accordance with
the principles of visual aesthetics, but also built with respect for the
surroundings and the urban environment. Haghgoo and Mulla Salahi
(2010) [3] Following the importance of public areas and the value of
urban life in recent years, the facade has regained prominence. The
facade of each building is effective in the urban complex in which it
is present and has this effect on the body of the streets and squares
where they are located. Yousefi (2010) [2]
Building design is one of the architectural components that
influences the construction of a city's or urban space's image. Parts of
the structure, such as the roof and facade, play a significant role in
generating the legibility and imageability of the historical core in
densely populated places. Nurgandarum and Anjani (2020) [4] Color
studies are one of the themes of interest in the field of historical urban

2.
2.1.

Literature review:
Legibility

Legibility allows for an urban space to be understood and
memorized(Lynch, 1960). It is also related to navigation (Weisman,
1981). Syed Mahdzar and Safari (2014) [6] The legibility degree of a
space will determine the level of sharpness space imageability. In
context of the legibility degree of a space, visual communication is
one of the important principles in designing the architecture of the
city. Without legibility, the meaning of a place can be misinterpreted
or ignored entirely. The way people perceive, read and understand the
environment is related to the regularity of the urban space.
Persepsual regularity becomes the basis for legibility or easier to
identify and organize the parts into a coherent pattern. Nurgandarum
and Anjani (2020) [4]
Kevin Lynch’s (1960) concept of legibility is used to operationalise the
landscape image. Lynch (1960, pp. 2-3) defines the legibility of the
cityscape as “the ease with which its parts can be recognised and can
be organised into a coherent pattern”, reflecting his concern with the
architectural or built environment. Three characteristics must be met
for a city to be considered legible:
‐

The interaction between the landscape and its inhabitants
may have resulted in the formation of a mental schema that
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‐
‐

allows places, buildings, and landscape aspects to be quickly
recognized.
There is a relative ordered and coherent structure
Its residents have a good awareness of where they are.

A legible landscape can
‐
‐
‐

assist a person in interpreting information and making
decisions;
provide him/her with a significant sense of emotional
safety;
heighten the potential depth and intensity of human
experience;

play a social role by furnishing the raw material for the symbols and
collective memories of group communications. (Lynch, 1960). Dazilah
A (2009) [7]
2.2.

Perception

Perception is a process placed in the center of any environmental
behavior because the source for any data is environmental.
Environments intrigue all the feelings and face the person with
information more than human’s capability to process. Therefore,
perception isn’t something like feeling, but is as the result of process
filtration by the person. Perception is also the exchange between
speed and precision. Speed and precision are suitable goals in
intellectual process. Our mental representation make this exchange
easier by quick recognition of things seem to be possible, despite
sensory or visual pattern changes. Tavassolian and Nazari (2015) [8]
The first step of a human in communicating with their environment
is to feel that environment. Human sensory organs and nerve fibers
acquire environmental data (output stimuli) and convey it to the
brain. Analyzing and interpreting information received from the
environment in the brain is the next step that leads to perception and
then, cognition of the environment; Thus, "feeling the environment"
is the basis of "perceiving and knowing the environment".
Shahcheraghi and Bandar Abad (2015) [9]
Perception is primarily visual and visual perception is primarily
spatial. By moving in space, we experience the world around us in the
form of a sequence of visual stimuli, and we understand spaces,
environments, and surrounding landscapes with all their various
dimensions. In fact, "our sensory perception of a place is to a large
extent a visual and more precisely spatial perception". Motahhari Rad
(2016) [10]
2.3.

2.4.

Color in urban Landscape

Colors are one of the components that determine the visual quality,
attractiveness, and Legibility of urban space, and their proper
application in a city contributes to beautifying and softening of
people's spirits in busy cities, as well as giving the city a pleasant feel.
Molanaie (2017) [14]
The color of the urban landscape includes natural landscape color,
building color, liquid transit color, pedestrian attire, and so on. The
color scheme with a lot of variety. Different colors stimulate a person's
mind in different ways. Color can cause a person to experience
changes in temperature, dilemmas, excitement and tranquility,
Lenovo and symbols, expansion and contraction. Xueping and
Shicheng (2011) [15]
In the city, and the environmental observer's perceptions of the urban
landscape as a camera (That is, depending on the point of view she or
he has in front of each sequence's scenes and volumes) One of the
most important factors that is faced perceptually and visually and
with regard to the qualities of diversity, Legibility and environmental
coherence; Is a variable called color. Zare and Lotfi (2017) [16]
Table 1. Application of color in urban space [17] [18].
The effect of
color on urban
landscape
identity

Creating identity and determining the
landscape are the two most important goals in
urban design, and color may be a valuable
asset in both cases. Given the environmental
qualities of cities, the proper use of color can
play a significant part in the city's identity. In
the past, each city had its own color that
reflected its identity; however, in today's world,
the colorful canvas of the city leads to such a
chaotic situation that causes visual
disturbance in urban spaces, so on peace of
mind and It negatively affects the
psychological well-being of citizens.

The effect of
color on the
Legibility of the
urban landscape

Legibility is an important criterion for
enhancing the quality of the urban landscape.
Color is also the most crucial factor in
integrating the space and giving it a distinct
look. Color is one of the most important
elements that can easily and at the lowest cost
help define spaces to create legibility and a
sense of unity and a sense of place. In addition,
color identification can help make the space
legible for city planners.

The effects of
color on the
diversity
and
vitality of urban
spaces

Because a pleasant environment is beneficial
to citizens' mental health. Therefore, colors can
play a major role in creating a diverse and
happy environment. For example, on
commercial
streets
and
children's
playgrounds, a variety of colors have been
used to create happy and cheerful spaces. Even
special occasions throughout the year have a
different color variation than the rest of the
year.

The effect of
color on human
perception
of
the
environment

The effect of colors on our mood is an
important part of our relationship with the
environment. One of the easiest ways to
restore peace to human beings is to use
harmonious colors, especially in the field of
urban beautification.and giving it a distinct
look. Color is one of the most important
elements that can easily and at the lowest cost
help define spaces to create legibility and a
sense of unity and a sense of place. In addition,
color identification can help make the space
legible for city planners.

Urban Landscape

The urban landscape is all available information from space that can
be received by the senses and processed in the process of perception.
Information such as form, function, and meaning of space. It is a
feature of the city's shape that the spectator notices. In other words,
the shape of the city in the urban landscape layer becomes a directly
tangible quality, that is, the city landscape is perceptible objectivity
and our perceived space of the existing reality of the city around us.
Rasouli and Rahim Dokht Khoram (2009) [11]
In this regard, the urban landscape is a concrete phenomenon that
existed due to the quality of the physical factors of the environment.
However, it develops a mental image as a result of being placed in
historical contexts against individuals who perceive it, and therefore
it becomes a sociable linking element. Mahjoob Jalali and Massoud
(2015) [12] if we consider the urban landscape to be a form of art, the
wide range of its audience and creators will be a testament to the
importance of this art. in fact, individuals begin their lives by walking
through galleries known as streets, which serve as a kind of perpetual
exhibition of urban landscapes. Such contact with works of art reveals
the important role of the urban landscape in promoting artistic
culture and promoting the aesthetic taste of citizens. Tadayon and
Ahmadi (2016) [13]
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The concepts of light and color are extremely closely related in
Iranian art; due to Iran's geographical location and proper use of
sunshine, Iranians employed many strategies to direct light to areas
and manage sunlight. Eghbali (1999) argues that Iranians used color
in a very artistic way, both inside and outside the structure, and that
they avoided any color waste. The use of colors due to accurate
knowledge of its properties and familiarity with the symbolic
properties of color, not only in terms of decoration but also served to
create coherence and visual continuity. Tadayon and Ahmadi (2016)
[13]

2.5.

Form of walls in urban landscape

The building's walls are made up of elements that designers can mold
and combine to generate the desired facade by identifying and
comprehending these parts. These elements include: entrances,
windows, terraces, roof trailing edge (skyline), the main chamber
building (areas including the aforementioned elements), volumes
come out and you're gone. A professional organization focuses on the
exteriors of buildings and the urban environment, including color,
size, appropriate materials, full and empty spaces, facades, and
harmony principles. Aboutaleb et al. (2016) [19]
Forms have psychological consequences, and they can be used to send
the desired information. Therefore, the form should be chosen in a
way that is in harmony with the content of the space. (11) In general,
curved lines inspire a sense of calm and tenderness in the human
mind, and oblique lines evoke a sense of dynamism and endeavor, and
sometimes violence, so their lines and mood can be effective in
designing different spaces, which depends on the type of space and
its efficiency. Torkzadeh Mahani and Ghaemi (2017) [20]

Figure 1. Location of the study area on the map

Facade and architecture the variety of buildings, the matching of
colors and materials, draws the point of view to the details and creates
a rhythmic and diverse atmosphere. Gharib (2012) [21] As evident in
Frewald’s (1989) study, the older buildings that had a diversity of
physical features were rated high in visual richness, or complexity.
Cheuk Fan (2020) [22]

3.

Method

The descriptive-analytical research method was used in this study.
Data were collected at the library and in the field via observation,
interviewing, and photographing samples.
To check Legibility and comprehension, interviewees were asked to
explain what they remember along the way and why they remain in
their minds, and also questions were asked about new and old views
in the area. Then we examined the desired views and obtained their
color analysis through Photoshop.
The goal of this research is to look at how the forms and colors utilized
on the walls affect the environment's Legibility and people's
perspective.

4.

Site survey

The views studied in this research are from the central part of Tabriz.
To do this, we chose two routes from the central part of the city, which
have both new and old facade Fig. 1 This part has valuable historical
views, but today, due to neglect and lack of care, they have become
worn-out urban walls. Therefore, government agencies have started
demolishing and constructing new buildings with modern facades.

Colors used
Figure 2. View of the inn with an old wall
in the facade RGB

4.1. Analysis of color and shape of walls (Ferdosi st)
According to the interviewers, valuable walls, such as the walls of inns
in Figures 1 and 2, have harmony and rhythm next to each other, and
the type of brickwork of the structure has a high historical
significance in their opinion. And, along with the restoration of their
use, they must be conserved and rehabilitated Fig. 2, 3, 4.
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Figure 5. Tabriz Municipality mansion located in Saat Square
Figure 3. Form and view of an old inn

Figure 6. Picture of the municipal building form [23].
According to the interviewees, the dimensions of the Kaboud Mosque
with its special architecture and historical appearance attracted more
attention. The Museum of Azerbaijan, which is located next to
Khaghani Park, has a huge dimension in the minds of the people.
Khaghani Park with its green space remains as the third element in
the minds of the interviewees. The dimensions of this building and
the details that are engraved with bricks and stones have been the
reason for the attention of observers Fig. 7, 8.

Figure 4. The shape of the inn body [23].

4.2. Analysis of color and shape of walls (Emam st)
When answering most of the interviewees, they referred to the
municipal building Figure 3. In their opinion, the type of materials
and proportions of the municipal building has a special beauty Fig. 5,
6.

Figure 7. The Museum of Azerbaijan
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Figure 8. Kaboud Mosque and Khaghani Park
Some of the interviewees were not very satisfied with the uniform
walls of the square, and the Abrisham Tower was not mentioned in the
square despite its large scale. One of the notable points of the square
for the interviewees was the square carpet design, the color
combinations of which aroused their curiosity Fig. 9, 10, 11.

Figure 10. Square wall form and square carpet design

Figure 11. Square carpet design

Figure 9. Abrisham tower and part of the square wall

According to studies conducted in old facades, the unique
combination of body shape with color has had the greatest impact on
the minds of citizens. The use of local materials in these facades,
which are in accordance with the color spectrum of the region of
Azerbaijan in terms of color, and the details done in the bodies, have
created shadows and light and made the facades more visible. But the
new facades have received less attention due to having only one color
spectrum, regardless of the details of the form and body, and are not
as lasting in the mind as they should be.
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5.

Conclusion

According to the surveys, the new facades are unable to stay in
people's thoughts due to a lack of variation in the skyline and a lack
of attention to the facade's details and color combination.
The use of local materials that are compatible with the climate of the
region in terms of color, as seen in the historical facades of the city,
and attention to the use of color combinations with details and
principles of Building facade will increase the Legibility of a place and
its durability in the eyes of citizens.
Therefore, it should be noted that the facade is not only a cover for the
city walls but also reflects the identity of a city and its culture. Where
people feel belonging to their environment and find it Legible. Paying
attention to all this causes people to feel a sense of responsibility
towards their environment and pay more attention to it.
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This article, examines the sustainability and health of agricultural products in Hokmabad urban
agricultural lands which relates to the three dimensions: social, economic and environmental.
The inhabitants of this region, which is located in the west of Tabriz, have been engaged in
agriculture for nearly thousand years and have passed on their unique activities and methods
from generation to generation over centuries.
In this study, semi-structured interviews are used in combination with statistics and
information collected from organizations, and sampling to obtain information. The results show
that Hokmabad farmlands are a clear example of sustainable agriculture and increase urban
sustainability using special vernacular methods. These methods include farmers' unique
terracing that results in optimal water use, soil enrichment with organic fertilizers, non-use of
pesticides, and use of self-produced organic seeds. In addition, they have healthy and organic
products and have good economic potentials for the city of Tabriz.

1.Introduction
The number of urban dwellers has increased significantly in the last
century, today 55% of the world's population lives in urban areas, a
proportion that is expected to increase to 68% by 2050 (1) Recent
studies suggest that accelerating urbanization in developing
countries poses a serious threat to sustainable development,
including urban ecological services, social sustainability, and health
systems.(2) Therefore, the combination of these problems has caused
urban planners and designers to focus on urban sustainability
issues.(3)
Following the growing concern about sustainability, the sustainability
of food production has become a crucial issue among scientists. Global
interest such as climate change, the need for fairer economic models,
and food security have increased attention to urban agriculture.(4)
Urban agriculture can be considered as one of the food sources
supply and alternatives to household food security, it can also provide
one of the productive activities of urban open space, source of
revenue and employment opportunities, and improve the quality of
the urban environment. (5) In addition to providing food, urban
agriculture also offers a variety of other functions such as waste
management, energy conservation, biodiversity, nutrient cycling,
microclimate control, economic revitalization, community
socialization, human health, preservation of cultural heritage, and
education. These functions of urban agriculture help cities to achieve
sustainability goals.(6) In the following, sustainable development,
sustainable urban agriculture and its dimensions will be stated, then
the dimensions of sustainable urban agriculture and the health of
Hokmabad products will be reviewed and the results will be presented.
Sustainable development and its dimensions

Population growth and the industrialization of urban society in the
mid-twentieth century created new environmental problems. The
first reference to the ecological crisis is in the 1996 book "Silent
Spring" by Rachel Carson. Some refer to this book as the initiator of
the environmental movement. In this book, she points to the nonrenewability of energy and the limitation of resources. (7) The term
sustainable development was first used in the book "Limits to Growth"
by Meadows et al. In 1972. In this book, he discusses the future of
humankind and the process of formation of sustainable development.
He had also survey growth, agricultural production, natural
resources, industrial production, and environmental pollution.(8)
Sustainable development was first defined in the Brundtland
Commission as; "Development that meets the needs of the present
without compromising the ability of future generations to meet their
own needs". (9)
Sustainable development is directly related to the health of a
community, the application of sanitary measures, and the monitoring
of environmental hazards. Climatic changes, poverty, lack of food, and
safe water resources are problems, which hundreds of millions of
people face in the developing world. Nowadays, the advancement of
technology has turned the world into a global village so everything
can be interconnected. With sustainable urban design and its goals,
worldwide people enable to satisfy their basic needs and enjoy a better
quality of life without compromising that of future generations. (10)
Scientists in their studies have enumerated various dimensions of
sustainability. One of the most common classifications divides
sustainability into three dimensions:
social, economic, and
environmental. This division pointed out that sustainability is
achievable when all these pillars are observed, and each dimension is
balanced with other dimensions. (11) In environmental sustainability,
attention is paid to the preservation of natural capital, which is
provided through territorial and environmental sustainability.
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Figure 1. sustainable development dimensions
It includes everything that is related to the Earth's ecosystemsuch as
sustainability of climate systems, air quality, soil and water, land use
and soil erosion, biodiversity, and ecosystems (eg, plant pollination
(KTH,2020)
Economic
sustainability
and
photosynthesis).

refers to practices that supportlong-term
economic growth
without negatively affecting social, environmental, and cultural

aspects of society. In economic sustainability, more and more
attention is paid to the efficiency of economic systems (institutions,
policies, and operating laws), thus ensuring quantitative and
qualitative progress and social equality. (13)
2.Urban Agriculture

In a comprehensive definition, urban agriculture can be introduced
as all agricultures that take place in and around urban areas. (14)
According to the Food and Agriculture Organization of the United
Nations (FAO) urban agriculture is: “the growing of plants and the
raising of animals within and around cities”. (15)
Urban agriculture (UA) is the way for producing, processing and
marketing food, plant- and animal-sourced pharmaceuticals, fiber
and fuel on land and which can occur throughout the urban and periurban areas, usually applying intensive production methods. (16)
With urban and Peri-urban agriculture, it is possible to supply food
from different types of plant products (cereals, summer crops,
vegetables, mushrooms, fruits), animals (chicken, goats, sheep, cattle,
fish, etc.), and Non-edible products (aromatic and medicinal plants,
ornamental plants, trees)
Urban agriculture is generally seen as a resource that helps provide
food security for families and communities and improve slum's
condition in both developing and industrialized countries. (17)
presently, urban agriculture is one of the most important elements of
the local food system, which is gaining more and more popularity
among urban.(18)
Urban agriculture can play an important role in household food
security, especially in times of crisis or food shortages. The products

produced are either consumed by the manufacturer or sold in urban
markets. Because locally produced food requires less transportation
and refrigeration, they can provide a close market with fresher, more
nutritious products at competitive prices. (19)
The benefits of urban agriculture are not just horticulture in the city,
it is a significant and fundamental component of many cities.
Nutrition is one of the most valuable categories of urban human
society due to its main role in life, health, culture, and
environment.(20) Urban agriculture reduces the poverty and food
insecurity resulting from urbanization, while also improving the
health of city residents and preserving the environment.Urban
agriculture's integration into the urban economic and ecological
system is the main feature that makes it different from rural
agriculture.(6)
3. Sustainable Urban Agriculture
Urban agriculture Discusses theoretically ideas about sustainable
design, lifestyle, and participatory uses of urban space or local food.
(21) Urban agriculture systems can be used as a tool to maintain or
develop local level employment and income, it also increases
environmental quality. (22) , Pearson et al. In an article about the
sustainability of urban agriculture examined it from three
dimensions: social, economic, and environmental. They introduced
three elements for urban agriculture: urban agriculture in isolation,
its interface with the people and environment within which it is
situated; and its contribution to the design of built form.(16)
Urban agriculture is an ideal platform for social relations between
different people in society. children can see and taste local fruits and
vegetables and observe different stages of their growth in urban
farms. Students can study and experiment with new botanical
theories on farms and test them up close. Parents can eat fresh food.
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And get a place from this place and, local people can earn extra
income by working on the farms. (23)urban agriculture types can
support different communities by providing environmental and
social services among community members.(24)Agriculture activities
in cities make spaces safer by helping to create safe, healthy, and
green environments and create social relationships between
residents in neighborhoods, schools, and abandoned areas.(25) Urban
agriculture creates secondary jobs for people and increases their selfsufficiency, income, and savings, which results in social stability and
increased self-confidence.(6)
In general, urban agriculture in urban areas is seen as a resource that
helps to improve conditions in slums (Melgarejo de Berry, 2014).Food
justice programs, if implemented in areas with high unemployment,
can serve as sustainable employment and catalyst for
entrepreneurship. Agricultural markets can also act as centers for
business growth. Due to their flexible and low-risk nature, these
markets allow people to start earning money by creating jobs and
attracting a handful.(23) One of the examples of helping the city's
economy through urban agriculture is planting saffron in Birjand(a
city in Iran). As a rare plant with low water consumption, saffron is
economical than other agricultural products.The reliance of
traditional communities on local agricultural products and the proper
and economic use of water, land, and labor has provided a suitable
economic base and has established a suitable urban design in the
neighborhood and historical gardens of this city.(26)
World temperature increasing become a crucial phenomenon in the
last decades. It mainly occurs in cities, especially in metropolitan
areas, compared to the suburbs or the surrounding rural area, which
calls the heat island phenomenon. Heat islands are urbanized areas
that experience higher temperatures than outlying areas.
was
first investigated
and described by
The phenomenon
Luke Howard in the 1810s. The foremost cause of urban heat islands
is the change in land level due to urban development and the loss of
vegetation and their replacement with asphalt, cement, roads, and
buildings. Urban agriculture reduces the effect of heat islands by
creating green spots in the city.(27) In addition to this, urban
agriculture can be considered as a solution to protect the remaining
green spots in the city and preserve urban gardens.(22)

Urban agriculture is a sensible program for low-income families in
disadvantaged communities due to the need for low capital and a high
labor force. Therefore, the need for agriculture in deprived areas is
more than in other areas. Because deprived urban areas do not have
access to fresh food sources and at the same time have vacant lands.
For this reason, most of the urban agricultural activities are in
deprived areas and by poor people.(32)
Globally, about 800 million people work in urban and suburban
agriculture, which provides 15 to 20 percent of the world's food. (34)
Some of these people are more involved than others. Rio Metro staff,
for example, grow cotton on vacant lots between stations, patients at
a rehabilitation center in Sandigo grow and sell hydroponic lettuce in
nearby markets and supermarkets, and women in Harare, Zimbabwe.
They are informal cooperatives that earn their food and money by
farming on vacant land, a group of men gardening on small plots of
unbuilt church land, and in the Tanzanian capital, Dar es Salaam,
almost all dairy products are consumed by Dairy cows are provided to
people who raise them on their private property.
However, most urban farmers are low-income people who grow food
mainly for food on land that does not belong to them.
A study of gender ratios in urban agriculture shows that women are
more active than men. Gender ratios can be diverse from city to city
depending on various cultural, religious, economic activities,
production systems, scales, and areas of involvement.
Urban farming activities are more involved with women because of
their adaptation to traditional housework and childcare. The
proximity of agricultural lands to homes gives women the
opportunity to raise their families in addition to do household chores
and cooking food. (35)

6. Methodology

4. Urban Agriculture And Health
Research shows that horticulture activities have several benefits for
mental and physical health(28) Urban agriculture, directly and
indirectly, affects human health, for instance, the local cultivation of
vegetables and fruits increases the consumption of them. (29)the use
of fruits and vegetables in people who work in social gardens is higher
than their neighbors who do not work (30)Further use of fruits and
vegetables improves physical condition And prevents chronic
diseases such as obesity and diabetes.(6)
Citizens' participation and activity in urban agriculture are closely
related to the amount of public awareness about the benefits of urban
agriculture. For having successful social activities in urban
agriculture, the participation of citizens is necessary. In general, the
level of awareness and people participation plays a significant role in
creating a sustainable urban environment through urban
agricultural activities.(31)
Economic issues and cost-effectiveness have always been one of the
major concerns of urban agriculture. Therefore, urban farmers often
reuse the materials available in cities. They use unusable rubber,
glass, and municipal products to build their infrastructure. Reuse of
these products, in addition to reducing the resources and costs
required, also reduces the amount of waste in cities.(32)
Agricultural areas significantly reduce the risk of flooding through
heavy rains due to their high water absorption capacity.(32)
The process of agriculture and food production in cities can be
more effortless than in rural areas due to better access to harvest
technologies and proximity to the markets.(33)
In developed countries, urban agricultural activities are often carried
out on small plots of land, in the corners of neighborhoods, on a leased
basis, or by the landowner in groups in the form of partnership
gardens or organizational gardens such as school gardens. (6)
5.Urban Agriculture Activists

This research consisted of a series of semi-structured interviews.
Questions were raised about urban agriculture, the sustainability of
urban agriculture, the sustainable way of life of people in the past, and
food security. Interviews were conducted from December 21, 2020 to
February 19, 2021. We asked agricultural experts and university
professors about the problems and opportunities in the area.
Interviews were 20 different people who were involved in the issue.
In total, we interviewed seven farmers who worked in Hokmabad
farms, five professors from the Department of horticulture, two
historians, and six university professors. In the interviews, we tried
to interview farmers, experts, and professors to clarify different
points of view on the subject. All data collections were audio-recorded
and transcribed for later analysis. All data collections were audiorecorded and transcribed for later analysis. The resulting summary
statements were then compared across data collections for each
research question, which provided the basis for the final analysis.
while maintaining fidelity to the verbatim transcripts.(36)
We used a nitrate test to check the health of vegetables. All vegetables
were collected from Hokmabad farms in two levels morning (8 am) and
afternoon (5 pm). 4 forms were selected as a pilot farm. Then they were
transited to the physiology lab of the Horticulture department of
Tabriz University in middle winter 2019. After gathering, vegetables
were carried to Tabriz Agriculture departments laboratory.
7. Case Study
Hokmabad is the name of a neighborhood in the city of Tabriz, which
is located in the west of this city. The history of the neighborhood
dates back to about a thousand years ago. The people of the region are
famous for their vegetable growing and have a special mastery in
plotting and enriching the agriculture areas. The lands of Hokmabad
are in the form of the neighborhood center surrounded by orchards
and vegetable plots. As these plotted lands in the historical period of
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Qajar had reached the back of the central fort of Tabriz known as the
fort of Najaf Gholikhani.

Figure 2. Location Of Hokmabad Urban Agricultural Lands In Tabriz City

Hokmabad vegetable gardens have been specially located for
vegetables during the Ilkhanate period. Special attention has been
paid to the slope of the city to locate these vegetable and summer
gardens. Since the irrigation of these gardens has been with
aqueducts. By examining the topography of the land of Tabriz, the
east-west slope has caused water springs in the east and the
manifestation of water in the west of Tabriz, which means that all
aqueducts under construction for people to use their water after
reaching the Hokmabad area and irrigating their farms.(37)
8. Environmental Sustainability Of Hokmabad Agricultural Lands
Rich soil is one of the most important components for agriculture and
this necessity becomes double in vegetable farming. Because in
vegetable farming, unlike most farms, crops are harvested once or
twice a year, there is a weekly harvest. Therefore, this type of
agriculture requires rich soil. Hokmabad lands have rich soil that is
the result of millions of years of natural activities and manual
enrichment and observance of traditional agricultural principles by
farmers through thousands of years, so every inch of this soil is very
valuable.
Professors of the Agriculture Faculty of Tabriz University and experts
of Tabriz agricultural department in their interviews referred to the
rich soil of Hokmabad and called the soil of this region the richest soil
in East Azerbaijan and estimated the depth of fertile soil in this region
up to 6 to 7 meters.
In interviews with farmers, they addressed the important issue of
unique soil enrichment in the region and described the method.
Hokmabad farmers use organic fertilizers for their vegetables. In
addition to helping environmental sustainability, these fertilizers are

also very effective in soil enrichment. farmers go to people's homes at
the beginning of winter and collect human manure then spread it on
the land. In addition to increasing soil richness, these spread
fertilizers keep the earth warm and prevent it from freezing.
According to Dr. Siroos Masiha, another method of enrichment is the
use of animal manure which also requires special skills. Farmers in
Hokmabad buy animal manures annually, but do not use them for five
to six years. They protect the fertilizer from fermenting and rotting
completely, and then use it as an organic fertilizer that does not
contain harmful trace elements such as nitrate.
9. Social sustainability of Hokmabad agricultural lands
The vegetable grower of Hokmabad, with firm faith in God, sows the
seeds without leaving the slightest doubt in his heart that this seed
may not come from the heart of the earth. Vegetable growers have an
emotional connection with their agricultural lands and do not just
think economically about their land. They have emotional contact
with the farms like a mother who takes care of her child and
understands what her child wants by looking at her beloved. They sow
their seeds squatting in the heart of the earth, like a skilled carpet
weaver, who weaves his rug with great effort and sincere love.
Mr. Hasan Rezayi, a local farmer in the area, recalls in memory of his
father that his father always advised them: "Ask about your land every
morning and walk around the farm, otherwise the land will get angry."
he further explained that the purpose of this walk was to pay
attention to the condition of the farm and to understand the need for
water or fertilizer and other faults.
10. Economic sustainability of Hokmabad agricultural lands
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According to the statistics of the of Tabriz agricultural department,
853.5 hectares of the best agricultural lands are located in Hokmabad
orchards. In these lands, more than 1287 farming families engaging
in urban agriculture, which annually provide 19037.5 tons of
vegetables. This amount of vegetables is Meets the vegetable needs of
Tabriz citizens and, also significant quantities of vegetables
transported to other provinces, like West Azerbaijan and Ardabil. With
the reduction of products in this region, people will be forced to
provide their vegetables from other provinces and cities. In addition
to creating a dependent city, this significantly increases the cost of
transportation, as result the price of vegetable rice and providing
vegetables become hard. (38)

By comparing the collected standards and the amount of nitrate in
vegetables in Hokmabad orchards, the amount of nitrate in these
vegetables shows that the amount of nitrate in Hokmabad orchards is
very low and even in the case of spinach, the amount of nitrate in
samples taken is one-tenth of the standard nitrate It is prescribed
scientifically. The very low amount of nitrate along with issues such
as not using industrial fertilizers, chemical pesticides, and the use of
safe water makes the products of these orchards healthy product. Dr.
Sahib Ali Boland Nazar[1], Professor of Horticulture, Faculty of
Agriculture, University of Tabriz, expresses his confidence about the
health of these vegetables and introduces them as semi-organic.
Table 1. Amount of Nitrate in harvesting plants

In another study the Tabriz Department of Agriculture showed that
80% of Tabriz citizens at least one time have bought vegetables
directly from Hokmabad farms. This shows the importance of
Hokmabad gardens in providing the city's vegetables need.(38)

No.

Sample
specifications

Farm name

According to Professor Ghader Dashti due to The great aroma of these
vegetables and their organic nature, several of these vegetables are
exported to neighboring countries such as Iraq and Saudi Arabia
every year and bring good cash to the country. This case shows the
adequate potential of Hokmabad vegetables, which can be marketed
and exported at a higher price by branding vegetables.

1

Purple Basil

Zarehmanesh

2

White basil

3

Mint

4
5
6
7
8
9
10
11
12
13

Purple Basil
Coriander
Spinach
Purple Basil
White basil
Purple Basil
parsely
Coriander
Leek
mint

Zareh
manesh
Zareh
manesh
Rezayi
Rezayi
Rezayi
Koosheshi
Koosheshi
Parnian
Parnian
Parnian
Parnian
Parnian

11. Health and organic nature of Hokmabad vegetables
The Agriculture Faculty of Tabriz University, in collaboration with the
Agricultural Organization, has conducted several studies on the
health of Hokmabad vegetables in terms of the amount of nitrate
which we will examine in the following. The amount of plant nitrate
has been considered due to its effects on human health and is a
determining factor in the health of vegetables. Therefore, standards
have been set for the measurement of nitrate in some vegetables.(39)
Nitrate limit per (𝑚𝑔𝑘𝑔 𝑓𝑚)of vegetables according to EU standards
and the table of results of nitrate in the products of Hokmabad farms
in Tabriz is in the table below. (Data collected in 2019.)

Nitrate
content
(mgkg^(1)
fm)
wet
matter
at 8 am
221

Nitrate
content
(mgkg^(1)
fm)
wet
matter
at 5 pm
165

Allowable
limit

234

219

996.2

220

128

N

220
119
221
86
119
148
208
188
106
156

81
170
98
110
121
132
103
209
96
146

996.2
569
3000
996.2
996.2
996.2
358.6
569
N
N1

996.2

1

Social
Economical
Enviremental

Sustainable Development Dimensions

Table 2. Summary Of Interviews
Examples Of Urban Agriculture Sustainability İn Hokmabad Fields
Farmers' special emotional connection with their lands
Employment of young children of families along with their fathers and grandfathers
Establishment of a union assembly among farmers in Hokmabad
Establish a friendly relationship between the customer and the landowners through
buying and selling
Creating collaborative opportunities for neighborhood youth
Creating sightseeing opportunities for the citizens of Tabriz
Increasing the environmental quality of the neighborhood and creating an urban space
for citizen interaction
Create opportunities for practical observation and learning for agricultural students
Creating a safe space in the suburbs due to social interactions and direct purchases
from gardens
Creating equal employment opportunities for women
Job creation for neighborhood residents
Provide cheap food for the city
Create added value by selling dried, cleaned vegetables and medicinal plants
Possibility of several harvesting times due to rich soil
the opportunity of exporting organic vegetables
Ability to brand due to the high aroma of vegetables
Reduce transportation costs due to being located inside the city
Elimination of intermediaries and the possibility of direct sale of products
Prevent water wastage with the unique Sari plot method and aqueduct
Reduce soot and carbon dioxide and soften the air
Reduce the effect of thermal islands and create air conditioning
Having a sustainable and different agricultural method
use any pesticides Lack of
Use of organic fertilizers and no use of chemical fertilizers
Use their own production seeds and do not use modified species
Increase green space and thus increase animal species
Preparation of organic paint for handicrafts

Principles Of Urbanity
Sense of belonging
Increase youth self-confidence
Create ghettos
Civil partnership
Creating youth involvement
Sense of Place
Quality of urban space
Youth education
Increase security
Equal job opportunities for men and
women
Employment
Cheap food for everyone
Value Added
Produce more product
Export
branding
reduction in costs
Remove intermediaries
Optimal use of water
Fresh air
Reduce the effect of geothermal
Sustainable agriculture
Healthy food
organic products
Healthy food
Biodiversity of urban wildlife
Organic handicrafts

» N: Data do not find. *- Data (Sohn & Yoneyama, 1996) and (EFSA,2008)
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12. Conclusion

[9.]

Urban agriculture as a method of providing healthy food for citizens
can play an effective role in revitalizing urban environments.
Agricultural activities Citizens with the help of social organizations
can lead to social sustainability. Beyond that, environment quality
and ecosystem directly influence urban areas. Urban agriculture
activities with providing fresh air, potable water, healthy food, and
protection from flood Promote environmental sustainability of urban
areas. (Jasionkowski & Lewandowska-Czarnecka, 2016)Urban
orchards also provide economic sustainability by creating good
employment and reducing the cost of transportinggoods and
commuting between work and life.
In this study, according to studies, interviews, and statistical analysis,
the social, economical, and environmental sustainability of urban
agriculture in Hokmabad and the health and organic nature of its
products were proven. According to the comments and suggestions of
the interviewees, these gardens, in addition to providing the required
sausages in Tabriz and surrounding cities, also have the opportunity
and potential to become a brand and export. By registering these
products and designing and packaging them, a good source of income
can be created for the farmers of this neighborhood and even the city.
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According to the Disaster and Emergency Management Presidency (AFAD), two mediumsized earthquakes with a moment magnitude of 5.6 occurred on 25 and 28 March 2004. After
these earthquakes, damage occurred in the local settlement areas, especially in buildings
that did not receive engineering service, and 10 people lost their lives. Due to the loss of life
and property, many different researchers investigated this earthquake in detail from
different scientific perspectives. It is aimed that the strong ground motion records are
examined within the framework of the Turkish Building Earthquake Code (TBEC-2018) in this
study. The response spectra have been interpreted according to TBEC-2018 regulation by
using Tercan-Erzincan acceleration records from AFAD strong ground motion stations with
this motivation. The results show that the values revealed in the 25-28 March 2004
earthquakes are incomparably lower than the predicted values according to TBEC-2018.
These values, which are quite below what was predicted by both TBEC-2018 and the old
earthquake regulations, confirm that the damages after the Aşkale earthquakes are related
to the building features that have not received engineering service.

1.Introduction
The Disaster and Emergency Management Presidency (AFAD) [1]
reported that two earthquakes (Mw 5.6) occurred on 25 and 28 March
2004 (Figures 1 and 2) at Kandilli-Aşkale (Erzurum). After these
earthquakes, 10 people lost their lives, around 3,000 workplaces,
houses and barns were destroyed; 50 people were injured; nearly
1.000 animals perished [2]. According to the Swiss Seismological
Service (ETHZ) focal mechanism result [3], the fault kinematic solution
of both earthquakes indicates a left-lateral strike-slip mechanism.
The effective duration of the March 25 and 28, 2004 earthquake were
calculated as 10 seconds (Figure 3), and 20 seconds (Figure 4);
respectively. 13 years after, another event with a magnitude of Mw 4.7
occurred on 11 May 2017 [4,5].
Examination of strong ground motion records in earthquake
engineering is very important in revealing the earthquake-soilstructure relationship. Each earthquake has its own fingerprints on
different soils. When the acceleration records of the past earthquakes
are examined, it may be possible to understand the behavior of the
earthquakes of similar character in the future. For this reason, special
attention is paid to the analysis of strong ground motion records in
all earthquake regulations.

station used is ZD according to TBEC-2018, using the average shearwave velocity in the top 30 m (Vs30) [6]. Through the interactive web
application of Turkey earthquake hazard maps [7], design spectra in
accordance with TBEC-2018 regulation standards were provided in
conditions where the probability of exceeding the spectral
magnitudes of the accelerometer station's coordinates is 10% in 50
years and the corresponding recurrence period is 475 years.

Figure 1. Acceleration-velocity-displacement values of the vertical
component of 25 March 2004 Aşkale earthquake

In this study, spectral analyzes were applied using the earthquake
records of 25 and 28 March 2004 Aşkale-Erzurum earthquakes (Mw
5.6) at the Tercan-Erzincan accelerometer station and these strong
ground motion records were examined based on the Turkish Building
Earthquake Code (TBEC-2018).
2.

Data

In this study, acceleration records of Aşkale earthquakes were
downloaded from AFAD Turkey Acceleration Database and Analysis
System (TADAS) [6] website. The soil class of the Tercan-Erzincan
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Figure 6. Response acceleration of 28 March 2004 Aşkale earthquake
Figure 2. Acceleration-velocity-displacement values of the vertical
component of 28 March 2004 Aşkale earthquake

Figure 7. Fourier and Power amplitude of 25 March 2004 Aşkale
earthquake
Figure 3. Uniform duration of 25 March 2004 Aşkale earthquake

Figure 8. Fourier and Power amplitude of 28 March 2004 Aşkale
earthquake
Figure 4. Uniform duration of 28 March 2004 Aşkale earthquake
3. Results
The calculated accelerations at the Tercan-Erzincan station, which is
approximately 50 km away from the earthquake epicenter, are quite
low for 25 and 28 March 2004 Aşkale-Erzurum earthquakes (Mw 5.6).
The response acceleration characteristics of the vertical component
of the March 25 and March 28 2004 earthquakes are quite close. In
these two earthquakes, it can be observed that the active peaks are
dominant at 0.25 and 0.60 sec. (Figures 5 and 6). Similarly, effective
frequencies can be monitored on the Fourier and Power amplitude
results (Figures 7 and 8).
Figure 5. Response acceleration of 25 March 2004 Aşkale earthquake
It has been seen that the values at Tercan-Erzincan station, 50 km
away from the Aşkale earthquake epicenters, and the earthquake
spectra calculated for both vertical and horizontal components are
very low compared to the standards set in the TBEC-2018 regulation
(Figure 9-12). It is not expected if a structure that has received
engineering service should be damaged during these earthquakes
considering both the TBEC-2018 regulation and the standards in the
old regulations. In this perspective, considering the characteristics
and quality of the buildings damaged after the Aşkale earthquakes, it
is clear that structures should be designed within the framework of
current regulations in order to avoid damage from the next medium
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and large-scale earthquakes. Structures that are not designed in
accordance with earthquake regulations in these areas should be
rebuild within the framework of urban transformation using TBEC2018 regulation.

Figure 12. Response spectra of 28 March 2004 Aşkale earthquake
horizontal components

Figure 9. Response spectra of 25 March 2004 Aşkale earthquake
vertical component

Declaration of Conflict of Interests
The author declares that there is no conflict of interest. They have no
known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

Acknowledgment
It has been accessed the earthquake data using the Disaster and
Emergency Management Authority (AFAD) internet service [6]. The
SeismoSignal software with academic license is used for strong
ground motion analysis [8].

References

Figure 10. Response spectra of 25 March 2004 Aşkale earthquake
horizontal components

Figure 11. Response spectra of 28 March 2004 Aşkale earthquake
vertical component

[1.]

AFAD, https://deprem.afad.gov.tr (last accessed 14 July 2021).

[2.]

TBMM,
https://www.tbmm.gov.tr/develop/owa/tutanak_sd.birlesim_bas
langic?P4=11565&P5=B&page1=9&page2=9&web_user_id=15716
296. (last accessed 14 July 2021.

[3.]

The
Swiss
Seismological
Service
(ETHZ),
http://www.seismo.ethz.ch/en/home/ (last accessed 14 July 2021).

[4.]

Bayrak, E., Ozer, C., Perk, S., The Ground-Motion Attenuation
Comparison: A case study for the 2017/05/11 Askale earthquake
(Mw4.7). Brilliant Engineering 3 (2020) 22-26.

[5.]

Ozer, C., Bayrak, E., Coulomb Stress Changes after 11 May 2017
Askale-Erzurum (NE Turkey) Earthquake (Mw = 4.7).
International Journal of Earth Sciences Knowledge and
Applications 2 (1) (2020) 13-18.

[6.]

AFAD-TADAS, https://tadas.afad.gov.tr/ (last accessed 14 July
2021)

[7.]

Turkey earthquake hazard maps, https://tdth.afad.gov.tr/ (last
accessed 14 July 2021).

[8.]

SeismoSignal software, https://seismosoft.com/ (last accessed 14
July 2021).

PACE 2021- Ataturk University, Engineering Faculty, Department of Civil Engineering, Erzurum, 25030, TURKEY 20-23 June 2021

513

Research Article

20-23 June 2021

Effect of Ash Paper in Mechanical and Chemical Properties of Sand Concrete
Abdelouahed Assia*1, Kherraf Leila1, Hebhoub Houria1, Boughamsa Wassila1
Departement of Civil engineering, university of Skikda, Algeria
Corresponding Author E-mail:assiaabdelouahed@yahoo.fr
1

Keywords

Abstract

Sand Concrete,
Compressive Strength,
Flexural Tensile Strength,
Paper Ash,
Substitution.

This paper reports on the results of an investigation of utilization of ash paper in sand
concrete as supplementary cementitious materials, the ash paper is used as a weight
substitution in dune sand and it used with rates of 0 %, 0.1%, 0.2%, 0.3%, and Specifically,
the mechanical properties as compressive and tensile strength and durability performance
as the loss weight were measured. The results show that the incorporation of ash paper
reduces the compressive strength and the flexural tensile strength. The use of waste plastic
fibers indicates the good behavior to mortars in aggressive environment (H2SO4 acid).

1.Introduction
The use of waste paper from schools, libraries and shredders in
concrete mixes to be used for construction projects is becoming a
necessity to eliminate waste, in order to confront with the economic
problems associated with waste disposal costs, especially the use of
paper ash, in this paper. We are interested in the use of paper ash in
the composition of sand concrete.
Many studies have been interested by the use of paper ash, Fauzi M.A.
et al. (2016) were studied a comparative analysis of the experimental
results novel properties of fresh and hardened concrete with recycled
concrete aggregates (RCA) with different substitution of waste paper
sludge ash (WPSA) as a partial substitute for cement [1.]. The findings
demonstrated that the WPSA and RCA seems to contribute to the
favourable concrete compressive strength.

properties of recycled aggregate concrete with 100% coarse recycled
aggregate concrete and PSA.
The recycled aggregate concrete containing waste paper slag ash may
perform differently compared to natural aggregate concrete [4,5,6,7,8].
The main objective of the present study was to find a suitable
application for utilizing waste paper ash in sand concrete.
2.

Used materials

2.1. SandThe sand used is a sand of Oued Z’hour origin from Skikda
region, Algeria, of granular class 0/2. Its grain size curve is presented
in Figure 1. And its fineness modulus is about 2,8.

Sumit A Balwaik and S P Raut (2011) studied the the use of paper-mill
pulp in concrete formulations the cement has been replaced by waste
paper sludge accordingly in the range of 5% to 20% by weight. As a
result, the compressive, tensile and flexural strength increased up to
10% addition of waste paper pulp and further increased in waste
paper pulp reduces the strengths gradually [2.].

B. Ahmadi and W. Al-Khaja (2000) studied the utilization of paper
waste sludge obtained from a paper manufacturing industry, as a

replacement to the mineral filler material in various concrete mixes.
they prepared Five concrete mixes containing various contents of the
waste, 0 (control mix), 3, 5, 8 and 10%, as a replacement to the fine
sand with ratios of 1:3:6 by weight of cement, sand and aggregate.
They found that as the amount of the waste increased the basic
strengths, such as compressive strength was decreased. A maximum
of 5% content of the waste as a replacement to the fine sand in
concrete mix can be used successfully as construction materials [3.].
The incorporation of Waste paper sludge ash as a partial substitute of
cement in natural aggregate concrete was investigated in several
studies (Bai et al., 2003; Fava et al., 2011; Gailius and Laurikietyte,
2003; Kumar and Rani, 2016; Mozaffari et al., 2009). With recycled
aggregate concrete, Fauzi et al. (2016) investigated 5%,10%, and 15%
waste paper slag ash as a partial substitution for cement in recycled
aggregate concrete containing only 25 or 50% recycled aggregate
concrete. However, there is no available study to investigate the

Figure 1. Grain size curve of sand
2.2. Cement
The cement used in this study was a class 42.5 CEM II from the HdjarSoud cement plant, Skikda, Algeria. with an absolute density of 3.22
g/cm3 and a Blaine specific surface of 3275 Cm2/g. Its chemical
composition is presented in table 1.
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a.

Al2O3

Fe2O3

CaO

SO3

K2O

Na2O

Cl-

PAF

CaO

Insoluble

4.54

5.54

62.97

2.66

0.34

0.18

0.001

0.87

0.69

0.97

20.16

SiO2

Table 1. Chemical composition of cement.(%)

Fines

The fines used in this study are fine limestone from the quarry of
elkheroub, Constantine in the East of Algeria, the sieve passing
0.08mm is greater than 70% with an absolute density of 2.80 g/cm3.
b.

Figure 2. Variation of workability as a function of substitution rate

Superplasticizer

The superplasticizer used is the Polyflow SR 5400-SOLU EST type,
complying with the EN 934-2 standard. It is a super high water
softener for concrete, is presented in the form of a light brown liquid
with a density that varies from 1.07 ± 0.02.
c.

4.2 Density
The density results of fresh concrete for the different types of sand
concrete are shown in the following figure:

Paper ash

In a large container the waste papers are put and ignited by fire until
the paper has completely burned, the resulting ash has been brought
in, to use as substitute in the cement. The chemical composition of the
paper ash is presented in table2.

3.

CaO
51.51

Insoluble

PAF
41.99

0.97

Cl-

Na2O
-

K2O
-

So3
-

Fe2O3
0.72

Al2O3
0.55

2.33

SiO2

Table 2. Chemical composition of paper ash.(%)

Test and mixing procedures

The formulation of the mixtures was made by the method Sablocrete
(Sablocrete 1994) with the fixed parameters of this study are, the
dosage of adjuvant, the dosage in fines and the ratio W/C, and the
parameter variable is the substitution rate of paper ash. Three
specimens were used to determine the compressive and flexural
tensile strength. Control concrete corresponds to 0% of substitution
of paper ash was used as a reference concrete. Specimens produced
from fresh concrete were remolded after 24 h and were then cured in
water at 20 ± 2 °C until the date of the test.
4.

Figure 2. Variation of workability as a function of substitution rate
The density decreases with the increase of the percentage of
substitution of paper ash in the sand concrete with 0.1%, then the
density begins to increase slightly with the increase of the percentage
of paper ash.
4.3 Compressive strength
This test is to follow the evolution of the compressive strength of sand
concrete. The results of the 7 and 14 and 28 days crush tests of the
different types of sand concrete are shown in the following figures.
At 7 days

Results and discussion

4.1 Workability
The tests are carried out on the sand concrete in the fresh state, the
results of the workability of sand concrete are presented in the
following figure 2.
From the table it can be seen that there is an influence of paper ash
on the workability of sand concrete. The slump of sand concrete
increases with increasing percentage of paper ash substitution,
control sand concrete exhibits 5.8 cm slump while sand concrete with
0.3% paper ash shows 9 cm slump.

Figure 3. influence of substitution rate on compressive strength at 7
days

PACE 2021- Ataturk University, Engineering Faculty, Department of Civil Engineering, Erzurum, 25030, TURKEY 20-23 June 2021

515

Assia et al.
The best compressive strength corresponds to the control sand
concrete. After the substitution, we notice a decrease in the
compressive strength of sand concrete 0.1% then a slight increase in
sand concrete 0.2%.

4.4 Flexural tensile strength

At 14 days

At 7 days

Figure 4. influence of substitution rate on compressive strength at
14 days
The best compressive strength corresponds to the control sand
concrete. After the substitution, we can note a decrease in the
compressive strength of sand concrete 0.1% and a slight increase in
sand concrete with 0.2% and 0.3% successively.
At 28 days

The results of the flexural tensile tests of the (4x 4x16 cm) specimens
at 7, 14 and 28 days are presented in the figure 7

Figure 7. influence of the substitution rate on the flexural tensile
strength at 7 days
The best flexural tensile strength corresponds to the control sand
concrete. After the substitution, we noted a decrease in the bending
tensile strength of sand concrete 0.1% and an increase in sand
concrete 0.2%.
At 14 days

Figure 5. influence of substitution rate on compressive strength at
28 days

Figure 8. influence of the substitution rate on the flexural tensile
strength at 14 days

The variation of the compressive strength at 28 days was the same of
14 days, the best compressive strength corresponds to the control
sand concrete. After the substitution, the compressive strength
decrease, then a slight increase in sand concrete 0.2%.

The best flexural tensile strength corresponds to the control sand
concrete. After the substitution, we observed a decrease in the
compressive strength of sand concrete 0.1% then a slight increase in
sand concrete 0.2%.
At 28 days

The figure 6. shows the results of the influence of age on the evolution
of the compressive strength of the substitution ratio.

Figure 9. influence of the substitution rate on the flexural tensile
strength at 28 days
Figure 6. influence of age on the evolution of compressive strength
as a function of the substitution rate
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The same observation of sand concrete in 7 and 14 days, the variation
of compressive strength varies in the same way. The figure 10. shows
the results of the influence of age on the evolution of the flexural
tensile strength of the substitution ratio.

Paper ash affects hardened sand concrete, it decreases compressive
strength, flexural tensile strength, negatively the substitution of
paper ash enhances the chemical resistance to sulfuric acid.
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Figure 10. influence of age on the evolution of flexural tensile
strength as a function of the substitution rate
5.

Acid attack

After 28 days of water curing, the (5×5×5 cm) specimens were
immersed in H2SO4 solutions, with 1% of concentration. The
aggressive solutions were renewed every 28 days. After 7, 14 and 28
days, they were used to estimate the weight loss according to the
standard ASTMC267-96 [18]. The results of weight loss of specimens
are presented in the figure 11.

Figure 11. Weight loss depending on the period of immersion in 1%
of (H2SO4) after 28 days in water
After 7 days of immersion in H2SO4, the sand concrete with 0.3% was
presented the best chemical resistance when it presented the low
weight loss.
The weight loss increase with the age of immersion for all specimens.
When the mortars are attacked by sulfuric (VI) acid H2SO4, they react
with the Portlandite Ca(OH)2 resulting from the hydration of the
cement, which causes the formation of gypsum and The process is
described by the following chemical reactions:
Ca(OH)2 + H2SO4 → CaSO4·2H2O (1)
3CaSO4 + 3CaO·Al2O3·6H2O + 26H2O → 3CaO·Al2O3·3CaSO4·32H2O (2)
6.

Conclusion

The paper ash was used as weight substitution in the cement,
according to the results of the various tests it can be concluded that:
The introduction of paper ash affects fresh sand concrete properties,
increasing workability and decreasing density and increasing
porosity.
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The increase in the number of people living in cities day by day causes both an increase in
people's demands and an increase in the hard floors and building surfaces in cities. This
increase also increases the urban heat island formation and affects the outdoor thermal
comfort of people. Most of the work done today is on improving the climate. It is important
that green areas should be increased in order for people to roam more comfortably in the
outdoors and that improvement works should be done by reducing hard floors. This study
was carried out in order to improve the outdoor thermal comfort in the Yıldızkent district,
where urbanization is gradually increasing in Erzurum. For the study, a site close to the
TÜBİTAK measurement station was selected and the study was completed by increasing the
plants at different rates. In the site, which is currently only grassy, 10%, 20% and 30% plant
cover was added and analyzes were made in the ENVI-met climate model. According to the
results of the study, Scenario 3, which is the scenario with 30% increment, in which the plant
is used most intensively, gave the best outdoor thermal comfort. It also reduced the potential
air temperature by 0.1 ℃ at the minimum, improving outdoor thermal comfort. As a result,
it has been seen in this study that outdoor thermal comfort can be positively affected in
spatial planning in the analysis of landscape design scenarios prepared by considering
natural data.

1.Introduction
According to projection estimates, the world population will reach 9.9
billion, currently an estimated 29%, by 2050, and 66% of the
population will live in cities (85% in more developed areas) [1]. The
Urban Heat Island (UHI) event, which results in an increase in the
temperature in dense areas of cities compared to rural areas, is also
more intense. Therefore, the impact of climate change and
urbanization on urban comfort and health problems is being felt more
and more [2].
Air temperature studies in cities have shown a mosaic of cooler and
warmer places, and cooler places seem to be closely linked to
increased plant [3,4,5,6].
Flora plays an important role in urban environments. Besides their
aesthetic benefits, trees and other plant help to mitigate the effects of
the urban heat island by providing lower air temperatures by
increasing latent heat flow through evapotranspiration and reducing
heat flow through shading [7,8].
Harlan et al. (2006) [9] show that increased urban plant is strongly
associated with improved thermal comfort conditions, especially
during heat waves. Therefore, increasing the plant in cities is one of
the main approaches to lower both air and radiant temperatures and
to improve thermal comfort through shading and transpiration
[10,6,11].

people spend time. For this purpose, researchers investigated how
thermal comfort is affected by leaf characteristics of trees on roads,
pavements or streets [13]; street orientation [14,15]; sky view factor
(SVF) on pedestrian path [16]; presence of urban plant [17]; and shadow
coating materials [18].
Some recent studies have confirmed the accuracy of some software
based on local climate data. It has been shown that the accuracy of
these models largely depends on the input local microclimate data.
Therefore, the software should be combined with microclimate
simulation tools to take into account the effects of microclimate
events on thermal equilibrium [19]. Various microclimate simulation
tools with specific outputs and different complexities are in use today,
such as Rayman, ENVI-met, ANSYS package, CitySim Pro and
Honeybee [20].
In this context, one of the most widely used dynamic simulation tools
[21] for microclimate analysis is the ENVI-met model developed by
Michael Bruse at Rurh University Bochum [22]. In addition, 77% of the
total number of ENVI-met studies have been published in the last five
years [23]. As an urban microclimate model, the ENVI-met model
considers the physical foundations based on fluid mechanics,
thermodynamics and atmospheric physics principles to calculate
three-dimensional wind fields, turbulence, air temperature and
humidity, and radiative fluxes. [24,25].
In this study, the effect of green area ratios on thermal comfort in an
urban area in Erzurum was investigated.

The thermal comfort of the people living in the city is important in
terms of being able to move more comfortably outdoors and perform
their activities. Pedestrian-friendly walkways, sidewalks and street
designs are important for urban areas [12]. Studies are carried out in
the context of improving thermal comfort in these places where
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2.

Material and Method

2.1. Material
As the study area, a site area was chosen in Yıldızkent locality in
Erzurum city. While choosing the area, attention was paid to its
proximity to the TÜBİTAK measurement station. The distance of the
working area to the measuring station is 450m. The area is at
39°52'54.46"N in latitude and 41°14'30.43"E in longitude (Figure 1).
The study area consists of 7 buildings in total. 5 of the buildings have
3 floors and 2 of them are 4 floors. The total area covered by the
buildings is 3.384 m2. The total area of the site is 13.803 m2. The
remaining 10.419 m2 area of the buildings is for hard ground and
green areas.

measurement at certain points around the study area was taken with
Nikon D5200 camera with the help of fisheye lens.
Three different scenarios were created for the study area. The
situation where the study area is not a tree but only a grass area has
been analyzed as the current situation. Mixed tree groups were used
in 10%, 20% and 30% increments in the proposed scenarios (Figure 3).
Care was taken to use naturally grown trees in Erzurum for the tree
groups used. Therefore, Pine tree (Pinus sp. (ENVI-met code= C2)) was
used as coniferous tree and Birch tree (Betula sp. (ENVI-met code= B7))
was used as deciduous tree.

Figure 3. SVF value of workspace and 3D view of proposed scenarios

3.

Figure 1. Study area location map

Results

The current situation and 3 different scenario analysis in the study
area were made in the ENVI-met program. Currently, there are no
trees, only grass. Considering the 3 suggested scenarios;

2.2. Method



ENVI-met climate model was used to analyze the current situation
and green area scenarios in the study area. The 24-hour air
temperature, humidity, wind speed and wind direction data obtained
from the TUBITAK measurement station were used for the analysis of
the simulations. The ENVI-met program used is the 4.4.6 Summer
version with Student license. The drawings were drawn in 50*50*30
dimensions. In the ENVI-met program, each grid was accepted as 1
and drawings were made.
The date of 15 October 2020 was used for the analyses. This date was
chosen because the station was established in October 2020.
Measurements are taken with the Davis Vantage Pro 2 meteorology
device (Figure 2).

Figure 2. Davis Vantage Pro2 measurement device and measurement
point
Sky View Factor (SVF) values were also measured during the
measurements in the field. The SVF value is the sky visibility ratio.
The SVF value in the field takes a value between 0 and 1. The closer
the value is to 1, the closer the sky visibility is to 100% clarity. SVF




a.

In the first proposed scenario, 3 birch (Betula sp.), 1 pine tree
(Pinus sp.)
In the second proposed scenario, 6 birch (Betula sp.), 2 pine
trees (Pinus sp.)
In the 3rd proposed scenario, 9 birch (Betula sp.), 3 pine trees
(Pinus sp.) were used.
Current Situation

For the current situation of the study area, the area of the area outside
the buildings is drawn as hard ground and green area. In buildings,
each floor is accepted as 3m and 3-storey buildings are drawn as 9m
and 4-storey buildings are drawn as 12m (Figure 4).

Figure 4. Interface of drawing the study area current situation in
ENVI-met program
Looking at the current situation analysis results of the study area, the
minimum air temperature value is 18.2 ℃ and the maximum air
temperature value is 20.8 ℃ (Figure 5).
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Figure 5. Current situation analysis result of the study area
b.

Proposed Scenario 1

For the study area proposed scenario 1, different tree groups were
used in the area between the buildings (Figure 6). These are 3 Betula
sp., 1 Pine sp.

Figure 6. Study area interface of drawing of Proposed Scenario 1 in
ENVI-met program
Considering the proposed scenario 1 analysis results of the study area,
the minimum air temperature value is 18.2 ℃ and the maximum air
temperature value is 20.8 ℃ (Figure 7).

Figure 7. Analysis result for Proposed Scenario 1 of the study area
c.

Proposed Scenario 2

For the proposed scenario 2 of the study area, 6 Betula sp., 2 Pine sp.
used (Figure 8).

Figure 8. Study area interface of drawing of Proposed Scenario 2 in
ENVI-met program
Considering the proposed scenario 2 analysis results of the study area,
the minimum air temperature value is 18.2 ℃ and the maximum air
temperature value is 20.8 ℃ (Figure 9).

Figure 9. Analysis result for Proposed Scenario 2 of the study area
d.

Proposed Scenario 3

For the proposed scenario 3 of the study area, 9 Betula sp., 3 Pine sp.
used (Figure 10).

Figure 10. Study area interface of drawing of Proposed Scenario 3 in
ENVI-met program
Considering the proposed scenario 3 analysis results of the study area,
the minimum air temperature value is 18.1 ℃ and the maximum air
temperature value is 20.8 ℃ (Figure 11).
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As a result of the study, the decrease of the potential air temperature
by 0.1 ℃ in the area with the most intense vegetation actually reduced
the reflection rate in the area and increased the shading rate, thus
reducing the temperature. In other studies, it was observed that the
decrease in the reflection rate and the increase in the shadow
positively affect the outdoor thermal comfort [10,6,11].
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Figure 11. Analysis result for Proposed Scenario 3 of the study area
4.

Conclusion and Discussion

When the current situation and all proposed scenarios are examined,
the potential air temperature of the current situation is 18.2 ℃ at
minimum and 20.8 ℃ at maximum. In the proposed scenarios, the
potential air temperature was the same in the other 2 scenarios
except for the proposed scenario 3. Only in the 3rd scenario, in the
case of the highest plant density, the minimum air temperature was
18.1 ℃ and the maximum air temperature was 20.8 ℃. Compared to
all other scenarios, there was a decrease of only 0.1 ℃ at the
minimum.
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1.

`

Urban art, in the city and in everyday life, shows the objective and mental aspects of the
audience in the work of art, and this layer of representation, if it reflects reality correctly in
the city landscape, we will have the best perspective in the city. The characteristic of urban
art in Qeshm or public places and urban spaces is mostly dependent on the local and
religious context and culture of the region. The main purpose of this article is to investigate
the impact of public art policies on the process of urban landscape reconstruction, especially
the old texture and the core of the city. What effect will the correct position of these arts
have on improving the mental and objective landscape of the city? In addition, after
interviewing 60 residents of the area and evaluating the important places in their view and
grading the types of urban arts with SPSS and Exel software, the questions of the article
were answered and we concluded that urban arts in a city Certain can have a positive effect
on the objective view and then the mental view, although 92.8% of the residents confirmed
this.

from city to city. Thus, In this article, we want to answer the following
questions:

Introduction

In the past, human beings have reacted to such environmental
attractions and the existence of works of art has been able to play an
effective role in shaping the audience's mental image of space. Art has
taken a variety of different forms in different periods of human life.
Urban art is an art that is related to the urban space in connection
with Step [1].
Public arts in public spaces have various uses such as reminiscing,
improving the urban landscape, helping to revive the economy,
helping to revitalize culture and art, identifying society, responding
to public policies. Improving the quality of urban life, but thinking and
concept are central All of this is that public art must be for and with
the people [2].
The ancient urban fabric, due to its special features, can become new
places, to achieve urban experiences and create collective memory.
This context is the link between the collective memory of the current
generation and historical memory[3]. For this reason, this article seeks
to factor urban art in promoting the urban landscape in the old
context of Qeshm, because it seems to be a necessity as one of the
important contexts shaping the urban experience.
It should be noted that research in recent decades has sought to bring
theoretical perspectives closer to practical experiences, and both
areas have taken steps towards each other's evolution, And the study
of urban arts has a special emphasis on the role of the audience and
especially the collective audience. The mental connection and
semantic role of art have been the subject of current research[4].
In this article, we want to show how public art policy, and especially
urban art, intersects with the processes of urban landscape
reconstruction and how, as a contributing factor, it is effective in
improving the quality of the mental and objective urban landscape.
Obviously, this depends on the context (environment) and may vary

Which public places are the most important and suitable ones for
public art locations?
-What are the objective and subjective variables of the landscape?
What role can urban art forms in different types of urban space play
in improving the mental and objective quality of the landscape for the
audience?
Which of the subjective and objective components of the landscape
can have the greatest impact on public art?
2. Urban landscape
2.1.
Definition of urban landscape
James Corner (1990) first introduced the term landscape as landscape
urbanization in the 1990 seminar series. In 1997, Charles Waldheim
coined the term "landscape urbanism" in the UK's Master of
Architecture program. He designed a model that establishes a
relationship between landscape architects and urban design and is
related to landscape with the approach of buildings and other main
infrastructures of the city [5].
Cullen defines the urban landscape as the art of visually and
structurally integrating the set of buildings, streets, etc. that make up
the city environment, and considers it the art of how to connect these
various components of the body of the city Gorden Cullen 1961 [6].
Cullen's view is more physical and objective. According to him, the
urban landscape is not a static image, but it is an exciting and
dynamic event in the environment and is understood by providing a
chain of continuous visual relationships and is full of objective
narratives [3].

PACE 2021- Ataturk University, Engineering Faculty, Department of Civil Engineering, Erzurum, 25030, TURKEY 20-23 June 2021

523

Ranjbar and Aligolizadeh
The urban landscape is the part of the environment or form of the city
that affects a person's action and reaction and the results of his
actions. In a segmented urban landscape, potential environmental
information becomes a directly tangible quality. The urban landscape
is formed from the visual (objective) and non-visual aspects of the
environment (mental) [7].
The urban landscape is the result of human-city contact and in this
regard, not only in the structure of the visual landscape of the city
through its activities affects the urban landscape, but also the
behavior and mental perception of citizens through contact with the
mental landscape of citizens[8].
In general, Golkar combines the urban landscape threefold from the
objective perspective of the city, the mental perspective of the city,
and the emotional perspective of the city, which is based on behavior.
The urban landscape is a tangible and effective environment on the
behavior of the individual and its results. The degree of effectiveness
of the environment on the individual depends on the degree of
perception of individuals, which itself depends on the observer's
readiness for perception, perceptual capacity, and environmental
conditions of perception [3].
Landscape on the one hand cannot be summarized only in the body,
because the perspective also includes the quality of meaning, and on
the other hand cannot be considered an abstract concept, because we
understand it through the body and the senses. Therefore, perspective
is a phenomenon that is achieved through our perception of the
environment and the interpretation of the mind: in fact, perspective
is a phenomenon, objective-mental [3].
2.2.

Mental landscape

Mental identification is the link between space perception and
constructing spatial knowledge. The main achievement has been the
discovery of the cognitive scheme which controls the processes of
perception, recognition and memorisation of physical space. As a
result of these processes, a human mind creates an image of the space
called a cognitive map, making it possible to transform and interpret
the data [9].

Table 1. The concept of public art from the perspective of thinkers in
chronological order
Theorist
Patrisia Phillips(1998)
[11]
Maderuelo(1994) [10]
Malcom Miles(2000) [12]
Worth(2003) [13]

3.1.

The concept of public art
There is a wide range of activities and
works in urban spaces and the urban
landscape and its audience is all
people.
A specific type of art that does not
belong to a specific group of citizens
and is located in an urban space.
Art in a public place, permanent or
temporary physical work is created or
supervised by artists or craftsmen.
It is an art that is located in a public
space, related to political, religious,
economic powers.

Public art urban

The Urban art is a free gallery of urban artists (part of the citizens)
that includes various art forms such as painting, graphics,
illustration, relief, sculpture and communicates with citizens in
various fields. "City Art" is an extended "street art" that takes place in
a special way in all public spaces. This art is in the form of culture and
tradition of a nation [3].
Urban art is the product of the connection between urban space and
art in the public arena, in the face of the public audience. Art is
aesthetically or physically and semantically or mentally related to
its place of establishment [14].
Public art is a process that demonstrates what a city looks like and
what valuable cultural and social artifacts it should preserve [12].
Public art not only contributes to the visual attractiveness of the city
and has the ability to aestheticize urban spaces, but also, through
public art, authorities can signal their willingness to deal with social
and environmental problems [15].
3.2.

An overview of urban art records

The process that a person goes through in dealing with the urban
landscape begins with perceiving it and recording an objective
landscape, and then according to the information of the mind, the
observer begins to analyze and after recognizing it according to the
criteria formed over time, in His mind evaluates them as good or bad
and reacts accordingly [3].

One of the few pre-twentieth-century writings on the use of art in
urban space is Camilo Zeita's "Building a City Based on Artistic
Foundations." The important point in this book is Zeita's attention to
the emptiness of cities from artistic principles due to modern urban
planning, in which there is no place for artistic principles in spaces
devoid of social interactions [16].

2.3.

The book "Art in the City" is one of the first books (Willet 1967) and is
a turning point in the field of the urban art research in this period,
which with a cultural perspective to the question of urban art, how
people perceive Pay [14].

Objective landscape

Psychological, cognitive process consisting in mental copying objects
and events of the outer world in relation to the processes which take
place in the human body. Series of views, perceived by an observer in
motion, create a chain of mental images [9].
3.

Public art

Public art is the art that is organized for the public and has the
characteristic of being communicable, in terms of its accessibility, it
is normally perceived and perceived in the external environment. A
definition that can be a summary of the definitions of public art:
stated by Xavier Madrolo: "a specific type of art that does not belong
to a specific group of citizens in contemporary art and its place is in
the urban open space" [10].

Another issue was the lack of connection between art and the
dimensions of urban space and the audience. This art, called the "art
of the base position", was first introduced as a functional connection
and physics, and later as a deeper mental and social connection [17].
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Table 2. All kinds of urban art [1]
Public art
Painting

Description
Fresco (painting on plaster, wall or ceiling)
and painting on canvas are the most common
types of paintings in the urban arena.

Graffiti Art

The term is derived from the Italian word
"graffito" meaning scratch, and refers to the
illegal street art that is sprayed or painted on
buildings, in public urban spaces, by
independent "street artists".

Performing Arts
and Events

A type of twentieth-century art that requires
a live performance by the artist.

The art of
arrangement

A new branch of contemporary art, which is
designed to impress the viewer or visitor,
using various two-dimensional and threedimensional objects and materials to create a
special space.

The art of
decoration

A type of painting is a drawing that describes,
illuminates, depicts, or decorates a written
text.
Artwork is made from commonly used
materials or "everyday objects". They are
usually three-dimensional works, such as
sculptures, collages, and layouts.

The art of
recycling

Land Art

A relatively new branch of contemporary art,
called earth art, earth art, and environmental
art.

Sculpture

Each urban sculpture has a threedimensional volume and has an artistic form
and expression that can be seen from
different angles. The sculpture is part of the
urban furniture that is located outside the
closed space. Many cities are unique
historical sites, a statue that is the subject of
a historical event that can be associated with
this event for years to come, and the current
performance of these cities can be expressed
by a statue [18].

Religious Art

Typically, architecture or any fine or
decorative art has a religious background.
This type of art is common in religious art in
Iran and depends on the context and strong
religious beliefs, such as food.

4.

iii.
iv.

Case study recognition: Qeshm Island

According to historical documents, Qeshm Island existed during the
Ilam and Achaemenid periods, etc., but the inhabitants settled after
the rule of the Medes. In the early tenth century, the Portuguese
entered the island and occupied it for about 400 years until Safavid,
was liberated during the reign of Shah Abbas under the command of
Imam Qoli Khan.
The area of the island is about 1628 square kilometers, the area of
Qeshm city is 9.12 square kilometers. In the early seventies, this
island was registered as a free trade zone .(Name: Qeshm in the word
means absolute waterway because of its God-given nature and beauty.

Figure 1. The whole map of Qeshm Island (Free Zone Organization)
Including island ceremonies: Religious ceremonies of 15 Sha'ban, Eidul-Adha and Fitr, Zanbil Gardani ceremony, Nowruz Sayad ceremony,
Nativity reading ceremony.

The main category of permanent public art in urban space

The effects of art in public space:
i.
ii.

5.

Figure 2. Nativity reading ceremony

Public art gives place, passion and feeling.
2- It creates commitment in people from the place and engages
them with the place.
3- Presents a model of imaginative and imaginative works.
Helps to revitalize urban space (Miles, 1994) [12]

-Historical monument: Any object or building that tells the prominent
history of a society.
-Special buildings: in terms of scale, uniqueness, special aesthetic
value.
-Souvenirs: Sculptures, fountains and reminders of important people
and events
-Decorations: Any building in urban landscape modification

Figure 3. Nowruz Sayad ceremony

-Elements of urban furniture: Improving the quality of the urban
environment to meet the needs of citizens[19].
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6.

Analysis

The variable, subjective and objective dependent perspective of the
study area, which is obtained from the current situation and
interview, observation and photography. 60 people, residents, citizens
and professionals in the age group of 12 to 65 years were interviewed.
After that, the quantity and quality of urban arts in Qeshm are
discussed. Based on the information provided, a total of 86% of the
quality of public arts is assessed as low. Therefore, the residents were
dissatisfied with the quality of the objective landscape of this area and
believed that the mental landscape could be of better quality.
Also, 92.8% of citizens have evaluated urban arts in their living
environment, leisure and work to greatly improve their mental and
objective vision. Frequency of residents' response to the impact of
urban art on the mental and objective perspective, respectively,
religious art, land art, decoration art, arrangement art, graffiti art and
painting (Figure 7).
Figure 4. Zanbil Gardani

25
20
15
10
5
0

Percentage of people responding
Figure 7. Percentage of people responding
Most people also discussed the impact of public art on the objective
view, stating that the effect of the objective view on the mind is
enormous.
6.1.

Figure 5. Immediate scope of research

Analysis and evaluation of the spatial and functional
structure of the neighborhood according to theoretical
foundations

Initially, the entire area of the city was subjected to the analysis, in
order to define the most important public places of the city. Due to the
high concentration of pedestrian areas and the main location of the
main areas such as the bazaar, image creation of the city, analysis was
limited to the city center and the old texture.
Map The space identification map is based on the mental mapping
method. Residents were asked to choose the most important places
and the most visited.
As a result, approximately 8 public places and 6 cumulative nodes in
the downtown area were shown and then selected initially.
Evaluation of public places in accordance with accepted criteria has
been done using graphical and statistical methods. The main and subcriteria, which have been prepared for Qeshm city and are listed in
Table 3, show certain aspects of the analysis.

Figure 6. Investigated area (old texture of Qeshm)
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Sub Criteria
1.Connection With Main
Transportation Routs
(Figure 8)
2. Important Place
(Figure 9)
4.
Identity
5. Structure
6.
Meaning

Mental Characteristics

3. Other
Important
Centers Of
The City

Objective Characteristics

Basic Criteria

Table 3. Use of public art in the landscape of urban spaces in Qeshm
Elements and objective and mental
structure of the city landscape

Ratio of
importance
(%)

1.1. vehicles (transportation
arteries, main and collective
streets)
1.2. public transport- train, bus and
tram stations
1.3. pedestrians (main streets,
shopping routes)
1.4. important cycling paths

O1.1 = 25

1.5. Connection with main tourist
routes
2.1. Shahid Zakai Wharf (Passenger)
2.2. Old Qeshm Bazaar

O1.2 = 10
O1.3 = 45
O1.4 = 12
O1.5 = 8
O2.1 = 20
O2.2 = 30

2.3. Old Grand Mosque
2.4. Portuguese castle
2.5. Sports complex and
neighborhood park
2.6. Coastal edge
2.7. Bibi Water Depot
2.8. Qeshm International
Exhibition
3.1. the city center
3.2. Collection of banks
3.3. Zeitoon Park
3.4. Local restaurants
3.5. Setareh Market
3.6. Residential complexes

O2.3. =10
O2.4 = 10
O2.5 = 5

4.1. Distinction

M4.1 =60

4.2. Integrity

M4.2 =30

4.3. Independence from the field

M4.3 =10

5.1. Color and shape

M5.1 =50

5.2. Scale

M5.2=20

O2.6 = 15
O2.7 = 5
O2.8 = 5
O3.1 = 20
O3.2 = 10
O3.3 = 25
O3.4 = 30
O3.5 = 10
O3.6 = 5

5.3. Form

M5.3=10

5.4. Materials

M5.4=20

6.1. Functionality and usefulness

M6.1=20

6.2. Being recognizable

M6.2=20

6.3. Coordination with the context

M6.4=15

6.4. Integration

M6.5=45

Figure 8. Summarizing the mind map of citizens

Figure 9. Important locations of the immediate area
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Table 4. Components of urban art in Qeshm
Important
components
All
kinds of
public art in
Qeshm

Performing
public art in
landscape
Scale the
arts in
specific
places

7.

Components and descriptions
Recurrence
Making and making a miniature replica
Gregor and net weaving
Cupcake (a kind of wooden sandals)
Mat weaving
Oyster and pearl jewelry
Embroidered burqa
Types of embroidery
Pottery
compositional, decorative
informative, educational
advertising
entertaining
symbolic
local
Urban
regional
Country
international

context mapping, while artists emphasise the individual expression,
autonomy and universality of art [9].
Thus, public and performing arts in the urban environment can help
to enrich the senses and shape the collective memories of individuals.
This presence in these spaces can change the behavior and activity of
users, so that behaviors such as mobility, gathering, watching,
playing, cooperation, etc. are among the effects of public and
executive arts in these spaces.
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Concrete, in its simplest definition, is a building material obtained by combining water,
cement and aggregate in certain proportions. The basic chemical components of concrete
consist of these three materials. However, it has been an important issue to develop concrete
against many effects other than its existing mechanical and physical properties, thanks to
its economic and easy accessibility. Fibers that have been added to concrete in order to
improve the tensile stresses of concrete since the past have been expanding their range
today. PVA fiber reinforced concrete, known as engineered cementitious composite (ECC),
improves the low tensile stress of concrete and accordingly provides high toughness. ECC
concrete is a material developed with a micromechanical mix design. However, the use of
ECC concrete is limited due to its disadvantage in terms of easy accessibility and economy.
In this study, the physical and mechanical properties of 1 drop of glycerin added PVA fiber
and 2 drops of glycerin added PVA fiber concretes were investigated. The physical and
mechanical properties of the samples were investigated by adding 2% PVA 1 drop of glycerin
fiber and PVA 2 drops of glycerin fiber into the concrete mix design prepared with the
micromechanical design. According to the findings, an increase was observed in water
absorption, porosity and electrical resistivity tests compared to the control sample and
commercial PVA fiber samples; A decrease was observed in the charpy experiment.

1.Introduction
The desire to expand the usage areas of concrete, which is one of the
building materials, has led to the need for development in concrete
technology [1]. This development has emerged in the direction of
improving the weak properties of concrete [2]. The most common
method used to improve the weak properties of concrete is to add
steel, glass, polypropylene, etc. into the concrete. to add fibers [3]. The
most important feature that should be provided in fibrous concretes
is that the fibers are uniformly dispersed and that this homogeneity
is maintained even after the concrete is mixed and put into molds [4].
Although concrete is known as a brittle material due to its high
compressive strength, these fibers added to the concrete enable the
concrete to resist tensile stresses and give the concrete ductility [5]. In
a study [6]; By adding 0.5%, 1% and 1.5% steel, polypropylene and glass
fiber into the concrete mortar mixture, 3 pieces of each series were
produced and compared with the produced fiber-free control sample.
According to the results obtained, it was stated that all fibrous series
had higher toughness and deflection values compared to the control
sample. At the same time, the best results among the fibrous series
were observed in the samples produced with steel fibers. In another
study [7]; The fiber fraction added to the mortar and the water/cement
ratio were changed and compared with the control sample and the
mechanical properties on the concrete samples were examined. It was
stated that with the addition of glass fiber to the control sample with
a water/cement ratio of 0.34, the fracture energy increased 109 times.
In fibroconcrete with a water/cement ratio of 0.36, this increase was
observed as 66 times. According to the findings, it was stated that with
the addition of fiber to the bare matrix, it became more tough and
ductile by increasing the fracture toughness. In another study [8]; The
effect of polypropylene fibers on the adherence behavior between
concrete and reinforcement was investigated. Fibers were added into

the mortar at the rates of 0.25%, 0.50% and 1% and were produced
with vertically positioned Ø10 diameter reinforcement. The stripping
of the reinforcement was observed by applying the tensile test to the
reinforced concrete sample. According to the findings, it was stated
that the reinforced concrete samples with polypropylene fiber had
lower tensile stresses compared to the control samples. In another
study [9]; Polypropylene fiber concrete was used in the tension region
of the beam and it was designed without stirrups, supported by steel
and glass fiber reinforcements (GFRP). The behavior of the designed
beams under the bending effect has been investigated. As a result, it
was stated that GFRP reinforced beams greatly improved the bending
performance. In another study [10]; The physical and mechanical
properties of the samples produced by adding 2%, 4% and 6% by
volume polyvinyl alcohol (PVA) fibers into the mortar were compared
with the control sample. As a result, with the increase of fiber fraction,
multiple crack formation was observed in concrete mortar samples,
indicating that ductility increased and crack widths decreased.
When the literature studies are examined, it is clearly seen that fiber
concrete improves the width of the usage areas and the building
elements. However, among the studies, no study was found in which
the physical and mechanical properties of the fibers were examined
by increasing the moisture retention with the addition of glycerin into
the fibers. In this study, the physical and mechanical properties of the
samples were investigated compared to the control concrete, with the
addition of glycerin, which is thought to be a solution to the problem
of agglomeration of fibers, in the concrete mix design by using it in
the fiber.
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2.
a.

Testing process

2.2 Testing system and manufactured specimen

Test specimens and properties

In use in the experiment; 42.5 Portland made is PVA fiber with added
water, silica sand, fly ash, superplasticizer, drinking water and
glycerin. It is designed by mixing cement, silica sand, fly ash and
chemical content.
The cement used as hydraulic binder in the mortar mixture prepared
to be used in the experiment is CEM I-42.5/R type Portland Cement
(PÇ) and complies with TS EN 197-1 [11] standard. 42.5 Portland cement
has a Blaine fineness of 3312 cm2/g and a specific gravity of 3.1. Class
F fly ash was used as the pozzolanic binder. The chemical components
of cement and fly ash are presented in Table 1. Silica sand of 50 µm
size was used as aggregate.
The water used in sample preparation was used from the campus
network of Afyon Kocatepe University.
The high-performance plasticizer concrete additive used to increase
the workability in the prepared fresh concrete mix is Sika Viscocrete
SF-18 brand and 0.77% of the binder weight in the mortar was used in
the fresh concrete mix. In order for the high-performance plasticizer
concrete additive to enter the reaction faster, it was added to the
mortar mixture by mixing it with water at the same time. The
chemical composition of the concrete additive is presented in Table 2.

Table 1. Chemical components of cement and
Compon
ent, %
PÇ

Fly Ash

Cao

SiO2

Al2O3

Fe2O3

Mg
O

Na2O

K2 O

SO3

K
K

63.
6

19.6

4.72

3.27

1.9
1

0.34

1.0
6

4.7
2

6.6
6

47.4

4.7
6

0.57

2.6
2

1.8
6

2
.
6
9
2
.
7
6

19.8

11.8

Table 2. Technical properties of the superplasticizer additive
Chemicak Structure

Modyfied
polimer

polycarboxylate

based

Density

1.10±0.02 kg/l, 20°C

pH

3–7

Freezing Point

-10 °C

Percentage of
Manageable in Water

Max. 0.1%, chloride free (TS EN 934-2)

Different proportions of glycerine added PVA fibers used in the mortar
mixture are presented in Figure 1.

How to design in use in ready-to-use ashes in the experiment and
using volatile, superplasticizer and different (1 drop/2 drop) glycerin
doped PVA fiber.
Prismatic samples of 30.5x2.5x2.5cm were prepared to be used in the
experiments. Experimental studies were carried out on 18 (2+4+6+6)
batch mortar mixes in total. Of these samples, 2 (1+1) are control
samples and 4 (2+2) are commercial PVA fiber samples, the others are
PVA fiber samples with glycerin additive. The mixture design of the
mortars used in the experiments is given in Table 3.
In the table, W is water; C, cement; FA stands for fly ash. In the mortars
prepared to be used in the experiment, first of all, binders (cement and
fly ash) and aggregate (silica sand) were put into the planetary mixer
and dry mix was made for about 1 minute. After the dry mixture was
made, some of the water was added to the mixture and mixed some
more. The remaining water was added to the mixture at the same time
by mixing with water so that the concrete admixture could react more
quickly, and the mixture was mixed for about 3-4 minutes until the
mixture became homogeneous.
Table 3. Mixture designs
Quantities (kg/m3)
Components

%0

%2 PVA

Cement

96.34

96.34

96.34

96.34

Silica sand

77

77

77

77

Fly ash

115.67

115.67

115.67

115.67

Superplasticizer

1.25

1.25

1.25

1.25

Water

75.67

75.67

75.67

75.67

Fiber

0

9.34

9.34

9.34

TOTAL

365.93

367.1

368.27

369.43

W/(C + FA)

0.36

0.36

0.36

0.36

FA/C

1.2

1.2

1.2

1.2

%2PVA2G

Prepared test mortars were poured into pre-oiled molds. The test
samples in the molds were removed from the molds after 24 hours
and placed in the curing pool with lime-saturated water at room
temperature (20±2 oC) to be cured for 28 days. The 28-day test samples
were subjected to water absorption, porosity, electrical resistivity and
charpy tests. Experiments were started from physical properties. The
test samples were kept in the oven for 24 hours and the oven dry
weight was taken. Afterwards, the samples were kept in the curing
pool for 24 hours and saturated with water. The values obtained by
weighing the water-saturated test samples on Archimedes balance
were noted and electrical resistivity test was performed. The electrical
resistivity values (R) are in accordance with the ASTM C 1760 [12]
standard and were determined by the two-plate method with the help
of a test resistor (ohm-meter) (Figure 2). In order to distribute the
current evenly over the entire area, the two side areas to be measured
are covered with wet felt. The electrical resistivity values of the
mortars were also determined by the equation (1) given below.
= R.A/L

Figure 1. Appearance of glycerin-doped PVA fiber

%2PVA1G

(1)

In the equation,
is the electrical resistivity (kohm.m); R resistor
(kohm); A represents the sample surface area (m2) and L represents
the distance between the plates (m).
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determined that the bending strength increased as the fiber content
increased. With the increase of fiber content, an increase in the
flexural strength was observed, although the load transfers also
increased. The observed reductions are that a more fluid concrete is
produced due to the increase in glycerine added into the fiber.

Figure 2. Resistivity test setup
Afterwards, the samples were placed in an oven to be kept for 24
hours. At the end of 24 hours, the drying-dry values of the samples
were noted and the water absorption and porosity values were
determined. The experiments were continued with the bending test,
which is one of the mechanical properties. The experiment was
carried out on samples of 3x5x2,5 mm dimensions, with 3-point
bending type and 4 cm support span, according to TS EN 12390-5[13]
standard. has been carried out. The capacity of the bending press used
in the experiment is 20kN. The 3-point flexural strength of the
mortars was determined by equation (2).
(2)

In the equation,
is the flexural strength of the rock (kgf/cm2), F is
the load causing fracture (kgf), L is the distance of the test sample
between the supports (cm), b is the width of the test sample (cm), d is
the thickness of the test sample (cm).
For the Charpy test, a U notch with a width of 1.5 mm and a height of
10 mm was drilled on the 3x5x2.5 sized samples (Figure 3). Charpy test
is based on finding the required energy of the sample under dynamic
loading by using potential differences. The value obtained by dividing
this potential energy by the fracture area is called the fracture
toughness. The fracture toughness of the samples was determined by
equation (3).
Ç=U/A=(G(h0-h1))/A

10.00
5.00
0.00
Şahit

%2 PVA

PVA1G

PVA2G

3.1.2 Charpy Test Results
Fracture toughness values of glycerin-doped PVA fibers synthesized
at different rates are presented in Figure 5. The fracture toughness
value of the control sample is 40.58MPa. An increase of approximately
0.5% was observed in the PVA fiber concrete compared to the control
sample. Although it was observed that there was a decrease of 68%
and 52%, respectively, in the PVA1G and PVA2G fiber samples, it was
determined that the fracture toughness increased as the fiber content
increased among themselves. It was observed that the fracture
toughness increased with the increase in the amount of fiber and the
increase in the absorbed energy. The observed reductions, on the
other hand, are that a more fluid concrete is produced due to the
increase in glycerin added into the fiber, as in the bending strength.

(3)

In the equation, Ç, is fracture toughness (kN/m), U, potential energy (j,
Nm), A, cross sectional area (m 2 ), G, pendulum weight (kN), h0, the
initial height of the pendulum (m) ve h1, pendulum height after
impact (m) symbolism.

15.00

Figure 4. Flexural strength values of mortars

Fracture thougnees, MPa

= 3.F.L / 2.b.d2

Tensile strenght, Pa

20.00

45.00
40.00
35.00
30.00
25.00
20.00
15.00
10.00
5.00
0.00
Şahit

%2 PVA

PVA1G

PVA2G

Figure 5. Fracture toughness values of mortars

3.2 Experimental Results of Physical Properties
Figure 3. Charpy experimental setup

3.

Experiment Results and Evaluation

3.1 Test Results of Mechanical Properties
3.1.1 Tensile Strength Test Results
The flexural strength values of glycerin added PVA fiber samples
synthesized at different rates are presented in Figure 4. The flexural
strength value of the control sample is 17.01 Pa. Compared to the
control sample, an increase of approximately 7% was observed in the
PVA fiber concrete, while a decrease of 67% and 50% was observed in
the PVA1G and PVA2G fiber samples, respectively. When the glycerine
added PVA fiber samples were evaluated among themselves, it was

3.2.1 Vacancy Rate and Water Absorption Test Results
The porosity and water absorption graphs of glycerin-doped PVA
fibers synthesized at different rates are presented in Figure 6 and
Figure 7. When the graphs were examined, it was observed that the
control sample and the samples with PVA fiber had close values, while
the water absorption values of the PVA1G and PVA2G samples
increased by approximately 67% and 49%, respectively. The reason for
this increase is due to the moisture retention of the glycerine added
into the fiber. It was determined that there was an increase of
approximately 21% in the porosity values in the PVA1G sample. The
reason for this increase is the formation of gaps depending on the
orientation of the fibers.
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3.2.2 Electrical Resistivity Experiment Results

Elektrical resistivity, kΩ

The electrical resistivity test was applied to obtain information about
the void structure and dimensions of the samples. The current is
carried by spreading in the sample with the help of pore water.
Therefore, the mixture design of the samples affects the electrical
resistivity test results. The electrical resistivity test results are given
in Figure 8. When the results are examined, it is observed that the
electrical resistivity values of the control sample and the PVA fiber
samples are close, while an increase of 113% and 88% is observed in
the PVA1G and PVA2G samples, respectively. Thanks to this observed
increase, it is expected that concrete samples will be more resistant
to durability problems. problems.
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This article reflects how social representations of the built environment are managed; how
they exist in continuous relationship with those who inhabit it. They are particular
representations created from experience within a value system and a culture. Thus, a change
in these representations may imply a transformation of their inhabitants’ identities.
Conversely, every city, landscape or territory evolves through the representation of those
who inhabit it. This text studies the dialogical relationship between the physical space and
the socio-mental space of the inhabitants of a valley in the Pyrenees, la Cerdanya, divided
between France and Spain. The changes that have occurred in the last half century have
altered the representation of the traditional house type, thus affecting the physical
construction of the architecture of the place, both traditional and modern.

1. Introduction
The environment is organized in a meaningful way. Places, objects
within places and the actions that we can perform with these objects
have cultural meaning for people [1]. The relationship between social
representations and physical environments is bidirectional [2]. Social
representations in relation to physical environments are dynamically
organized. A change in any architectural component of a particular
environment has varying degrees of effects on all other social and
cultural components of the same environment [3].
The purpose of this work is to apply recent models of cognition, space
and creation of places [4], through the concrete study of the changes
that have occurred between physical reality and the social
representation of the traditional house in the Pyrenees in the last fifty
years
2. The Cerdan House Study
This article uses as analysis the material of a previous study on the
changes in the Cerdan house in the last half century [5]. This study
was part of the Inventory of the Ethnographic Heritage of Catalonia,
by the Center for the Promotion of Popular and Traditional Catalan
Culture, dependent on the Department of Culture of the Generalitat de
Catalunya.
This work was a multidisciplinary research carried out by
anthropologists and architects, which analyzed the changes that have
taken place in the last fifty years in the traditional house of this
Pyrenean territory. It was coordinated by the Department of Urban
Anthropology, headed by Dr. Juan Josep Pujades, of the Universitat
Rovira I Virgili.
La Cerdanya is a territory furrowed by many administrative lines.
Despite this, the territory has always functioned as a cohesive social
whole and the border has always been an economic resource for the
population (smuggling...). This administrative line has not supposed a
wall but a bridge that united the two territories (6) (J.J. Pujadas, 2003).

In the present work we will see, however, that there will be a difference
between the representations of the French "traditional Cerdan house”
and the Spanish, during the last half of the twentieth century.
Some specific images distinguish this area from the rest of the
Pyrenees, especially as a result of the construction in the XIX c. of the
Colònia de l’Estany (a garden city) and the Real Club de Bolvir (a golf
club). These facts contributed to create a trend among Barcelonans to
spend the summer in the Pyrenees. That also facilitated the
construction of the railway to Puigcerdà (La Molina was the first ski
resort in Spain).
There was an economic boom in the territory linked to the
recreational, festive and sporting practices of the Catalan bourgeoisie,
and this led to a mythification of the region as a “mountain paradise”,
which created a brand that still lasts exists.
The research aimed to create a vision of the transformations that took
place in households throughout the process of economic and social
transition, mainly in the Twentieth Century, including family oral
memoirs and other documentary data to illustrate the study.
The emphasis was placed on the multidimensional aspect of the
house, understood as a unit of production and “reproduction”, which
would allow a deep knowledge of its transformations.
The work of anthropologists focused on the recovery of family
memory in two ways: oral memory through direct testimony and
through family documents. Families were also chosen and kinship
letters were made.
The work of the architects consisted of visiting about thirty houses.
Then we chose five to make a more specific study and comparisons
among them. Amid other aspects, we studied the constants and
variations between urban core and house, the typological constants
and variations and the adaptations in time of the construction
systems.
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An important aspect to emphasize is that this research was not
directed by architects, but by a group of urban anthropologists, and
the architecture was a part that the latter decided to include to
understand the house in all its dimensions
The researchers understood the house as a holistic whole, as a
multifaceted reality, full of differentiated dimensions participating in
an organic entity, and there was no way to refer to one of one aspect
of this reality without referring to the whole.
We observed that the house as a content has undergone remarkable
structural and functional changes:
A. Linked to social transformations
Decrease in undivided inheritance, crisis in the residential patterns
of the main family, changes in gender relations and, above all,
transformation of the peasant unit of production, reproduction and
consumption into a productive framework dominated by the services
sector.
B. Linked to technological transformations
Much of the agricultural machinery (threshing machines, tractors
etc.), as of installations of the house, introduction of the car.
In parallel with these transformations, the house as a continent has
undergone a series of aesthetic and structural modifications, partly
driven by the new landscape of second homes that has colonized the
foothills and the plain of la Cerdanya.
We didn’t find a single answer to the crisis process of the “traditional
Cerdan house”, but we recognized a series of solutions and
alternatives to the canonical model of the house as a unit of
production and reproduction”. It is important to remark that we did
not want to work from an idealized image, avoiding the binary scheme
traditional house / modern house.
We observed how the common houses, characterized by their
plastered and painted facades and tile roofs, are increasingly being
replaced by a new type of exposed stone and wood facades with slate
roofs. This imposes a new aesthetics which is paradoxically is called
“traditional Cerdan house”. This new model applies not only to new
homes, but also to the transformations that old farmer’s make of their
buildings to adapt them to new needs.
The Cerdan house has always been in a continuous process of
evolution, growth, incorporations, reforms, improvements ...
Historically, life in the Pyrenees has been characterized by a slight
evolution. There has always been a slow transformation of customs
due to the legal, economic and cultural changes of traditional life, in
general, and of each family, in particular. Improvements, extensions
and transformations are being made to adapt the buildings to the life
around them. Traditionally, we find different types of interventions,
from the repair of the elements to the total reconstruction of the
building. The means used to carry out these interventions are the
materials and techniques available to them in this area and in this
regional constructive context. This involved conserving existing
structures, reusing materials.
Flexibility allows the house to adapt to changing times. We found
adaptation of old forms to new needs. Interior modifications were
possible for the construction system and the flexible use of space
(three “crujias” or ward, the organization around the multifunctional
room, the patio as a structural void...)
Currently there is a strong and rapid transformation of the
architecture, in the reforms that are applied to the old houses and
especially to the new constructions, which is related to second homes
and tourism... The change of users and the marked seasonality of the
activity that takes place there, explains the rupture of continuity with
the uses and forms of the place.
In addition, newcomers (ski tourists) project, more as customers than
as inhabitants, a distorted collective image of what the Cerdanya
house would be based more on appearances than on spatial qualities.

There are no created forms in relationship with the place, which
makes it necessary to resort to loans of elements of other mountain
architectures (Val d'Aran, Alps ...) sufficiently fixed within the
collective imagination to ensure easy identification with the house of
tourist-residential products (brand).
This false localness materializes in elements such as wooden
balconies in the valleys, the removal of lime plaster to leave the wall
exposed (and unprotected), slate stone slabs to "dress" the brick or
concrete walls constructive falsity, generalization of the use of the
slate to cover (when in Batllia and Baridà the ceramic tile is habitual)
These "scenographic" elements are built to give credibility to the
whole, as is the case of the false bell tower of the Pleta de Saga, which
is actually a tourist villa, but which gives the "landscape" character to
this urbanization, thus making it look like a mountain village.
Also, from the urban planning regulations prior to the 90s, they order
these new constructions from a new invented type, called “traditional
house” (this phenomenon is repeated in different areas of the Spanish
Mediterranean area, such as the Balearic Islands, where the rules also
define a “type of traditional Mediterranean house” that serves to
guide the new buildings).
This is how the cultural nature of newcomers, the origin of the false
typology, becomes the deculturization of the inhabitants of the place,
who welcome (either with resignation or carelessness) the new type to
adapt to their new socio-economic reality. Moreover, the regulatory
framework encourages these changes.
3. Discussion
The relationship between architecture and memory is very close,
because as we can see in the image, memory tries to find the place of
something that has happened in the past. That is, like architecture,
both locate things in a space-time and in a social context. To lose
memory is not the same as losing the ability to register, but it is losing
the capacity to place things in a space and in a time and refer to what
they mean in a social context.
On the other hand, collective knowledge for this representation
process is understood in its threefold meaning: to represent the action
of crossing history and fiction, to represent the action of representing
and to represent a project for the future [7]. Places are the spaces for
the possibility of collective communication, therefore of memory and
narrative. We will explain memory as a source of representation and
exploration of the place, as well as the reflection on the present and
the individual and collective past.
Our hypothesis is that the place exists in a continuous relationship
with those who live there, it is a particular representation created
from experience within a system of values and culture. Therefore, a
change in this representation may imply a transformation of the
identities of its inhabitants. On the other hand, each city, landscape
and territory evolve through the representation of those who live
there.
An example of this last aspect is what happened in La Cerdanya,
which took place despite the fact that the social representations of
reality often show a resistance to change superior to that manifested
by material realities:
In la Cerdanya a symbolic construction was constructed: the climate
is more benign than in other Pyrenean valleys, the values of the
gastronomy, the architecture ... Therefore, the simulacra of a certain
reality were created, that was a copy of the reality that is sold and
purchased.
It is not so important if the houses and traditional houses were
plastered with lime mortar. The important fact here is that the new
(invented) image of the tradition has made its way and has taken root
in the natives and in the foreigners.
When the Cerdans rebuild their houses, they are adapting the existing
construction to this new aesthetic (for example, the inhabitants of the
house of “Cal Rei”, a very old house, at the request of the municipal
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architect, replaced the existing roofs by slate roofs, which are only
traditional at high altitudes in the territory).

mediated place that we transform with our representations, but at the
same time this transformation affects us directly.

And if this process is consolidated, and now it seems fully
consolidated, who dares to say that it is a mystification of reality.
Progressively, a democratic and market society was built by explicit
or tacit consensus. There is no doubt that the new mountain
architecture (inside and outside the Cerdanya) has won the battle
against the old constructive forms and the old aesthetic values.

We must take in consideration the relationship between the shapes
designed by the architect and those who inhabit it, in order to assess
the impact of these representations on the physical world

Therefore, concerning the heritage, we see that this mirror effect plays
a leading role in the process of modifying fashion and in the creation
of new trends. The people of Cerdanya have been adapting their
reality to the images that they receive from tourists and visitors. The
point here is not how simplistic and stereotypical they may have been.
In the processes of social change, the predominant images, which
determine the meaning and direction of change, often come from
outside. Local agents tend to imitate what they see as patterns to
follow or copy.
We can observe that what is being represented is not a reproduction
of what has been, but it is a reinterpretation determined by the
present conditions. We must think that our point of view from the
present transforms the object and produces new meanings.
We can observe that in projects related to memory there is a
relationship between the appearance of new figures and the
resurgence of previous figures. On many occasions a figure can reveal
the figures a posteriori, and at the same time distance and distortion
can disfigure speech.
When there are investments, distortions, inventions, hidden
memories, we find the dislocation of some elements, poor association
of events and places, confusion of people, etc. [8]. Concurrently, we
have learnt that false memories can be created when they can be
integrated into these structures of spatio-temporal and social
recognition, mostly through the studies on the representation of
children’s memory [9].
In La Cerdanya we can see in the "Traditional House" a confusion
between reality and a very complex simulation, thus making it
difficult to say where one begins and the other ends. The simulacrum
is not a fake, it is an idealized copy.
The partial, idealized and simplistic images that visitors have brought
to La Cerdanya, are not only a small part of the county’s reality, but
the predominant images. We must not forget that the market is
always oriented to the demand.
4. Conclusions
In this study we can see how the people, in a dialogical process,
orchestrate the voices of their social and personal world influenced
by past meanings and past actions in order to create new knowledge
about their environment [10].
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The representation of the place produced by the inhabitants is based
on their own experience and their way of living in the place, as well
as the cultural environment. They develop their own representations
by interacting with the physical and social environment [11].
Since the avant-garde movements, the viewer plays an active role. He
or she doesn’t only read the text but also constructs his/her meaning.
Similarly, the recent lines of communication theory have shown this
process not as a process of transmission, but as a process of recoding,
where the sender has to reconstruct the received message.
The identification of the environment refers to its cognitive and
symbolic processes, in Kevin Lynch’s Place-Legibility, which perceives
the city as a text related to the mental representations of its
inhabitants [12].
The narratives we elaborate about past times and places are very
important for our orientation in the present time and in the present
places, both from the point of view of the architect and the inhabitant.
The representations of both interact in dialogue on the place. It is a
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While the sugar production process, hydrated lime in the consistency of lime wash is mixed
with the raw juice and the colloidal substances in it are precipitated. The excess lime added
to the juice is removed from the juice with the help of CO2 in the carbonation boilers. The
sludge part of the sludge taken here is settled in decanters and filtered with the help of press
filters. The waste that contains approximately 80% dry matter from press filters is called
"Press Filter Waste" (PFW). Study was executed on the recycling of PFW which is released
during this process. Geopolymer samples containing fly ash (FA) and PFW were obtained by
using alkaline activators. In study, samples were produced with standard sand, FA, Na2SiO3,
PFW and water (S). Samples were prepared as sand/binder ratio 3.0, H20/binder ratio 0.19,
0.17 and H20/Na2SiO3 ratio 0.386, 0.341 and were cured at 120 0C. It has been observed that
PFW10FA90S2T samples have the highest compressive strength for 28 days (23.68 MPa),
while the PFW30FA70S2T samples have the lowest compressive strength (21.00 MPa). When
the 28-day unit weights of the samples were evaluated, it was determined that the
PFW10FA90S2T samples have the highest unit weight (1.950 kg/dm3).

1. Introduction
In global research on construction technologies, many studies
especially on the components of concrete have been carried out with
the help of the improvements of concrete technologies, [1] nowadays.
The cement industry in the world is the most intense construction
material produced as a result of the high demand in the construction
sector of concrete. Due to such intensive production, the increase in
industrial activities (e.g. cement production) over time, it is seen that
production waste, including solid, liquid or gas with many different
characteristics [2], has emerged. Millions of tons of industrial waste
are produced every year; these wastes cause environmental problems
due to insufficient storage facility and inadequate safe disposal. This
situation may also lead to water and soil pollution [3] around the
factories.
Considering the environmental effects of these wastes and the costs
affecting production, it is obvious that it imposes a heavy burden and
responsibility on the country and the world economy. Although
necessary precautions are taken within the framework of legal
procedures, some negative conditions arising from the production
process may disrupt the environmental balance. For example, with
the high energy requirement in the cement production process, this
production process is also the source of significant CO2 emissions in
nature. Depending on the cement production technology, it has been
determined that CO2 emission between 0.73 tons and 0.99 tons is
exposed [4] in 1-ton cement production.
Concrete; is a composite material consisting of water, aggregate,
cement and mineral and/or chemical additives [5]. When water is
added to cement, which is a component of concrete, it reacts and
creates a binder that holds the other main components of the
concrete, together. However, the use of industrial waste materials,
such as FA, silica fume, GBFS, which have pozzolanic properties,

usually takes place as a substitute for a part of cement. To protect the
environment, the way to minimize CO2 emissions can be accomplished
by reducing the percentage of cement used in concrete production.
Thus, in recent years, studies have been focused on the use of various
waste materials (e.g. FA) with pozzolanic properties in the production
of geopolymer cements with the help of alkali activators in
accordance with the standards of fresh and hardened concrete
properties [6], both in utilization of waste materials and the reduction
of costs.
Geopolymer cement has the potential to replace Portland cement [7] in
the construction industry. Geopolymer cement mortar; with its rapid
resistance, lack of water cure, good mechanical and strength
properties, it also prevents the emission of large amounts of CO2
diffused to the atmosphere [8] during the production of Portland
cement.
Industrial waste materials such as FA, GBFS, silica fume and natural
pozzolans are used in Portland cement production at certain rates of
the weight of Portland cement in the clinker stage or directly in
concrete production. While clinker use in cement decreased to 85% in
2003, this rate decreased to 77% in 2010. It is estimated that this rate
will decrease to 71% in the future. In America, pozzolanic materials
are used more in ready-mixed concrete than clinker. Today, 60% of
ready mixed concrete used in America contains pozzolanic material
instead of cement [9]. In this context, determining various industrial
waste materials with binding properties and utilizing them in
concrete technology; has an important place in terms of both
recycling and cost. However, the fact that the industry is broad-based
and the exposed waste materials have different characteristics has
accelerated the studies on the existence of different types of wastes
that can be used in building material production.
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Within the sugar industry, which is a food production industry, the
research conducted within the scope of the utilization of industrial
waste (PFW as seen Fig. 1) exposed during sugar production process is
of great importance in terms of waste management and recycling. In
sugar process annually; approximately 60,000 tons of PFW releases
as solid waste. In this way, building materials with different
characteristics obtained with the help of PFW, pozzolanic industrial
waste materials and alkaline activators; without the use of cement
will ultimately reduce the environmental harmful effects and
production costs in the long term that exposes from the cement
production process and at the same time, this PFW will also be
recycled. In addition, it is considered that new special mortars can be
produced with the utilization of agricultural waste materials such as
PFW; by using as an aggregate, such diverse properties as weight
reduction, thermal insulation and fire resistance or workability [10]
may be improved.
FA particles are highly contaminating, due to their enrichment in
potentially toxic trace elements which condense from the flue gas.
Research on the potential applications of these wastes has
environmental relevance, in addition to industrial interest. Most of
the FA which is produced is disposed of as landfill [11], a practice
which is under examination for environmental concerns. Classless FA
cannot be used directly because it does not suitable for cement and
concrete standards and so causes environmental pollution. FA is one
of the most important materials used as the main material of the
geopolymer [12] because of its high mechanical performance.
In an experimental study conducted on the thermal cure conditions
of geopolymer mortar samples containing FA and alkali activator and
the compressive strength values in the process; without using
cement, samples were prepared at the rates of sand/FA = 3.00, H2O/FA
= 0.29 and Na2O/FA= 0.10, and cured at 75 0C for 4 hrs, 1, 2, 3 and 7
days. The other sample group was cured at 75 0C for 4 hrs, 1, 2, 3 and
7 days, and then cured under laboratory condition (23±20 0C and
humidity 50%±5) for a total of 28 days. It was determined that the
compressive strength of 28-day samples were higher when the
geopolymer mortar samples was cured at 75 0C for
4 hrs, 1, 2, 3 and
7 days and compressive strength [13] were determined, compared to
the samples that were kept for up to 28 days. It has been concluded
that the repolymerization reaction does not continue in the samples
which are kept for a total of 28 days, and therefore the compressive
strength increases are slightly or even stopped.
In a study obtaining and light geopolymers containing based ash by
alkali activators (Na2SiO3 and 98% purity NaOH), two types of curing
were applied in the oven at 75 0C for 20 hrs then cured under
laboratory condition at 20 0C and only cured under laboratory
condition at 20 0C. Some mechanical properties such as unit weight
and compressive strength have been investigated. The unit weight of
these geopolymers was found to be [14] 1.59 gr/cm3 and compressive
strength was 18.51 MPa. Examining the behaviors of samples
prepared with binders such as GBFS, FA and POFA at different
temperatures, calcium contents and different activator solutions; It
has been determined that increased CaO ratio, reducing workability.
High compressive strength was obtained at 60 0C in samples
containing Na2SiO3 solution [15]. It has been observed that
geopolymers containing high calcium can also be used as repair
material. Pozzolanic materials used partially in concrete and mortars
instead of cement have a positive effect on durability of concrete. It
has been observed that there is a significant amount of amorphous
silica in the chemical composition of pozzolans. In its reaction with
cement [16], new silicates have emerged as a result of the interaction
of free lime and silica within the pozzolan, thereby demonstrating a
positive improvement in its mechanical and durability properties.
2. Material and Method
2.1. Material

production of mortar. The mortar samples obtained were subjected to
different curing types, and unit weight and compressive strength
values were examined within the framework of fresh and hardened
properties.
Press Filter Waste (PFA)
In practice, the chemical analysis of the press filter waste obtained
from Eskişehir Sugar Factory is shown in Table 1.
Table 1. Chemical analysis of press filter waste (PFW)
Weight (%)
2.0242
1.2064
3.7480
0.1948
0.2142
0.0910
56.3714
0.0783
0.0392
1.0255
0.2331
34.7740

Components
MgO
Al2O3
SiO2
P2O5
SO3
K2O
CaO
TiO2
Cr2O3
Fe2O3
BaO
LOI
Fly Ash (UK)

The fly ash used in the studies was obtained from the Tunçbilek
thermal power plant; Before starting the experiments, the physical
and chemical analysis of the fly ash and as seen in Table 2 and Table
3 were determined.
Table 2. Physical analysis of fly ash (UK) (Tunçbilek)
Physical
Properties

90 µ
(%)

45 µ
(%)

-

35

Specific
Gravity
(gr/cm3)
2.05

Blaine
(cm2/gr)
3200

Table 3. Chemical analysis of fly ash (UK) (Tunçbilek)
Weight (%)
52.31
16.49
12.38
5.72
5.01
1.16
2.27
1.13
0.15
0.0106

Components
SiO2
Al2O3
Fe2O3
CaO
MgO
SO3
K2O
lOI
Free CaO
ClStandard Sand

While preparing the mixtures in the experimental study, Rilem
Cembureau Standard sand was used in accordance with the TSE EN
196-1 standard. The particle size distribution and standard limit
values determined as a result of the sieve analysis of the sample
standard sand are given in Table 4.
Table 4. Granulometry and limit values of sample standard sand
Grain size, mm

Property
0.08

0.16

0.50

1.00

1.60

2.00

Retain, %

99

87

72

34

6

0

Limit, %

99±1

87±5

67±5

33±5

7±5

0

In the experimental study, mortar mixing water, standard sand, fly
ash, press filter waste, alkaline activator (Na2SiO3) were used in the
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Mixed Water
Eskişehir region water in our laboratory was used as mortar mixing
water. The chemical analysis of the mixed water used in the
production of mortar is shown in Table 5. In the chemical analysis of
the mixed water, it was seen that the water was suitable for the mixed
water qualities in TS 1247.
Table 5. Chemical analysis of the mixed water used
Unit

Parameters
pH
ClSO4
Mg
Ca
Zn
Cu
Fe
NO3-N
Free ClO2
Total ClO2

Value
7.49 (20 0C)
6.53
91.5
41.5
63.8
0.375
0.092
0.074
4.35
< 0.05
< 0.09

mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L

After 24 hrs were completed, the nylon covers surrounding the
samples were removed and the samples were covered with aluminum
foils, this time without removing the mold, in such a way that it
completely encloses the mold. After the coating process with
aluminum foil was completed, the samples were placed in the oven at
a certain temperature (120 0C) specified in Table 6 and cured for 72
hrs. After 72 hrs of curing process was completed, the mortar samples
were taken from the oven and removed from the molds and cured in
air (23±20 0C and humidity 50%±5) under room condition to complete
the 7th and 28th day. The samples were experimentalized while they
were fresh and hardened after their 7th and 28th days and the results
obtained from experimental study were evaluated.
3. Results and Discussion

Alkaline Activators (Na2SiO3)
Sodium silicate was used as activator in certain proportions to the
mixtures obtained in the experimental study. This activator was
obtained from companies that sell various chemical materials.
2.2. Method
Na2SiO3/binder and sand/binder ratios were kept constant in all
mixtures in order to examine the changes that will occur in the
mortar samples by changing the usage rates of PFW and FA curing at
a certain temperature (120 0C). The ratios that applied and the sample
code list used for FA and PFW in study, respectively, are presented in
Table 7. Industrial wastes that used for obtaining geopolymer mortar
was kept in the oven at 100 0C for 24 hrs for FA and at 110 0C for 48
hrs for PFW before starting the experimental studies, and then all
passed through a 75
m sieve. Thus, by reducing the particle
diameters of the waste materials used in the geopolymer mortar
mixtures, the surface areas were increased and the geopolymer
reaction process was made more efficient.

PFW10FA90S1T

PFW10FA90S2T

PFW20FA80S1T

PFW20FA80S2T

PFW30FA70S1T

PFW30FA70S2T

Table 6. Samples prepared with FA and PFW.

UK, gr
PFW, gr
Sand, gr
Water, gr
Water/Binder
Na2SiO3, ml
Curing Temp.,
0
C

wrapped with airproof nylon covers and kept under laboratory
conditions (23±2 0C and humidity 50%±5) without removing the mold
for 24 hrs.

405
45
1350
85
0.19
220

405
45
1350
75
0.17
220

360
90
1350
85
0.19
220

360
90
1350
75
0.17
220

315
135
1350
85
0.19
220

315
135
1350
75
0.17
220

120

120

120

120

120

120

After the mixing process of the geopolymer mortar samples was
completed, the mixture was immediately put into the mold. For this
purpose, each fresh mixture was filled in two layers in 3 series molds
of 40x40x160 mm. Each layer was compressed with 10 to 15
vibrations, and the mortar remaining on the mold after the second
layer was taken from the mold with a sawing motion with the help of
a trowel and the samples were leveled with a metal gauge to obtain a
smooth surface. Each sample has been marked using the sample codes
given in Table 6. After the necessary vibration and leveling processes
were completed, the fresh mortar samples were poured into molds and

In order to determine the hardened properties of the produced mortar
samples, fresh and hardened unit weight and compressive strength
tests were carried out. The unit weight test was carried out on
prismatic samples measuring 4x4x16 cm. In order to determine the
unit weight according to TS EN 12390-7 (2010), all samples were
weighed after curing on a balance with a capacity of 30 kg and a
precision of 2 g. Then, the width, length and height of all samples were
precisely measured using caliper.
The volumes of the samples whose sizes were determined were
calculated. The weight to volume ratio and unit weights (kg/dm3) of all
samples were determined.
3.1. Fresh unit weight
At the stage of determining the fresh unit weights of all samples, a
total of 216 fresh mortar samples were weighed while fresh, in order
to be able to apply each type of test. Of these 216 fresh mortar samples,
72 of them are mortar samples containing 10%, 72 of them 20% and
the other 72 of them 30% PFW content. By taking the average of these
data, the changes of fresh unit weights according to the PFW content
were collected in the graph. When an evaluation is made in general,
it has been determined that the fresh unit weight decreases with the
increase of the PFW rate in the mortar samples. For samples
containing the same ratio of PFW and having different water content;
it has been observed that with the decrease of the amount of water in
the sample, the fresh unit weight also decreases.

Figure 1. Change of fresh unit weight with PFW ratio.
As seen in Figure 1, the change of fresh unit weight; It was observed
that the PFW was inversely proportional to the amount in the sample.
In the samples with the same water content and different ratios of
PFW and FA content, it was determined that the fresh unit weight
decreased with the increase of the PFW ratio. It is seen that the control
geopolymer samples containing 100% FA have the highest fresh unit
weight. In the geopolymer mortar samples containing 100% FA,
according to the water content in different ratios, it was seen that the
FA mortar samples containing 85 ml of water had a higher fresh unit
weight than the FA mortar samples containing 75 ml of water (2.29
kg/dm3, 2.26 kg/dm3).
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3.2. Hardened unit weight
The samples containing different ratios of PFW and water were
subjected to air curing under laboratory conditions for 24 hrs, and
then cured at 120 0C for 72 hrs. The hardened unit weight of the
control samples obtained with 100% FA for 7-day, containing 85 ml
and 75 ml of water, was determined as 1.945 kg/dm3 and 1.953 kg/dm3,
respectively. It is seen that the hard unit weight of the 28-day
samples, including the control samples, is higher than the 7-day
samples.

Figure 2. Change of hardened unit weight with PFW ratio cured at
120 0C.
3.3. Compressive strength
Compressive strength tests were applied on the 7th and 28th days on
the samples that different PFW content and water content were cured
at 120 0C. The data obtained are given in Figure 3 for 7 and 28-days
strength behavior of all samples

temperature, 50 0C, 75 0C and 100 0C [17]. The 28-day compressive
strengths for cement contents of 450 kg/m3, 550 kg/m3 and 650 kg/m3
were 29.4–15.8 MPa, 37.8–19.8 MPa and 44.1–25.4 MPa, respectively,
which are low for (SCC) with 10–40% incinerated sugarcane filter cake
(ISFC) [18], it was determined. Compressive strengths of all mortars are
related to the replacement ratios of limestone with filter mud (FM).
When it is less than 20%, the compressive strengths of all mortars are
greater than these of the control. The compressive strengths are
affected negatively while it is more than 20% [19] in the study was
detected. It was observed that the compressive strength of 28 days
samples increased, and the flow decreased by the NaOH molarity
increased in the fixed weight of Na2SiO3, sand, water and FA. Samples
containing 9 M NaOH have the highest compressive strength (43.1
MPa), samples with Na2SiO3/NaOH 9 M, (400 gr) = 1.00 [20]. It is
observed that the compressive strength of the one-part geopolymer
paste increases rapidly with a decrease in H2O/Na2O ratios with the
highest ratio having the lowest strength. It is therefore deduced that
the improvement of the water content of the one-part geopolymer
with the remaining uninterrupted variables leads to a significant
increase in flowability and subsequent decreases [21] in the
compressive strength of the one-part geopolymer mixture As in this
study Bondar et al indicated that the compressive strength of
geopolymer concrete decreased as the ratio of water to geopolymer
solids by mass [22] increased. As the H2O/Na2O molar ratio increases,
the compressive strength of geopolymer concrete [23] decreases.

4. Conclusion
Today, the rapidly developing industrial technology process has
brought the industrial waste problem current issue. When the storage
costs of these wastes and the negative effects they may have on the
environment are evaluated, the recycling of wastes has become
obligatory. In order to ensure this recycling, whatever the material is
considered as industrial waste, physical and chemical analyzes
should be made and materials that can be used and/or applicable for
different sectors should be produced. This study was carried out on
the usability of geopolymers obtained from PFW and FA, which is a
sugar factory waste, as a building material.
 When the fresh unit weights of the samples were evaluated as a
result of the experimental studies, the highest fresh unit weight was
observed in samples with 85 ml of water and 10% PFW content
(2.225 kg/dm3), while the lowest fresh unit weight was found to be
samples containing 75 ml of water and 30% PFW (2.112 kg/dm3). It is
seen that the low PFW unit weight (0.775 kg/dm3; dry oven at 110 0C
for 24 hrs and passed through a 75 m sieve) has a direct effect on
fresh unit weight. In this context, it was determined that as the
fresh unit weight and water content of the samples decreased, the
flow amounts decreased, and the viscosity increased.

Figure 3. Change of compressive strength with PFW ratio cured at
120 0C.
As can be seen in Figure 3, it has been determined that the samples
containing 75 ml of water for 28 days and 10% PFW have the highest
compressive strength, excluding the control samples (23.68 MPa). The
lowest compressive strength was observed in 7-day samples
containing 85 ml of water and 30% PFW (15.25 MPa). It was determined
that with the increase of water content and PFW ratio especially 10%
in samples that cured at 120 0C, there is a decrease in 7 and 28-days
compressive strength. When the compressive strength of the control
samples with 100% FA and 85 ml water content and the samples with
85 ml water and 30% PFW content are compared, a dramatic decrease
of 37.37% is observed. In the study, the highest compressive strength
of 28 days samples was obtained at the rate of Si/Al = 7.1 and Na2O/SiO2
= 0.24, approximately 32 MPa. The lowest strength (0 MPa) was found
as Si/Al = 7.7 and Na2O/SiO2 = 0.16 in samples that were cured at room
temperature. And the highest strength was detected in samples
having the ratio Si/Al = 7.1 and Na2O/SiO2 = 0.22 at 75 0C; cured at room

 It has been observed that the hardened unit weight tends to
decrease as the PFW ratio increases in the samples, and also that
the hardened unit weight decreases with the increase in the PFW
ratio has a negative effect by increasing the water absorption and
water absorption percentage. It was determined that the increase in
the PFW ratio in the samples and the increase in the void ratio in
the porous microstructure decreased the unit weights and
consequently the ultrasound pulse velocity.
 As can be seen in Figure 3, it has been determined that the samples
containing 75 ml of water for 28 days and 10% PFW have the highest
compressive strength, excluding the control samples
(23.68
MPa). The lowest compressive strength was observed in 7-day
samples containing 85 ml of water and 30% PFW (15.25 MPa). Also, it
has seen increase in Na2O/SiO2 and SiO2/Al2O3 ratios, the
compressive strength of the mortar samples decreases.
With experimental studies to be carried out on this industrial waste
containing high CaO content (e.g. PFW) in advanced stages, especially
at different activator molarities and different curing temperatures,
with different binders; When the mechanical, physical and chemical
properties are examined, more effective results [24] are likely to be
obtained.
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Today, ground or basement floors of buildings are designed as soft floors for use as parking
lots and workplaces. Therefore, the soft story of the structure under the effect of earthquake
may show non-ductile behavior. In this study, a number of approaches have been proposed
to improve the behavior of the soft story and ensure its usability. In order to eliminate the
negative effects of the soft story, passive isolation systems were preferred as well as the use
of central and external central braces. A computer-based Matlab program was used to
understand the behavior of the structure in the frequency domain, and a finite element
program was used to perform the related analysis. According to the analysis results, it has
been determined that the use of the central and external center improves the behavior of
the structure in appropriate frequency ranges, but the use of passive isolator systems is not
suitable for the relevant structure. It has been confirmed that the passive isolators should
be designed according to each structure and any possible earthquake feature.

1. Introduction
The soft story effect is defined as the ratio of the relative story drift
ratios occurring at the relevant floor in one direction to the relative
story drift ratios occurring at the next or higher floors [1].
Earthquakes such as the Erzincan Earthquake-1992 and the Izmit
Earthquake-1999 that took place in Turkey caused heavy damage to
the soft storeys of the structures [2]. Considering the damages that
have occurred in the past, a number of strengthening methods have
been proposed to protect structures from soft storey effect. Javadi and
Yamakawa (2013) [3] placed the steel braces on the soft storeys by
establishing a hybrid connection, thus ensuring the ductile behavior
of the soft plies. Hirde Suchita and Tepugade Ganga (2014) [4]
investigated the behavior of soft storey effect by applying nonlinear
static pushover analysis in a structure. They observed that the
displacement decreased when the soft story was provided at a higher
level. They concluded that as a result of soft floor shear wall
applications, there is no plastic hinge formation in the columns and
lateral displacement is reduced. Tahamouli Roudsari et al. (2017) [5]
carried out a series of tests by connecting the steel braces to the
reinforced concrete soft storey as eccentrically. As a result of the test,
it was observed that the soft story behavior was improved. Fabio
Mazza et al. (2018) [6] used base isolation systems for seismic
reinforcement of a soft-story reinforced concrete frame under the
effect of near-field earthquakes. As a result of the study, it was
observed that the use of both elastomer and friction ısolators
strengthened the ductile behavior of the reinforced concrete frame.
Aydin et al. (2018) [7] showed that the steel plate model creates
uniform tension along the surface and keeps the reinforced concrete
cross-section deformation under control by using a lead-based rubber
ısolator system in the structure under earthquake risk.

system structure, external central braced system structure, lead
based rubber isolator structure, friction based isolator structure,
central braced friction isolator structure, central braced lead based
rubber isolator structure, external braced friction isolator structure,
including the braced lead-based rubber insulator structure, eccentric
8 different structures, were evaluated with the frequency domain
method under the effect of earthquakes with 11 different
characteristics.
2.

Testing process

2.1. Descrıption of the structure
In the study, it is a structure with 3 spans in the X direction, each span
distance of 4 m, and each span distance of 5 m, with 3 spans in the Y
direction. The normal floors are 3 m high and the ground floor is 5 m
high, and the building is at 39.90 Latitude and 41,368 longitude. The
strengthening methods used to improve the earthquake behavior of
the building with a soft ground floor are shown in Figure 1. In Figure
1, forming the frame system for the columns is made of HEA300 and
the beams are made of IPE240 steel profile. In Figure 1a, by using the
L150*12 bracket, the central and eccentric braced systems shown in
Figure 1d and Figure 1g, respectively, were obtained. Static and
geometric information of the profiles that make up the frames are
given in Table 1.

In this study, the structure with soft storey effect is examined in the
frequency domain and different strengthening procedures are
discussed. Analysis of the structures in the frequency domain has
been used especially for the earthquake performance of historical
structures [8]. Except for the effect of the soft story, central braced
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2.2. Passive isolators used in the study
Lead-based rubber ısolator (LRB) and friction-based ısolator (FPS) were
placed between the structure and the foundation in order to improve
the seismic behavior of the structure with soft storey effect (Figure
2). The basic concept of base isolation systems is that it is conceivable
to extend the natural period of a structure as a way to provide
additional damping and energy loss, thereby preventing the structure
from being severely damaged in a major earthquake [9]. Lead-rubber
isolators increase the horizontal stiffness and energy absorption of
the structure against strong ground motions. Friction-based
pendulum ısolator can meet earthquake energy with the help of
friction by forming a slip surface [10].
The properties of friction based isolator and lead based rubber isolator
are given in Table 2 and Table 3, respectively.

Figure 1 a) Structure with soft story effect b) Friction isolator
structure c) Structure with lead-based rubber ısolator d) central
braced structure e) Structure with central bracing and friction
ısolator f) Structure with central bracing and rubber ısolator g)
External center braced structure h) Structure with eccentric bracing
and friction ısolator i) Structure with eccentric bracing and rubber
ısolator
Figure 2. a) Friction isolator b) Lead-rubber isolator [11]

Table 1 Static and geometric information for the steel profiles
Profile
HEA300
IPE240
L150*12

b (mm)
280
120
150

h( mm)
270
240
150

tw (mm)
8
6,2
12

tf (mm)
13
9,8
12

A (cm2)
97,3
39,1
34,8

Ix (cm4)
13673
3890
737

Iy (cm4)
4763
284
737

Wx (cm3)
1010
324
67,7

Wy (cm3)
340
47,3
67,7

Table 2 Friction pendulum isolator
FPS

Linear Stiffness (kNm)

Nonlinear Stiffness (kNm)

u1

10000

10000

u2

10000

100

R3

10000

Friction coefficient

Sliding surface
-

0,1

54

-

Table 3 Lead-rubber base isolator
LRB

Linear Stiffness (kNm)

u1

460326

Nonlinear Stiffness (kNm)

Yield Strength (MPa)

Post yield stiffness ratio

-

u2

322,95

3000

3,84

0,1

u3

322,95

3000

3,84

0,1
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2.3. Earthquake data used in the study
For the analysis in the frequency domain, earthquake data with 11
different characteristics in accordance with the Turkish Building
Earthquake Code 2018 Specification were used. A series of analyzes

were made by scaling the earthquake data according to the dynamic
properties of the structure and again according to the specification.
The characteristics of the earthquake data used in the study are given
in Table 4. Time-varying acceleration values of earthquake data are
presented in Figure 3-6.

Table 4 Properties of earthquake data’s [2]
Earthquake

Date

Dinar Earthquake
Van Earthquake
Izmit Earthquake
Bıngol Earthquake
Izmit Earthquake
Erzıncan Earthquake
Izmit Earthquake
Canakkale Earthquake
Tokat Earthquake
Adana Earthquake
Erzurum Earthquake

1.10.1995
23.10.2011
08.17.1999
1.5.2003
08.17.1999
13.3.1992
08.17.1999
05.24.2014
10.9.2015
27.6.1998
30.10.1983

Station
Afyon Dinar Meteorology Station Directorate
Van Muradıye Station Directorate
Yarımca Petkim Station
Bingol Central Publıc Works Directorate
Duzce Meteorology Station Directorate
Erzıncan Meteorology Station Directorate
Kocaeli Gebze Tubitak Marmara Research Center
Canakkale Gokceada Station Directorate
Tokat Erbaa Municipality Greenhouse
Adana Ceyhan District Directorate of Agriculture
Erzurum Horasan Station Directorate

Magnıtude
(ML)
6,0
6,7
7,8
6,1
7,2
6,1
7,4
6,5
4,9
5,9
6,0

PGA (cm/sn2)
329,72
178,5
230,16
545,53
513,78
470,91
264,81
176,6
272,32
273,55
173,29

Figure 3. Earthquake data’s

3. Analysis Results
The above-mentioned 9 different structure types were analyzed in the
frequency domain under earthquake data with 11 different
characteristics. The response accelerations and displacements of each
earthquake data were combined under a single impact data by taking
the average of the displacements. The first result obtained from the
analyzes is that the ground floor of the reference building model is a
soft floor. The calculations in Table 5 shows that the ground floor is a
soft floor [TBDY 2018].
If the soft floor indicator value nki in Table 5 is greater than 2, it shows
that that floor is a soft floor. A series of analyzes were carried out in

the frequency domain by strengthening the soft floor effect structure
with central and eccentric braces, lead-based rubber and frictionbased isolators. The response spectra of the structures in the
frequency domain are plotted in Figure 4. It has been obtained that
structures with insulators increase the acceleration capacity of the
structure at low frequencies. The use of braces has also been found to
reduce the acceleration capacity of the structure at high frequencies.
It has been determined that the use of central and eccentric braces
decreases the response accelerations by increasing the stiffness of the
structure, but increases the response acceleration values because the
base isolation systems cannot adapt themselves to earthquakes.
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Table 5 Defining the ground floor as soft
Floors

dimax

dimin

diort

h'

∆imax

∆imin

∆ort

nki

4

0,102

0,0882

0,0951

3

0,0145

0,0118

0,01315

0,67

3

0,0875

0,0764

0,08195

3

0,0211

0,0182

0,01965

0,77

2

0,0664

0,0582

0,0623

3

0,0272

0,0238

0,0255

1,15

1

0,0392

0,0344

0,0368

5

0,0392

0,0344

0,0368

2,41

Figure 4. Response spectra in the frequency domain dm: eccentric brace, dmfr: eccentric brace and friction isolator dmrub: eccentric brace and
lead-rubber isolator fr: friction isolator m: central brace mfr: friction isolator and central brace mrub: central brace and lead-rubber isolator
rub: lead-rubber isolator yk: soft story
In the frequency domain, the transfer function curves explaining the
relationship between the effect of the earthquake on the structure and
the response accelerations from the soft floor are presented in Figure
5. Here, it is seen that passive insulations give lateral stiffness loss to
the structure in all modes, since they cannot adapt themselves
against earthquakes. It is seen that the use of braces increases the
stiffness of the structure and allows the structure to oscillate less. In
addition, placing the cross members centrally in the structure
eliminates the possibility of resonance. The existence of this
possibility in other strengthening methods can be understood from
the figure.

in Figure 6. It is seen that passive isolator systems can absorb
earthquake energies by excessive plastic deformation. However, it has
been obtained that excessive plastic deformation in high frequency
ranges can cause heavy damage in the 3rd mode of the soft story.
It has been determined that especially the use of lead-based rubber
isolator causes too much plastic deformation in the soft layer of the
structure at high frequency ranges. As a result of the central
attachment of the bracing elements to the soft story of the structure,
the plastic deformation of the structure decreases at high frequency
ranges, allowing the structure to remain in the elastic region.

The plastic deformation curves of the structure with soft story effect
and strengthening structures at different frequency steps are given
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Figure 5. Transfer functions for different structures

Figure 6. Plastic deformation of structures at certain frequency ranges
4. Conclusions and Future Works
Different strengthening procedures have been applied to improve the
seismic behavior of the structure with soft floor effect. Reinforced
structures and structures with soft floor effect were examined in the
frequency domain under 11 different earthquake data. The results of
the study can be summarized as follows. As a result of the diagonal
elements being formed as the center of the soft storey, it was
determined that the soft storey behaves like a normal storey under
the effect of earthquake. It also ensured that the carrier elements
remained in the elastic region under the effect of earthquakes. The
central braces ensured that the structure did not experience any loss
of stiffness under the effect of earthquakes and also reduced the
reaction accelerations. The use of eccentric braces in the structure
ensured that the carrier elements remained in the elastic region and
plastic deformation of the tie beam was ensured. By increasing the
stiffness of the structure, it also reduced the permanent
displacements caused by the earthquake in the structure. Generally,
the use of cross members in the structure reduced the possibility of
resonance to occur in the structure, resulting in fewer reactions in the
structure at high oscillations. Passive isolation systems placed

between the building and the foundation have enabled the structure
to absorb earthquake energies by making permanent deformation to
a large extent. The inability of passive isolation systems to adapt
themselves to any earthquake has led to an increase in reaction
accelerations and deformations in the structure during an
earthquake. In order to benefit from passive isolation systems in the
behavior of buildings against earthquakes, it is necessary to design
against a possible earthquake that these isolation systems may
encounter. Since both isolation systems used in this study could not
adapt themselves to the structure and earthquake, they adversely
affected the earthquake behavior of the structure. As a result, the
most appropriate strengthening procedure proposed in the study is
the strengthening of the structure with centrally formed cross
members. In the future, if a base isolation system is considered to
eliminate the soft floor effect, it is foreseen that an active control
system that can adapt the passive isolation system against
earthquakes should be used. Alternatively, passive isolation systems
should be designed according to the characteristics of the building
and the earthquake that may occur.
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Nomenclature
A
b
cm
dimax
dimin
diort
h
h'
Ix
Iy
kNm
MPa
nki
R3
sn2
tf
tw
u1
u2
u3
Wx
Wy
X
Y
∆imax
∆imin
∆iort

:
:
:
:
:
:
:
:
:
:
:
:
:
:
:
:
:
:
:
:
:
:
:
:
:
:
:

Cross-sectional area
Nominal width
Centimeter
Maximum displacement
Minimum displacement
Average displacement
Nominal height
Storey height
Moment of inertia in x direction
Moment of inertia in y direction
Kilonewton meter
Megapascal
Soft storey indicator coefficient
Rotational capacity
Square second
Thickness of flange
Thickness of web
X directional rigidity capacity
Y directional rigidity capacity
Rigidity capacity in torsion direction
X section modulus
Y section modulus
The length of the specimen in horizontal direction
The length of the specimen in vertical direction
Maximum relative storey displacement
Minimum relative storey displacement
Average relative storey displacement
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Despite being a profitable sector with a significant share in national GDPs, the construction
industry has numerous adverse effects on the environment and society. Moreover, most of
the conventional delivery methods of construction projects suffer from a short-term cost
vision and plan, not sufficiently emphasizing the Operation and Maintenance costs, which
comprise nearly 60% of construction projects Life Cycle Costs. Therefore, a collaborative
framework for including all three pillars of sustainability (economic, social, and
environmental sustainability) in an integral and long-term fashion would contribute
significantly to the success and resilience of construction projects. This research proposes a
Building Information Modelling (BIM)-based LCC estimation framework to facilitate objective
and optimal decision making throughout the entire life span of the projects and by the
effective collaboration of key stakeholders. BIM offers a great opportunity for systematically
storing, visualizing, retrieving, and analyzing technical and financial information in a
phase-based manner. Therefore, this research aims to design an integrated and transparent
BIM-based framework applicable to the majority of Tehran's construction firms. The
framework's validation is done by a case study approach on a residential project in Tehran
to explain the workflow of the proposed framework more clearly. Implementing this
framework in Tehran's construction sector will positively impact the success rate of projects
and will increase their lifespan and productivity compared to the current status that
residential buildings barely survive more than 50 years.

1.Introduction
The building and construction sector contributes significantly to the
economy in terms of share in Gross Domestic Product (constituting 9%
of the EU's GDP) and providing living places and job opportunities (18
million direct and indirect job opportunities at the EU) [1]. However,
its negative impact on social and environmental sustainability is
enormous, given the consumption of a substantial amount of raw
materials (50% of raw material consumption in the European Union
and 40% in the United States), CO2 emissions, and significant energy
consumption (40% of the energy consumption in the EU) of all
industries combined [2] [3]. Therefore, it is vital to consider all three
pillars of sustainability (economic, environmental, and social [4])
when designing, constructing, and operating building assets.
Sustainability is merely achieved by a long-term strategy and cost
estimations, and the initial cost of a building represents only half of
its total costs during its whole lifecycle [5]. In a sustainable viewpoint,
the life cycle costs and impacts of products or services are not
perceived as a single cost but as the aggregation of all impacts
throughout the corresponding life cycle instead, which is widely
applied in research and practice. Given the interaction between
building life phases, solely global and holistic approaches like Life
Cycle Cost and Life Cycle Analysis would effectively calculate the
global environmental impact [6]. LCC is defined as an economic
evaluation methodology for all costs associated with an asset's life
cycle, including four main components of initial cost (construction
cost), operation and maintenance cost, replacement cost, and end-oflife costs, as also clarified by ISO 15686-5 [7] [8]. Along with LCC,
various parameters can be considered, such as sustainability,
resiliency, repair cost, the social cost of carbon, etc. [9].

The LCC is one of the three life cycle assessment (LCA) techniques that
contributes to measuring sustainable development level, focuses
more on the economic aspect of sustainability, and fosters
compatibility with the growing population's increasing resource
needs [7]. it can improve the environmental aspects associated with
the construction sector during the buildings' life cycle, like energysaving and reducing emissions related to different construction and
architectural alternatives. Moreover, it is an economic analysis tool
that allows the comparison of various alternatives or systems by
examining the total cost, showing the influence of all variables on a
building's life cycle environmental impact. Moreover, Life cycle cost
analysis (LCCA) is used to evaluate economic feasibility based on the
calculation of LCC [10].
LCC approach brings integrity and collaboration among stakeholders
in different phases of an asset life cycle and various project delivery
methods. Because almost 60% of the time is wasted in the design
phase of construction projects on comparing different materials,
resources, and construction methods [12], a cooperative and central
approach will result in less time and cost overruns. LCC not only
aligns with more transparent and collaborative methods such as
Integrated Project Delivery and Job Order Contracting, but also
increases the integrity and stakeholders' engagement in traditional
methods. Moreover, the regulation for public procurement also
indirectly requires LCC calculations since LCC and not only the
investment cost should be considered in tendering processes. The
result of the LCC calculation is beneficial to asset owners, investors,
facility managers, developers, designers, consultants, contractors,
and government in their decisions. Data-driven decision- making
models consider customer needs, goals, and priorities and the impact
of the different stakeholders' collaboration by selecting criteria and
weighting them [13], which brings success to the projects. Having a
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holistic and long-term estimate of costs associated with asset
ownership, more accurate and efficient decisions will be made for
different purposes like choosing a design alternative, choosing the
project delivery method, contract type, investment, handover,
operation management, etc. Consequently, better decisions will result
in higher Returns on Investment both on economic and
environmental scales. Figure 1 presents the LCC breakdown structure.
One of the most effective asset management tools through a
property's life cycle is BIM [14], performing in the entire operational,
management, organizational, and strategic processes [15]. BIM
emerged due to the worldwide digital transformation across the
sectors, which led to a paradigm shift in the construction industry
[16]. It is defined as a set of interrelating policies, processes, and
technologies that generate a systematic and parametric approach to
manage critical information for a building's design and project data
in digital format throughout its life cycle. Moreover, it promotes
collaboration, effective communication, and information flow
between the stakeholders [17]. BIM integrates multiple knowledge
domains, stakeholders, and supporting technologies from strategic
and capital planning through design, construction, operations,
utilization, repair, renovation, adaptation, maintenance, and
deconstruction [18]. It is a widely applied tool nowadays, especially in
the IPD method, which eliminates many pitfalls of using multiple
drawings, information formats, and sources by seamlessly integrating
and consolidating that information in real-time [19]. Many studies
discuss that BIM is the best-integrated support system for lifecycle
processes performed by stakeholders [20]. BIM provides a multidimensional platform for stakeholders' communication to share their
concerns and opinions on assets. By defining templates in BIM-based
software or importing its information into accounting software,
scheduling and cost calculation systems can be structured based on
stakeholders' needs throughout different project phases. In this
regard, BIM should be used to promote supply chain integration, and
manufacturers could play a pivotal role in developing digital objects
that contain valuable information for the designers [21].
This research aims to propose a BIM-based LCC estimation tool, which
can be applicable to various construction projects at different levels
of their life cycle. For this purpose, a 5D BIM model with LOD 300 is
proposed, which is later linked to an Excel spreadsheet for LCC
estimation. BIM 5D includes schedule and cost data associated with
the project and its components, which integrates different aspects of
the construction projects in terms of time and expenses.
Transparency, Simplicity, and optimum detail level are of main
advantages of the proposed framework. Moreover, the framework's
application process, workflow, and legal regulations in the projects
and contracts is provided.

Figure 1. Life cycle cost tree consisting of the cost items considered
in this study [11]

2.

Literature Review

Numerous research works focused on LCC calculation workflows and
methods. Some used mathematical approaches or theories to evaluate
life cycle performance of buildings like Net Present Value (NPV), Mixed
Integer Linear Program (MILP), Monte- Carlo Simulation approach,
Markov Method, and multi- objective optimization using Neural
Networks [22]. Paiho et al. (2017) conducted a study to choose the most
economical heat pumps for nearly zero energy residential buildings
using LCC analysis [23]. Kim et al. (2013) used Monte Carlo simulation
to predict maintenance and repair costs of a hospital facility, using a

normal distribution with most likely defined minimum and
maximum values [24]. Wang et al. (2012) applied the Monte-Carlo
Simulation approach to the LCC management of public-private
partnership (PPP), and Private Finance Initiative (PFI) projects to
control the cost of building project items [5]. Lindholm and Suomala
(2007) discussed LCC management and highlighted the practical
challenges of collecting adequate data and practicing long-term cost
management in an uncertain environment [25]. Another trending
research line is the integration of BIM with various domains and tools.
Zhuang et al. (2021) proposed a performance-integrated BIM (P-BIM)
framework for building life cycle energy efficiency and environment
optimization [26]. Figueiredo et al. (2021) proposed a decision-making
framework for construction professionals and researchers involving
the integration of Life Cycle Sustainability Assessment (LCSA), MultiCriteria Decision Analysis (MCDA), and Building Information Modeling
(BIM) to choose suitable materials for buildings [27]. Marzouk et al.
(2018) proposed a framework that integrates Building Information
Modeling (BIM) with Genetic Algorithm Optimization and Monte-Carlo
Simulation, which helps implement a stochastic Life-Cycle Cost (LCC)
model to select the optimum building materials and system
alternatives and maximize the number of LEED-Credits Points [7].
Yung and Wang (2014) performed the quantity take-off from a BIM
model, based on the three pillars of sustainability, and connected with
an external database to evaluate the building's sustainability [28].
The main focus of this research was on the literature review on BIM
and LCC integration, which significantly mitigates some of the
limitations of LCA and LCC analyses and serves collaboration and
sustainability goals [29][20]. Recent studies increasingly focus on the
application of BIM-based LCC for sustainable buildings [7, 30]. BIMbased LCC estimation can be used for different purposes like
simulation, automatic extraction of the bill of quantities, decision
making,
asset
valuation
[31],
automatic/semi-automatic
environmental and economic assessment [21], and the incorporation
of sustainability-related information [32]. Santos et al. (2021) proposed
an automated LCA/LCC analysis within a BIM-based environment for
the assessment of the environmental and economic impacts of
buildings by integrating semantic information in the model,
developing a BIM-based economic and ecological life cycle assessment
(BIMEELCA) prototype tool [33]. Wang et al. (2011) explored the BIMLCA potential to evaluate the environmental impact of a building
using the most sustainable solutions (e.g., materials and building
orientation) by using Ecotect [34]. Hamedi Rad et al. (2021) proposed
integration of LCC capabilities directly into a Building Information
Model (BIM) to increase the economic relevance and scientific
robustness of LCC indicators towards better LCC cost optimization [11].
Basbagill et al. (2013) used seven tools (DProfiller, eQUEST, SimaPro,
Athena EcoCalculator, CostLab, Excel, and ModelCenter) to perform
LCA study [35]. Jrade and Jalaei (2013) used an integrated threemodule framework (BIM, LCA, and a certification and cost module) to
obtain the environmental impact of a building [36]. Kehily and
Underwood (2017) benefited from BIM for quantity information
extraction to a spreadsheet that contained LCC data for different
types of elements and materials instead of using external databases
[37]. Yang and Wang (2013) presented a framework that integrates BIM
with LCA by using BIM outputs to calculate the LCC for automating
project evaluation and optimization [38].
Although many previous research works support the BIM-LCC
integration, a simple and applicable framework for practical
implementation in the industry is missing, especially in countries
where the BIM practices are not vastly applied in the construction
sector, and expertise level is relatively low. It is also important to
propose a methodology applicable to both constructed and underconstruction projects for a greater share of market inclusion.

3.

Methodology

To define the steps, components, and workflow of the framework, both
literature review and interviews have been conducted. Some previous
research work like Lu et al. (2021) developed a Framework for BIM
integrated LCA and LCC in four steps: define the system boundary of
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LCA and LCC, define the system boundary of LCA and LCC, obtain the
environmental impact and cost results, analyze, and optimize the
results [39]. In addition, semi-structured interviews were conducted
with experts, including facility managers, asset managers, real estate
specialists, and building engineers, to determine the main costs
buildings encounter during their life cycle.
The workflow and main steps for calculating the LCC using the BIM
model, which has been implemented on a newly constructed case
study in Tehran, are presented in Figures 2 and 3. As presented in the
figures, the framework consists of 4 main steps and uses two main
software, Autodesk Revit and Excel. In general, there are the 2D
documents and primary design step, where also cost and schedule
related documents such as the purchase prices, vendor lists, products’
attributes, project schedule and phasing, and contract terms and
conditions are developed. Afterward, the 3D model of the project is
created in Revit with construction details, and for each element
creation and demolish phases are assigned. Moreover, the cost of
materials and performed work is added to each building element's
properties. Therefore, each element has its related time and cost
information. Additional information like energy consumption,
membrane layer, and thermal consistency can be added to the
materials based on real data. The third step is exporting the cost table
into an excel spreadsheet and forming the cash flow of each building
element (e.g., wall, door, etc.). Based on the discount rate (which is 18%
in our case study), the NPV of the costs related to each element is
calculated. By aggregating all the NPVs of the elements, the entire
project NPV will be obtained. NPV represents the LCC of the projects.
Other financial metrics like IRR and the Payback Period can also be
calculated, which can be a comparison basis for decision-making.
However, they are not in the scope of our research. It is noteworthy,
that more detail and information can be added to the 5D BIM model in
terms of element properties or project schedule, given the specific
requirements of the project. A more detailed explanation of the steps
is presented in the next paragraphs. First, the asset's life span is
predicted based on design and execution quality, interior and exterior
spaces, service life estimates, utilization, and economic,
environmental and maintenance factors[25]. According to ISO 156861 (2011), the service life is the "period of time after installation during
which a building or its parts meets or exceeds the performance
requirements” [40].
Moreover, the phases or life cycle stages must be determined.
According to the EN 15978 standard (CEN, 2011), the life cycle stages
of a building are: A. the embodied stage, including the production
stage (A1-A3) and construction stage (A4-A5); B. the use stage; and C.
the end-of-life stage [41]. Despite some different approaches, all
regulations have in common to group the expenses in the life cycle of
a building into cost groups of investment and construction, Operation
and Maintenance and Repair, Refurbishment and Replacement, and
Demolition and Disposal [6]. In our case study, the life span of the
building is estimated at 50 years since it is the average residential
lifespan of residential properties in Tehran. Moreover, the phasing is
as follows: construction phase (year 0), operation and maintenance
phase (year 0–30), overhaul phase (year 30–50), and demolish phase
(year 50). The second step is the creation of the base model by BIM or
other computational tools, which serves as the database for future
calculations. A 5D BIM model with LOD 300 was created for the case
study project since previous papers supported LOD 300 suitable for
integrating LCA and LCC into BIM [21][42]. Models with lower LOD
suffer from a lack of information, and models with higher LOD are too
time-consuming to create. All the required cost, time, quality, etc.,
data are inserted into the shared model, which authorized
stakeholders and sponsors can update. For this means, the purchase
price of the materials and related costs of the services, men, and
machinery during each phase should be considered. The BIM model of
the case study was created in Autodesk Revit due to the software's
vast application in Iranian engineering and construction firms. The
project's phasing was defined, and each component were assigned a
construction phase and a demolish phase. Based on the phasing, cost
information, and work and materials quantities, cost tables (Material
takeoff and Cost Schedules) were created automatically specific for
each phase. These timely cost tables serve as the basis of the project's
cost flow estimation. Figure 4 present the Cost Breakdown Structure

and components of Life Cycle Cost for construction projects and
properties, presented in Khodabakhshian and Toosi (2021) research
[31]. Finally, Net Present Value (NPV) is calculated based on the
discount rate, forecasted cost trend, and components' lifespan [37]. It
is conducted by exporting cost tables of the BIM model into an Excel
spreadsheet and creating the discounted cash flow of the project over
its entire life cycle. Discounting techniques are used to compare the
cost of a product over different periods of time. Other formal capital
appraisal methods can also be used for calculating LCC, including
internal rate of return (IRR) or equivalent annuity, Discounted
payback period, Net savings, and Savings to investment ratio [25];
however, the latter ones are not as common as NPV for comparison
and decision-making. To determine the components of LCC, the
research refers to the literature review and interviews. Table 1
presents the main LCC components mentioned in the interviews. The
IFMA Model (International Facility Management Association) defines
LCC based on ISO 15686-5 standard as all expenditure from project
development to deconstruction/demolition, which includes:
construction, management, insurance, utilities and disposal, security
and surveillance, cleaning and care, inspection, building and grounds
maintenance, repair and refurbishment [43]. Standards like Uni
Format and Master Format and coding systems like TBT and GB50500
have been utilized for cost breakdown structure [44]. Moreover, CAD
methods can help determine the type and amount of information
required for the LCC system. Table 2 presents the main costs
associated with each phase, presented in NEED4B report [6]. Moreover,
Table 3 represents the Life Cycle calculation and the share of each
building discipline in the case study building. The categories are
defined based on BIM disciplines and cost breakdown structure. And
the LCC of each discipline is calculated by aggregating the NPV of all
building elements within that category (e.g., for Architectural
Discipline the NPV of wall, floor, etc. are aggregated).

Figure 2. Framework workflow

Figure 3. Cost Breakdown Structure and components of Life Cycle
Cost for construction projects and properties [31]
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Structural

Mechanical

Electrical

Landscape

Construction
Structural Maintenance
Strengthen against Earthquake
Demolish
Construction
Utilities
Plumbing Maintenance
HVAC Maintenance
Disposals and Wastewater
Demolish
Construction
Utilities
Lighting
Security Services
Demolish
Construction
Gardening Services
Pavement Maintenance
Demolish

Table 2. Life cycle stages of a building currently suggested in the
CEN/TC 350 standard [6]
Stage
I. Product stage
II. Construction process stage

III. Use stage

IV. End-of-life stage

Module
Raw material supply
Transport
Manufacturing
Transport
Construction/installation
on-site processes
Maintenance
Repair & replacement
Refurbishment
heating, cooling,
ventilation, hot water
and lighting
Operational eater use
Deconstruction
Transport
Recycling/re-use
Disposal

Table 3. Life cycle cost of the case study calculated by the framework

Discipline

Architectural

Components
Façade and exteriors
Finishes, fixtures, and
fittings
Interior Renovations
General Repairs
Minor Refurbishments
Lift and Conveyor Maintenance
Demolish
Construction

Cost($)

Structure
Architecture
Mechanical
Electrical
Landscape
Property's
Life Cycle
Cost
LCC of each

170,000
453,000
86,000
71,000
6,000
787,000

Cost
per($)
68.38
182.22
34.59
28.56
2.41
316.57

Percentage
21.60%
57.56%
10.93%
9.02%
0.76%

131,000

floor

Figure 4. Framework Steps on the Case Study
Table 1. Life cycle components extracted from interviews

Discipline

4.

Results

The framework provided an accurate and data driven LCC estimate of
a residential building. Moreover, the time and cost amount required
for creating this model was relatively small. For creating the 3D BIM
model 120 hours were spent and given the salary rate of BIM
operators, the process costs near 1800 USD. It is noteworthy that cost
information of the materials and elements were extracted from
published documents by manufacturing companies, which assures
the input data precision. As Presented in Table 3 the LCC of each floor
is around 131 USD, which is an accurate number given the area of the
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floor (310 Sq.M.) and exchange rate between IRR and USD. Therefore,
the cost required for creating the model equals to only 1% of the
building LCC, but the result can bring many benefits in decision
making. In addition, the Autodesk Revit software is already widely
used in Iranian engineering and construction firms, which reduces
the need for training and expert personnel. The proper Level of Detail
and Development of the BIM model and the simplicity of the
implementation process is another advantage of the framework. All
these facts support the assertion that BIM can be a proper LCC
calculation tool for more efficient and unbiased decision-making in
the future.

5.

Discussion

The calculated LCC will be referred for decision- making regarding
investment, taxation, product purchase, maintenance policies, etc.
However, to embed in Tehran’s construction industry regulation, legal
procedures and documents are required. Figure. 5 presents the
implementation of legal regulations and workflow of the framework
in the Iran construction industry. It is also important to determine
the target of the research. Though the framework is applicable to
buildings in different stages of their lifecycle, applying it to already
constructed and old buildings need additional steps like current
status data extraction. This research focuses on newly constructed
buildings due to ease of access to as- built drawings and information.
However, to create a holistic database of more buildings, it is essential
to include older building in future steps.

In addition to offering time-based data for cost evaluation, the BIM
model can contain valuable information like verifies vendor list and
materials, proper maintenance and service schedule for securing
longer life span, and energy consumption of mechanical and electrical
facilities. Since BIM- based software is highly interoperable with other
software, the cost and schedule tables can easily be exported into
other software for cost, energy, and sustainability assessment. In
addition to its many advantages on the project level and for project
management purposes, this framework brings many benefits to the
strategic level of urban planning for governments. Being applicable to
more projects, this framework serves economic, social, and
environmental sustainability goals.; since accurate and accessible
data of more projects are available for optimum decision-making in a
collaborative fashion. Such approaches will significantly reduce the
energy and resource consumption by construction projects on
national levels, which will make the built environment
environmentally sustainable and resilient. It is especially important
in underdeveloped countries like Iran that systematic governance
over energy consumption is rare. Therefore, if most buildings have
the registered BIM and LCC documents in municipalities and urban
planning ministries, a holistic database of energy consumption
throughout their life cycle would be developed for further references.
Moreover, in case of requirements for future actions such as retrofit
or refurbishment, a holistic and technical cost database is available
for benchmarking and choosing the most optimum solution. Banks
and financial institutes can also refer to the BIM aggregated LCC
model of the projects to assure the profitability of investment and
payback of the loans. All these advantages bring economic and social
sustainability to the built environment.
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Transportation systems and bridges must continue to be used safely to maintain society's
development and economic growth. For this reason, the structural capacity of these bridges
should be determined more realistically and accurately. Reliability analysis determines the
probability of failure of a bridge in a statistical way. Existing specifications used a semiprobabilistic approach to calculate the reliability of the bridge and determined a threshold to
sustain the safety of the bridge. The development in civil engineering and the more
information about the transportation system's material properties and loading conditions
make the statistical models more accurate. The advance in technology also makes it possible
to apply probabilistic reliability analysis of the bridge. These studies use Monte-Carlo
simulation and generate a probabilistic reliability analysis of selected RC box girder bridges.
Material properties of the bridge were determined by the experimental data, and normal and
log-normal distributions were used to represent the concrete and reinforcement. Normal
distribution was used to simulated both dead and live load on the bridge. Bridge collapse
loads were determined by the limit analysis theory and simulated. Finally, reliability of the
bridge was determined. The results and methodology were discussed in detail.

1.Introduction
An important part of the infrastructures take place on transportation
systems have been serving for more than half a century. In developed
countries such as the USA, a significant part of these bridges and
infrastructure system have either completed their lifetime or are
about to complete [1]. The demolition of existing bridges and the
construction of new ones creates economically big burdens. However,
continuing services of the transport systems without interruption is
of great importance considering the economic and social impacts. The
traffic loads are increase over time and the structural material
properties and strength of the bridges are changed. For this reason a
probabilistic approach that represented the changing loading
condition and structural properties should be used the determine the
reliability of the bridge.
Bridges are exposed to many different deterioration processes during
serves life such as corrosion, spills in concrete section, fatigue and
cracks[2]. Deterministic expression of these deterioration process is
not possible for many cases but some empirical formulas were
obtained with the help of the probabilistic methods[3–5]. Furthermore,
there are significant effort to determine the deterioration processes
of the bridge during serves time and significant data obtained by the
visual inspection and structural health monitoring (SHM) activities.
Both these information make it possible to generate more realistic
simulation of the bridge with the MSC and statistical distribution[6–
9]. The obtained information is very important to reliability analysis
of existing bridge. Reliability of bridge are determined by the semiprobabilistic approach presented in the existing specifications [10].
The advance in the computer technology and developments in the
scientific studies allow engineer to determine the reliability index
with a full-probabilistic approach for both new and existing bridges
[11–14].

In these study, the advances of Monte-Carlo simulation are used to
determine the reliability index of a selected RC box girder bridge with
a full-probabilistic approach. Load bearing capacity of the bridge are
determined with the limit analysis and moment curvature
relationship is generated with OpenSees software. By the way plastic
moment capacities of the deck section are determined. Load
multiplier are simulated with the full-probabilistic approach and
reliability of the bridge are determined.

2. Ultimate Capacity of Bridge
2.1. Limit Analysis of the bridge
The energy consumed by the plastic deformation of the section, and
external load must be equal to each other. Rigid perfectly-plastic
constitutive laws form the basics of limit analysis. Yielding criterion,
starting point of plastic flow, and flow rule, plastic strains are
increased correlated to the stress state. Using this theorem limit
analysis determines load carrying capacity of structure with a load
multiplier. There was two basic approach to calculate the limit
analyses; kinematic approach (upper bound) and static approach
(Lower bound)[15]. The kinematic approach assumes that the
considering materials are perfect plastic and geometry changes are
insignificant at the limit load. [16]. In this method, all the possible
collapse mechanism is examined, and the minimum load multiplier
gives the critical limit load. Comparing bending moment diagram for
the collapse load and check, whether in any section plastic moment
capacity have been exceeded. If not, the selected mechanism gives the
critical collapse mechanism. The static approaches (lower bound)
bending moment diagrams are generalized and the loads are
increased until first plastic hinge formation will be obtained. Then
with changing the structural model with the new plastic hinge
formation and bending moment diagram of the new model analyses
again with increases the load to examine the second plastic hinge
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formation and repeat it until the system became unstable. At this
point, critical load multiplier is determined. Plastic hinges upon
formation as the collapse mechanism of selected two span continuous





bridge was shown in Figure 1. 1 and 2 shows the rotation at the end
support and mid support, v shows the vertical displacement at the
point of plastic formation, x shows the position of the plastic hinges
and L shows the length of the bridge span.
The virtual work equation could be derived for distributed load as
shown in the Eq 1-3. The works done by inertial force are expressed as
multiplication of moment capacity of section and matching rotation.
The rotation of plastic hinges is derived considering the plastic hinges
position x as shown in Eq1. The works done by exterior load are
expressed as multiplication of exterior load derivation matching
displacement that is calculated according to ( x ) as shown in Eq2.



represent the relation between x and L .  shows the load multiplier
that can be calculated by Eq3. Position of plastic hinges can be
determined by minimizing the

 load multiplier for

x plastic hinges

position change over 0 (end support) to L (mid support).

2.3.

Bridge Material Properties

Material properties of Bridge's deck determined by experimental
results. Yielding strength of reinforcement is Fy  500Mpa with
coefficient of variation

  0 .0 5

. The inertial moment of the cracked

RC section is defined as Icr   I with  random variable with Beta

(  4,b 2) bounded with  min  0.3 and  max  0.7 .
distribution Ba
Mean and standard deviation of the Elastic modules and compression
strength of the bridge calculated as  E  30092Mpa ,  E  4775Mpa ,
c

c

2
F  46.09Mpa and  F  5.048Mpa .  and K-S test are applying to
c

c

determine goodness of fit of the calculated distribution. Both tests
give a valuable result for normal and log-normal distribution. The
concrete material properties are assumed to be normally distributed
in this study. Moreover, regression analysis is conducted to show the
relation between elastic modules and compression strength as shown
in Figure 2. Dead load and live load are assumed to be distributed on
the bridge and the mean values and coefficient of variation of the
Dead and Live load considered as G  227.2kN / m ,  G  0.05 ,

Q  140.8kN / m and Q  0.2 .

2

1

middle bearing the more reinforcement positioned at the top of the
section.

Figure 1 Limit Analysis Collapse Mechanism of Bridge
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2.2.

Moment curvature analysis of box girder bridge

Moment curvature relations of the box girder are modelled using

3)

Calculating the load multiplier
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  (1   ) 
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2
Description of Bridge

Figure 2 Regression analysis of Elastic modules and ultimate
strength of Concreate Bridge Material.

2)

4)

A two-span continuous box girder bridge with 30 m length is selected
as case study. At the two ends of the bridge, sliding bearings are
positioned and at the middle of the bridge fixed bearing is positioned.
With the help of two sliding, bearing no inertial force is occurred
because of temperature change and elongation and shortening of a
bridge. Cross-section of the bridge is composed of a RC box girder with
12m with deck and 2 m height. There is two different reinforcement
positioned on the bridge as a result of changing positive moment
direction at the middle support. For the 25 m parts from the bridge
end support. The more reinforcement positioned at bottom is used to
carry positive moment. For the 10-meter section on the bridges

OpenSees finite element software. target ductility of sections is
assuming as 15 and the initial yielding rotations of the section are
calculated with an approximated approach. Concreate02 and steel01
material are used to define material properties of section. Box girder
bridges are modelled with help of fiber section and layer command.
Moment curvatures are obtaining by increasing the rotation up to the
target rotation and nonlinear moment curvature relation obtained.
However, limit analysis assumes the sections as rigid perfectlyplastic. A linearization of the moment curvature is necessary to apply
the limit analysis on the bridge. In this study, an approximate method
is used to determine the linear moment curvature relationship. The
area under the linear moment curvature and the nonlinear moment
curvature are equalized. Thus, the energies consumed by the two
curves are equalized. Both linear and nonlinear moment curvatures
are represented in Figure 3. The moment curvatures are derived as an
example for mean ( fc )concreate compression and ( f y )steel yielding
strength.
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According to the normal distribution assumption, the reliability Index
can be determined with the following expression [17].



R  S

5)

R2   S2

Where  R and S are mean values of resistance and load respectively,
and  R and  S are standard deviation of resistance and load
respectively.
In Monte Carlo simulation, basic random variables X  [ X 1 , X 2 ,...., X n ]T
generated in accordance with their i 1,2,...,n marginal density
function fX ( x i ) and repeated analysis are carried to determine the
i

a)

outcomes [18]. Simulating Resisting R and Load S distribution of the
both parameters can be obtained with taking difference of the two
parameters for the all simulation sample and number of failures can
be obtained. Using the number of failure, total number of simulation
probability of failure is calculated as shown in Eq6.

PF ( ) 

Nfail
6)

Nsimulation

Nfail 
 Nfail 
1 
   1 

N
N
simulation 
 simulation 


  1 

If the number of the simulation goes to infinite, the



goes to exact

solution.
b)
Figure 3 Nonlinear Moment curvature relation and Rigid Perfectly
Plastic MC a) Section at the span, b) Section at the support

3.

Monte Carlo Simulation and Reliability Analysis

Simulation proses duplicates behavior of existing or designing
system. It allows the engineer to experience the behavior of the
system either better understand the system or further management.
The main advantages of simulation are a way to understand the
essential component of the system how they response and how they
behave in the future. Properties of simulation outputs are determined
by input and transfer function. When the transfer function is simple,
the properties of output can be calculated analytically. However, in
many cases because of different uncertainties and complex actions, it
is impossible. In this case simulation, technique gives a better
solution with a reliable result depends on the number of simulations.
When the number of simulations goes to infinite, the results goes to
exact, which is impossible to compute. Therefore, an adequate number
of simulations should be determined in using simulation.
Based on structural reliability theory in which R and S are capacity
and load and probability of failure are determined by
Pf [R / S]  (R  S)  0 . Reliability index can be expressed as   1 (Pf ) .

For bridge structure, the expected reliability index is about 3-3.5 for
many cases. But the reliability index of the structure or structural
component, mostly larger than these values. Probability of failure for

  3 calculated

4
as PF   (   3)  4.4  10 3 so 10 simulation seems

to be likely enough to calculate the probability of failure but for

 6

probability of failure, calculated as PF  (   6)  6.07  10

so to

9

10

simulate these at least 10 simulation is require which is too much to
calculate and time consuming. For these reasons to calculate, the
higher reliability index approximation method can be used. Defining
marginal distribution as M(R  S) and reliability index can be
expressed as   M /  M , The mean values and standard deviation
of the marginal distribution can be calculated at the
simulation and by the way



step of

can be calculated for each simulation.

Figure 6 shows an example of these types of calculation. With the
increasing of the number of simulations, the reliability index
approximates a constant number that is much smaller than the
simulation required for determine failure. Mostly normal or lognormal distributions are used to represent the marginal distribution.
However, in some complicated case both distributions cannot enough
to represent the marginal correctly, and an expected error is occurred.
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a)

b)

c)

d)

Figure 4 a) Bridge Span Moment Capacity Distribution, b) Bridge Dead (G) and Live (Q) load distribution, c load factor scatter plot, d) load factor
distribution.
Another way to decrease the number of simulation is reduction
variance technique [18]. Important sampling (IS) technique is one of
these. The technique uses unequally weighted observations and with
the small number of observation the probability of failure can be
calculated [19–21].
The parameter

G

, Q1 , concreate Elastic modules E c and concreate

compression strength Fc are normally distributed. Reinforcement
steel yielding strength Fy are log-normally distributed. In order to
obtain the M p moment capacity of the box girder, Monte Carlo
simulations are used. Moreover, load multipliers are simulated based
on MCS with simulating both dead and live load and M p moment
capacity.
4.

Reliability Analysis of Bridge

4.1.

Simulating Load Multiplier

Total length of bridge spans is 30m and for first 25m from the end
support to the mid support the more reinforcements are applied on
the bottom. The 10-meter section on the middle support of the bridge
the more reinforcement is formed at the top of the section. Both
moment capacities of two reinforcement details deterministically
calculated with simulating the concrete compression strength Fc and

reinforcement yielding strength Fy . Mean values and standard
deviation of both section's moment capacities are calculated as

 Mp  29170 Mpa ,  Mp  1451Mpa ,  Mp 3352Mpa ,  Mp  69048 Mpa
S1

S1

S2

S2

and the histogram of moment capacity distribution of the sections are
shown in Figure 4a. Increasing reinforcement in the tension increases
the moment capacities and standard deviation of the section.
Both dead load and live load are simulated using MCS random number
and generated simulation are presented in Figure 4b.

 load

multiplier is calculated using limit analysis expression and

simulation. By leaving alone
determined (See Eq3).



, the load multiplier can be easily

 <1 is examined in simulation to determine the

failure probability of the bridge. The simulation results are shown in
Figure 4 c and d. one million sample simulation is generated at the
beginning to investigate the accuracies of the model and 37 failure
are visualized so the probabilities of failure of the bridge are
5
determined as 3.7  10 .
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4.2.

Determining Reliability Index for Bridge

Load multiplier distribution and generated log normal distribution
models are shown in Figure 5. The log-normal pdf function has good
accuracy of the safety factor distribution with an small error. So, the
probabilistic models include some expected error.



greater than 1 indicates that the bridge carries the load safely.
Load multiplier is simulated with the help of MCS and safety
index is calculated.
When the log normal approximation model is used in calculating
the safety index,   3 is determined for the current bridge.
However, as seen in Figure 6, the Log-normal distribution does
not exactly match the load multiplier histogram. Therefore,
clearly there is some error in calculation of safety index with the
log-normal approximated methods. Using MSC method
reliability index of bridge was calculated as



Figure 5 Safety Factor distribution
The  reliability indexes are determined with log-normal
distribution approximated approach, classical MCS and importance
sampling technique. As mentioned before the log-normal distribution
does not satisfy the load multiplier distribution very well so there is
some valuable difference between the log-normal modal safety factor
and MCs safety factor. Therefore, using the MCS gives us more
accurate results as shown in the Figure 6. However, it needs large
number of samples. For this example, 1 million sample is enough to
calculate the reliability index with MCS but for the higher reliability
index level, the number of simulation needs to be increased.
Moreover, computational analysis does not cost-effective for such a
huge sample of simulation for further analysis such as Life-cycle
assessment of the bridge. In these cases, importance sampling
technique could be used to reduce the number of simulation and get
an accurate result. The blue lines shows the result obtained with
importance sampling technique and the results are approximate with

Figure 6 Sensitivity analysis of Beta Reliability index over MCS

Conclusion
In these study, A full-probabilistic approach is applied to determine
the reliability index of selected RC box girder bridges and following
conclusions are obtained.


Limit analysis was used to determine the bridge collapse load. In
the limit analysis, the live load was increased until the bridge
collapsed and the load multiplier was determined. Furthermore,
the location of plastic deformation calculated with minimizing
the load multiplier over the bridge. If this load multiplier is

Sensitivity analysis shows that minimum one million sampling
is required to determine the safety index with the MCS method.
The number of simulation consume much time for many case
therefore, it is aimed to determine the safety index by using
fewer samples and variance reduction technique such as
important sampling (IS) is used to decrease the sample number.
As a results IS technique reduce the number of simulation to
hundred thousandth .
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Delay is an important traffic parameter in the evaluation of the signalized intersections. Estimation of
delay is a very difficult task, as the delay is influenced by many variables. Webster and many others
developed models to estimate the delay per vehicle at a signalized intersection under homogenous
traffic conditions. The direct use of the Webster’s model for the heterogenous traffic conditions of
developing countries like India will give underestimated delay values. So there arises a need to develop
a model for delay estimation to suit the Indian traffic conditions. An attempt was made to develop a
delay model by keeping the first and second terms as it is and modifying the semi-empirical term (third
term) in Webster’s delay model. The data at different signalized intersections of Hyderabad city, India
were collected by using video camera. For extraction of the various traffic parameters, cycle by cycle
analysis was done. The field delay was estimated using a distance-time plot drawn for the extracted GPS
data of the probe vehicle. A multiple linear regression model was developed for modifying the semiempirical term.

1.

Introduction

The growth of traffic in the road network of large cities in developing
countries like India is a serious concern. In India, the vehicular traffic
comprises of different types of vehicles and there is lack of lane
discipline. In heterogenous traffic, due to different types of vehicles
having different shape and size they cause lateral and longitudinal
gaps along them in the road network. At intersections due to lack of
lane discipline and heavy traffic growth, there is notable lateral
movement and vehicles tend to use lateral gaps to reach to the front
of the queue. For the smooth operation and control of traffic and to
reduce the congestion at the intersections, a system of signalized
intersections is a critical element in the road transportation networks.
When designing the signal parameters of a traffic signal, delay is an
important factor. Delay is a traffic parameter that is mostly
considered and very important in signal design as it is directly
experienced by the vehicle driver. Delay at an intersection implies the
extra time experienced by vehicles while passing through the
intersections. Delay experienced by a vehicle at a signalized
intersection includes delay due to de-acceleration, stopping and
acceleration. The efficiency and quality of traffic operation on
signalized intersections are assessed in terms of total delay caused to
an individual vehicle at the intersection. Delay is a parameter that
cannot be easily determined, due to the non-deterministic nature of
the arrival and departure process of the vehicles at intersections and
due to the influence of many variables that have uncertainties,
especially for heterogenous traffic conditions. Under mixed traffic
conditions, the available delay models including the classic Webster’s
delay formula will not a produce realistic estimate if applied directly.
Consequently, there arises a need to develop a new model or to modify
the existing Webster’s delay model to cope with the traffic conditions
in India and to produce a more accurate delay value.

Many researchers have conducted delay studies at signalised
Webster (1958) [1] developed a model for
intersections.
estimating the delay incurred by motorists at under saturated
signalised intersections using deterministic queuing analysis.
𝑑

𝐶 1
2 1

𝜆
𝜆𝑥

𝑥
2𝑞 1

𝑥

0.65

𝐶
𝑞

𝑥

1

where d: average delay per vehicle on a particular approach of the
intersection; C: cycle length; q: vehicle arrival rate; : effective green
ratio; x: degree of saturation and c: capacity of the roadway
In Equation (1), the first term represents the average delay due to
uniform arrival of the vehicles. The second term represents the
additional delay due to the randomness in vehicle arrivals. This
additional delay is attributed to the probability that sudden surges in
vehicle arrivals may cause the temporary oversaturation of the signal
operation. The third term is a semi-empirical adjustment term that
was introduced in the model to account for specific field conditions.
The model is applicable for isolated intersections, and the permissible
upper limit of traffic flow for the model to provide satisfactory results
is slightly less than full saturation. Following this classic work,
numerous studies were conducted in the field of estimating delays at
signalised intersections. As a result of these studies, a few delay
models based on deterministic queuing theory were proposed to suit
different field conditions. Among these, the most notable are the
models developed by Miller [2] and Akcelik et.al. [3] in Australia.
However, these models were developed for homogeneous and lane
base traffic. The use of these models might not suit for delay
estimation under homogenous traffic conditions. Arasan and Naidu
[4] developed a model to estimate delay for mixed traffic by
considering cycle time, green ratio and degree of saturation as
influencing factors. But the model overestimated the delay. Mousa
(2002) [5] developed a model by establishing a relation between control
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delay and stopped delay. Path tracing method was adopted to collect
speed profiles of individual vehicles, but the drawbacks of path
tracing reflected in the model formation. Darma et al [6] carried out a
research and indicated a significant correlation between cycle time,
green time, number of phases and number of lanes with delay. Murat
(2006) developed a model using multiple linear regression analysis
and gave a relation between vehicle queue and vehicular delay at
signalized intersections under homogenous traffic conditions. Hoque
and Imran [7] developed a model by modifying Webster’s model to suit
the heterogenous traffic conditions. The model was developed by
making modifications to the semi-empirical term of Webster’s model
by using regression analysis. Percentage non-motorized vehicles was
considered in addition to the parameters considered for the
semiempirical term in Webster’s model for formulation of the
adjustment term. However, the variability in accelerationdeceleration delay component was not taken into consideration
during model formulation. Raval and Gundaliya [8] developed a model
using the data from Ahmedabad city. An attempt was made to modify
the semi-empirical term of Webster’s delay formula, by using multiple
regression analysis. Vehicle arrival rate, cycle time, degree of
saturation, effective green ratio, and percentage two wheelers were
taken as independent variables and a multiple linear regression
model was developed. Arpita Saha [9] developed a model with data
collected from various locations in India. Regression analysis was
used to get a relation between incremental delay and platoon ratio.
Rahul Sharma [10] regressed the field delay obtained by Simpson’s one
third rule against flow rate, platoon ratio and capacity.

Figure 57. Street view of Bible House Intersection

In most of the previous work, average values of traffic parameters
were considered for analysis while ignoring the variability in traffic
parameters with time. Most of the studies considered only a single
type of signalized intersection, i.e., crossroads. Some of the previous
studies did not consider the variability of acceleration and
deceleration component of delay. In this study, these limitations in
the previous studies were given due consideration for the formulation
of delay model.

2.

Data collection

Figure 58. Street view of Patny Intersection

For this study, the Hyderabad city in the state of Telangana, India was
selected as the study area. In Hyderabad city, there are several
signalized intersections. A set of criteria were adopted for the
selecting the intersections for this study. The criteria for selection of
these intersections are as follows:
•
Vehicle arrival pattern is random.
•
Approach is as far as possible free from the disturbance of
pedestrians and parked vehicles.
•
Proportion of large vehicles is not very high.
•
No central roundabout is present at the middle of the
intersection.
•
Availability of traffic surveillance cameras at the
intersection.

Based on the mentioned criteria, a total of six links from four
intersections were selected for data collection. The intersections
selected for this study are Bible House Intersection, Paradise X Roads,
Patny Intersection and Liberty Junction. The street view of these
intersections is shown in figures 1 - 4. In some of these figures, due to
the medians there is a distortion in image of the roads.

Figure 56. Street view of paradise X road
Figure 59. Street view of Liberty Junction
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Table 14. Description of vehicular movement at intersections
selected for the study
Name of the
Intersection
Bible House
Intersection

Name of the Approach
Hyderabad-Mancherial
Road
Amma Temple Road
Cost 2 Cost Road

Paradise X Roads
Zam Zam Bakery Road
Patny Intersection

Chandana Bros. Road

Liberty Junction

HyderabadRamagundam Road

Movements
allowed
Through and
Right
Through and
Right with no
Free Left
Through and
Right
Through and
Right
Through and
Right
Right and Left

The Paradise X Roads and Patny Intersection are four branch
intersections where the links are at right angle to each other. The Bible
House Intersection is a four-branch intersection with one of the
approaches not at right angle. The Liberty Junction is a three-link
intersection. The approaches selected for the study and the traffic
movements allowed during the green phase are mentioned in Table 1.
For this study, traffic data was collected from video recordings. The
morning peak periods at the selected signalised intersections were
identified using the data mentioned on the official website of
Hyderabad city Traffic Police. A 4 - 6 hour long video footage of traffic
surveillance cameras installed at each of these signalised
intersections, during the peak periods on a typical weekday (Monday),
was collected. The video footage was stored in. icf format.
A probe vehicle (two-wheeler) was used to traverse these intersections
from 10 am to 12 pm. A mobile phone consisting of GPS feature was
used to trace the trajectory of the probe vehicle which provides data
like speed and distance travelled per second. This GPS data was used
to determine the actual observed delay.

four consecutive peak points of the graph gives the peak hour for a
particular approach.
Table 15. Peak hour of traffic at approaches considered in the study
Name of the
Intersection
Bible House
Intersection

Paradise X Roads
Patny
Intersection
Liberty Junction

Name of the
Approach
HyderabadMancherial Road
Amma Temple
Road

Peak Hour

Cost 2 Cost Road

10.15 AM-11.15 AM

Zam Zam Bakery
Road
Chandana Bros.
Road
HyderabadRamagundam
Road

9.45 AM-10.45 AM

10.15 AM-11.15 AM
10.00 AM–11.00 AM

10.15 AM-11.15 AM
11.45 AM-12.45 AM

3.2. Field delay
Total delay of a vehicle is the sum of deceleration delay, stopped delay
and acceleration delay. In order to determine the acceleration,
deceleration and stopped delays, the second-by-second profile of the
vehicle was extracted from the GPS data and a distance-time graph
was plotted. Tangents were drawn to the non-linear segments of the
curve as shown in figure. The total delay is the difference between the
abscissa of the two points of intersection as shown in figure 5.
3.3. Signal timing parameters
The cycle time was taken as the time interval between the starting of
green for one approach till the next green starts. The cycle times were
determined from the video. The green times were also calculated from
the video data. It was observed that on numerous occasions, the
vehicles started moving during the amber time. In such cases, the
green time was taken as the sum of actual green time and the amber
time.
3.4. Traffic stream parameters

3.

Data Extraction and analysis

3.1. Determination of peak hour of traffic
From the captured 4-hour video graphic data, 15-minute classified
traffic volumes at each signalized intersection were extracted. The
classified count was converted into PCU as per the guidelines given
by IRC 106- 1990 [11]. The PCU values of 15-minute classified counts
were calculated. A plot was drawn between time periods on the x-axis
and PCU value on the y-axis. The time period corresponding to the

In this study, cycle by cycle analysis was adopted for determining the
vehicle arrival rate instead of using hourly traffic volume so that the
variability of vehicle arrival rate in different cycles can be considered.
A classified count of vehicles arriving between the start of red and the
next start of red was done. The vehicle count was converted into
equivalent PCU by using PCU factors given in IRC 106-1990. This PCU
value was divided by cycle length to obtain the vehicle arrival rates.

Figure 60. Determination of total delay from distance-time plot
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The saturation flow was estimated by the taking the classified count
of vehicles crossing the stop line as a continuous queue on receiving
green. The saturated green time for each cycle was also noted down.
The average headway was calculated by dividing saturated green time
by the total of the mean number of different categories of vehicles,
converted into PCU.
𝐻

(2)

∑

where pi:PCU value in the i vehicle group and ni:the number of the
vehicles in the ith vehicle group
th

The saturation flow is then obtained as
𝑆

(3)

3.5. Model formulation
This study focuses on modification of Webster’s delay formula for the
heterogeneous road traffic conditions of Hyderabad city. In order to
do so, the first term and the second term were kept as it is and the
third term which is a semi-empirical term developed for UK traffic
conditions was replaced with an adjustment term. The adjustment
term (adj) can be calculated as follows
𝑎𝑑𝑗

𝑑

𝐶 1
2 1

𝜆
𝜆𝑥

𝑥
2𝑞 1

4

𝑥

where d:actual delay observed in the field in seconds; C:cycle length;
:effective green ratio; x:degree of saturation and q:vehicle arrival
rate
In the model, the adjustment term was taken as dependent variable
and regressed against the independent variables – vehicle arrival
rate, cycle length, degree of saturation and effective green ratio,
which were present in the semi empirical term of Webster’s delay
formula. In addition, saturation flow, green time, % two wheelers and
% right turning traffic were taken as independent variables.

Firstly, the correlations between the dependent and all the
independent variables were examined. Table 2 shows the correlations
of dependent variable and all independent variables. If the correlation
coefficient is too high, it could lead to multicollinearity. This
multicollinearity must be avoided to develop regression models. To
avoid multicollinearity, the independent variables with high
correlation coefficient must be eliminated.
For determining the variables that should be excluded, stepwise
regression by backward elimination was done. For doing so, initially
all the explanatory variables are considered and the model is fitted.
The partial F-statistic for each regressor in the presence of other
regressors is computed. The regressor with the smallest partial Fstatistic value is removed from the model if the value is less than the
preselected value of FOUT. This step is repeated until the smallest
partial F-statistic exceeds FOUT. At the end of stepwise regression only
the independent variables q, S, C and
were kept in the model, and
the remaining (degree of saturation, % two wheelers, % right turning
traffic and green time) were excluded.
Multiple linear regression between the adjustment term as dependent
variable and vehicle arrival rate, saturation flow, cycle time and
effective green ratio as independent variables was done using R
programming language. From the statistical results, the regression
model is seen to provide fair to good predictions with a satisfactory
value of adjusted R square. The t-statistics came out to be high enough
with low p-values indicating that the independent variables are fairly
significant. The F-statistic also came out to be high enough to ensure
overall significance.
The model obtained is as below
0.017𝑞

𝐷𝑒𝑙𝑎𝑦

0.012

0.308𝐶

145.956𝜆 (5)

where C: cycle length; : effective green ratio; x: degree of
saturation; q: vehicle arrival rate; S: saturation flow

Table 16. Correlation matrix of variables
adj
adj
q
S
G
C
x
%TW
%RTV

1
0.2327
0.5219
-0.2515
-0.6435
0.1742
-0.2674
0.3578
0.1636

q

S

0.2327
1
0.0585
0.4178
-0.6003
0.9142
-0.0493
-0.1049
-0.1839

G

0.5219
0.0585
1
-0.2408
-0.1651
-0.15
-0.2666
0.6245
0.3448

C

-0.2515
0.4178
-0.2408
1
0.2598
0.6068
-0.2662
-0.2822
-0.1732

x

-0.6435
-0.6003
-0.1651
0.2598
1
-0.5175
0.0746
-0.0725
0.0765

0.1742
0.9142
-0.15
0.6068
-0.5175
1
-0.2249
-0.2675
-0.2726

-0.2674
-0.0493
-0.2666
-0.2662
0.0746
-0.2249
1
-0.0548
-0.1618

%TW
0.3578
-0.1049
0.6245
-0.2822
-0.0725
-0.2675
-0.0548
1
0.399

%RTV
0.1636
-0.1839
0.3448
-0.1732
0.0765
-0.2726
-0.1618
0.399
1

Table 17. Statistical results obtained after regression

Regression Statistics
Multiple R
0.93359753
R Square
0.871604348
Adjusted R Square
0.850929916
Standard Error
24.29789833
Observations
71
ANOVA
Regression
Residual
Total

df
4
67
71

Sum of Squares
268522.8782
39555.98684
308078.8651

Mean Square
67130.71955
590.3878633

F-statistic
113.7061307

Significance F
7.38948E-29
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Coefficients

Intercept
q
S
C
lambda

Coefficients

Standard Error

t Stat

P-value

0
-0.017040918
0.01235243
-0.308118678
145.9564302

#N/A
0.004881904
0.001044489
0.037997115
39.81795259

#N/A
-3.490629296
11.82628553
-8.109001949
3.665593549

#N/A
0.000857331
4.65133E-18
1.53054E-11
0.000489207

3.6. Model Validation
Once the model has been formulated, it is essential to validate it.
Model validation is done to assess the adequacy of the proposed model
and measure the error in the prediction. There are several techniques
for validating a model. In this study, the validation was done by
comparing the field delay and delay estimated by the model with

another data set which was not included in formulating the model.
The traffic data of an additional two intersections, i.e., Patny X Roads
and Liberty junction were used. The absolute percentage error
between the estimated and observed values was determined. The
results of model validation are given in table 4.

Table 18. Model validation
Cycle time
(seconds)
199

7.

Degree of
Saturation

Actual delay
(seconds)

Estimated
delay (seconds)

% Error

183.358

-14.8038

0.984622015

159.7142857

185

0.925853018

165.8333333

187.247

-12.9128

148

1.005283021

160

203.654

-26.9663

170

1.202117535

157.25

198.103

-25.9797

218

0.995525727

185

1.188505747

162.75
103.53

184.333
133.5490167

-28.9955

212.3907811
210.1127488

-50.5429
2.074583

167

1.157635468

164.85

308

2.092465393

139.57

158

0.957549287

90.2

88.3287258

-27.1016

-22.3836

332

0.682156585

85.4

108.5447669

187

0.806074766

112.2

101.6488159

9.403907
-68.6941

360

1.213799806

75.8

127.8701599

221

0.983247423

140.7

159.390112

-13.2837

283

1.282392027

75.6

133.5490167

-76.6521
-20.4712

228

1.427611484

176.3

212.3907811

190

1.194114318

183.8

289.2284347

-57.3604

212

0.926200715

158.4

127.6421763

19.41782

204

0.892050951

186.3

159.3030316

14.49113

200

0.972319941

150.9

142.4403875

5.606105

205

1.007381025

120.8

139.3302868

-15.3396

Results and Discussions

After step wise regression by backward elimination, only four
variables out of eight were left for further analysis. A multiple linear
regression model for estimating the adjustment term adj was
developed.
It was observed that in most of the cases, the delay is being
overestimated by the model. In case of undersaturated cycles with a
preferrable cycle length, the accuracy of estimated value is between 9
– 16% with a few exceptions. For undersaturated cycles with long
cycle lengths and oversaturated cycles with preferrable cycle length,
the accuracy of estimated value has reduced to 20-30%. An error of
more than 50% was observed in case of oversaturated cycles with long
cycle lengths.

8.

-13.2614

The model developed can be used for estimating delay in case of
undersaturated cycles with preferrable cycle lengths, undersaturated
cycles with long cycle lengths and oversaturated cycles with
preferrable cycle length. But the model is not suitable for estimating
delay in case of oversaturated cycles with long cycle lengths.
The negative coefficients for vehicle arrival rate (q) and cycle length
indicate that the value of adj decrease with increase in these values.
From the coefficients obtained regression, it can be concluded that the
value of adj increases with increase in the value of effective green
ratio ( ) and saturation flow.
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Conclusions

The proposed model is found to overestimate the delay in most of the
cases. The relatively large positive coefficient for
can be the
possible reason for overestimation of delay.
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Damping ratio is one of the most important parameters considered in dynamic analysis of
engineering structures. Determining and using of the damping ratio close to reality affects
the accuracy of finite element analyses results. Within the scope of this paper, the variation
of the displacements and stresses values obtained from the dynamic analysis of Artvin
Deriner Arch Dam under different damping rates is investigated. The double curvature
Deriner Arch Dam is the highest arch dam in Turkey, which continues to operate at full
capacity. Time-history analysis are conducted on Deriner Arch Dam taking into account the
1999 Kocaeli earthquake acceleration record. Dynamic analyzes are repeated for the
damping ratio of 1%, 5% and 10%. It has been observed that the variability in the damping
ratio significantly affects the displacements and stresses values.

that damping ratios vary under different stiffness, mass and
displacement conditions.

1.Introduction
The dynamic analysis of arch dams, which are made by allocating
large budgets and are in the category of important structures, are of
great importance in countries with earthquake reality. The correct
selection of the analysis parameters allows to obtain more reliable
results about the behavior of the structure. Although it is difficult and
complex to determine the damping ratio, it is very important in terms
of determining the dynamic behavior of the structure in a realistic
way. Structures can be exposed to different types of damping forces
with the effect of earthquakes. Damping forces are affected by both
material type and earthquake magnitude [1]. Especially in structures
with dam-reservoir-foundation interaction, different damping rates
occur and this affects the behavior of the structure. Although the
damping rate of the liquid is smaller than the damping rate of the
structure, it is not a realistic approach to analyse by considering a
single damping rate [2]. Experimental studies are needed to determine
the damping ratio of the structure in a realistic way. In experimental
studies on concrete gravity dams, it has been observed that the
damping rate varies depending on the water level in the dam
reservoir and the height of the dam body. When the literature studies
were examined, damping rates are obtained as 2.2-5.40% [3] for
different water levels in Pine Flat dam, as 2.37%-5.40% [4] for different
water levels in four different dams, as 10% in the first mode, 15% in
the second mode and 20% in the third mode for the Koyna dam [5].
Oberti et al. [4] stated in their study that the damping ratio increased
with the increase of the dam height but did not change much with the
water level. In thesis, Karaahmetli [6] is examined the damping
models used in the dynamic analysis of structures theoretically and
experimentally. In this study, is used single and multi-degree-offreedom building models with different materials and geometric
properties. Karaahmetli [6] is investigated the change of damping
ratios in structures under the influence of different mass, stiffness
and acceleration values, and investigated the effects of each
parameter on the structure damping ratio. In the study, it is stated

Within the scope of this paper, dynamic analyzes are carried out for
the massless foundation state of Artvin Deriner Arch Dam,
considering the dam-foundation model. Considering the damping
ratio of 1%, 5% and 10% in dynamic analysis, the change of
displacement and stress values in the crest region of the dam is
examined.

2.

Deriner Arch Dam

2.1. Finite element model
Deriner Dam is a double curvature concrete arch dam and was built
on the Coruh River. The body height from the foundation is 249m and
the crest length is 720m. With its body height, it is Turkey's highest
and the world's 6th highest dam. The dam construction, which started
in 1998, was completed and in 2012 the water started to be kept. The
Deriner Dam, which produces 2.118 GWh of energy annually with a
power of 670 MW, supply 6% of the hydroelectricity produced in
Turkey. Figure 1 shows some views of the Deriner Arch Dam.
The finite element (FE) model of Deriner Arch Dam is modeled as a
three-dimensional solid element in the ANSYS [7] program. Solid45
element type with 8 nodes is used in the dam and foundation. The
visuals of the finite element models of Deriner Arch Dam are
presented in Figure 2. In the finite element model of the dam, the
dimensions of the foundation, which is modeled as massless, are
taken into account as three times the dam height in the upstream part
and the dam height in the downstream and vertical. Fixed support is
assigned to all side and bottom surfaces of the foundation. The
material properties used in the finite element model of Deriner Arch
Dam are summarized in Table 1.
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Table 1. Material properties considered in FE model
Element
Dam
Foundation

Modulus of
Elasticity
(N/m2)
3.75E10
5.68E10

Poisson Ratio
(-)

Density
(kg/m3)

0.15
0.30

2400
----

8.2 Time-history analysis
Dynamic analyses are carried out in the finite element model of
Deriner Arch Dam by considering different damping ratios. In the
linear time-history analysis of the dam, the North-South component
of the acceleration record of the 1999 Kocaeli Earthquake is applied in
the upstream-downstream direction. As a result of the analysis, the
changes in the displacements and stresses values in the crest region
of the dam are examined. The displacements, compression and
tension stresses contour diagrams for 1%, 5% and 10% damping ratio
of the dam as a result of dynamic analysis are given in Figures 3-5,
respectively.

Figure 1. Some views of Deriner Arch Dam

a)

Displacement contour diagram of dam (cm)

b)

Compression stress diagram of dam (mPa)

c)

Tension stress diagram of dam (mPa)

Figure 3. Contour diagrams of the dam obtained for 1% damping
Figure 2. Some views of Deriner Arch Dam FE model
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d)

Displacement contour diagram of dam (cm)

e)

Compression stress diagram of dam (mPa)

b)

Compression stress diagram of dam (mPa)

c)

Tension stress diagram of dam (mPa)

Figure 5. Contour diagrams of the dam obtained for 10% damping
When the contour diagrams are examined, it is seen that the
maximum displacement is at the crest mid-point, the maximum
compressive and tensile stresses are at the crest quarter distance and
the values differ according to the damping ratios. Graphs
summarizing the variation of displacement, compression and tension
stress values at all nodes along the dam crest as a result of dynamic
analysis for 1%, 5% and 10% damping rates are given in Figure 6.

f)

Tension stress diagram of dam (mPa)

Figure 4. Contour diagrams of the dam obtained for 5% damping

a)

a)

Displacement contour diagram of dam (cm)

b)

Displacements of the arch dam along the crest

Compression stresses of the arch dam along the crest
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As a result of the dynamic analysis performed according to 1%, 5% and
10% damping ratio, the maximum difference between the
displacement, compressive and tensile stresses in the dam crest
region is 56%, 44% and 60%, respectively. The values and maximum
differences of the maximum displacement, compressive and tensile
stresses in the crest region of the dam are presented in Table 2.
Table 2. Maximum differences and displacement, compressive and
tensile stresses values in the crest region of the dam

c)

Damping
Raios (%)

Tension stresses of the arch dam along the crest

Figure 6. Displacement, compression and tension stress values at all
nodes along the dam crest for 1%, 5% and 10% damping rates
Figure 7 presents time-history graphs depending on the 1%, 5% and
10% damping ratio of the maximum displacement, compression and
tension stresses in the dam crest region.

1
5
10
Max. Diff. (%)

Max.
Displacements
(cm)
13.68
8.55
6.00

Compression
Stresses (MPa)

Tension
Stresses (MPa)

8.78
6.31
4.88

9.86
5.94
3.92

56

44

60

The results obtained show that the damping ratio used in the dynamic
analysis to be performed is an important parameter. In order to obtain
the behavior of the structure accurately and reliably, dynamic
analysis should be performed by obtaining the damping ratios
reflecting the structure as a result of more extensive studies.
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This study examines the behavior of UPVC confined concrete stub columns under axial
compression load. Repeated loading tests were carried out on specimens loaded in uniaxial
compression under varying strain and stress rates. The research aims at explaining the
development of elastic and plastic strains in confined concrete and its relationship to
material damage and eventual failure. The experimental results permit examining the effect
of the loading regime on the composite material response, evaluated in terms of strength
and deformation capacity. In addition, phenomena related to material damage were also
examined. This included the deformations in the transverse and longitudinal dimensions
after each cycle of loading. Experimental results show considerable deformation and energy
absorption capacity for the confined concrete. A good correlation was observed between the
overall reduction in length of the specimens and the corresponding overall lateral
expansion.

Ultimate strain,
Geometrical changes.

1.Introduction
Concrete, due to its nature and inherited characteristics, is deprived
of basic deformations and ductility. Testing of concrete under
different loading regimes is essential to understand its mechanical
performance. One such loading regime is the cyclic testing of concrete
required to obtain its mechanical response when subjected to seismic
excitation [1]. Strength, ductility, and absorbing and dissipating large
amounts of energy are important features of cyclic testing. The
behavior of plain concrete subjected to repetitions of compression
load to multiple levels was examined in one of the earliest researches
[2]. The authors tested forty- six short rectangular columns under
cyclically varying axial loads. Other investigations have examined in
detail the mechanical performance of normal concrete and concrete
externally reinforced with bolts in pre-formed ducts and were either
finger-tightened or torqued (pre-tensioned) to produce a lateral precompression in the concrete [1], or concrete internally reinforced with
spiral steel [3]. Empirical constitutive models and expressions have
been adopted for generalizing the cyclic stress-strain relationship of
plain and confined concrete [4]. Other studies have well-established
damage-plastic and fracture energy concepts for cyclic constitutive
modeling [5] and served as a benchmark for exploring the nonlinear
analysis behavior of structural concrete. Several attempts have been
made to reduce the brittleness of concrete by introducing another less
brittle material in a concrete-based hybrid system. Fibers reinforced
polymers have been adopted to strengthen concrete tested under
cyclic compression loading [6, 7]. These advanced materials are known
to improve the strength of concrete.
One disadvantage of standard concrete is its low deformation
threshold, which limits its useful ductility and further applications [8].
Concrete incorporating steel and polypropylene fibers displayed
better cyclic compared with plain concrete. The blended fibers had
synergetic effects on peak strength, post-peak ductility, hysteretic
energy dissipation, and stiffness degradation. Another material with
good potential to encase concrete and contain its induced stresses is
unplasticized polyvinyl chloride (UPVC) [9]. This polymeric material,

with economic advantages, exhibits considerable elongation at
ultimate load [10]. The plastic tube encasement may convert concrete
into a composite, offering considerable seismic resistance [11].
Previous studies have shown that UPVC-confined columns tested
monotonically offered greater strength and significantly larger
ductility than specimens not confined with plastic tubes [12]. Tests on
UPVC confined-concrete under uniaxial cyclic compression have not
been carried out before, and the present study is an attempt to handle
this issue.
2. Experimental program
2.1. Materials
Eski kalak valley limestone gravel was used as a coarse aggregate. The
fine aggregate was the sand river from the same source. Ordinary
Portland cement was used to bind the concrete ingredients, which
were thoroughly mixed using an electric mixer until a homogeneous
color of fresh concrete was achieved. Two mixes (groups) were
prepared with a target concrete compressive strength of 30 and
60MPa and tube thickness of seven and five millimeters, respectively.
From each mix, two UPVC-confined concrete and three unconfined
concrete were cast.
2.2. Testing
The specimens were loaded in a universal testing machine at a
compressive strain rate of (7/1000) mm/s. Instrumentation consisted
of vertical transducers to record the axial displacements of the
column (Fig. 1). Four UPVC confined concrete stub columns were
subjected to a small number of complete load cycles, with the
maximum load attained in each cycle inferior to the load reached in
the next cycle or exceeding. The increase in the previously applied
strain results in a progressive reduction in the initial elastic modulus.
Loading and unloading were carried out steadily. At the maximum
load of each cycle, time was taken to read the instruments. Unloading
of each cycle was discontinued when the lower loading platen was
vertically displaced by approximately one-tenth of the length of the
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specimen. At the end of each cycle of loading, the specimen was
removed temporarily to compute the overall reductions in lateral and
longitudinal directions.

The stress-strain curves of the tested specimens were plotted in Figs.
2 through 5. For the first cycle of loading, the specimens were tested
in a digital compression testing machine. As shown in Fig.2, the
damage in the concrete core is gradual with initiations of microcracks which increase in size and number as the load approaches the
yield load of the tube. As shown in the first photo in Fig.2, the tube
remains intact at half of the ultimate the concrete continues to
deform and the microcracks coalesce into macro cracks, and the tube
starts to yield; a white patch is formed on the surface of the tube. After
the yielding of the confining tube, the stress-strain response deviates
from linearity until the specimen reaches maximum strain at the
peak stress. Beyond the peak load, there is no falling branch of the
stress-strain curve because of the unloading process, where the stress
drops rapidly and cracks close. For the second cycle of loading, the
specimen was removed. The overall reductions in specimen height
and increase in the lateral expansion of the specimen were measured
before transferring the

Figure 1. Set up and testing of specimens
3. Discussions of test results
3.1. Stress-strain curve

700

SP-G-2

First cycle

Axial compression load (KN)

600
500
400
300
200
100
0
0
.

0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009
Axial strain

0.01

Figure 2. Load –strain relationship for UPVC-confined concrete after first cycle of loading

specimen to a universal compression testing machine, Fig.1. As shown
in Fig.3, the loading was graduate with an elastic stress-strain
response, nearly a straight line up to the previous cycle yield point. At
this stage, the deformation in the specimen is internal with the
concrete core deformations contained by the confining tube, where

cracks reopen and the tube deforms; the yielded area of the tube
increases in size. The specimen continues to resist the applied load,
but it peaks at a load value lower than that for the first cycle by nearly
one-third.
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500

Second cycle
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Axial compression load (KN)
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0
0

0.01
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0.05 0.06
Axial strain

0.07

0.08

0.09

0.1

0.11

Figure 3. Load –strain relationship for UPVC-confined concrete after second cycle of loading

Beyond the peak load, the specimen exhibits compression softening
where the stress drops with an increase in strain. The test was stopped
when the overall reductions in the height reached 10%. Fig.3
illustrates the typical damage and deformation sustained by the
UPVC-confined concrete specimens after the second loading cycle.
The deformation in the specimen was photographed at regular

intervals of loading, Fig.3. As seen from the photos, there are
considerable deformations in the specimen, where the overall height
decreases and the corresponding lateral expansion increases. The
stress-strain response of the specimen in the third cycle, Fig.4, was
similar to the second cycle but with a slight drop in the elastic
stiffness for the ascending curve.

500

SP-G-2

Third cycle

Axial compression load (KN)

400
300
200
100
0
0

0.01

0.02

0.03

0.04

0.05 0.06
Axial strain

0.07

0.08

0.09

0.1

0.11

Figure 4. Load –strain relationship for UPVC-confined concrete after third cycle of loading

Furthermore, the peak load was higher than that for the second cycle,
which could be ascribed to the strain hardening in the tube. The
yielded area of confining tube increases in size, and its buckling
increase as the load increases. Similar behavior is observed for the
specimen in the fourth cycle with a negligible drop in the peak load,
but the elastic stiffness continued to degrade, Fig. 5. The cycling
regime did produce a significant change of load-carrying capacity

after each cycle of testing. The strain at maximum load changed
considerably, which can be attributed to the flexibility of the tube.
During cycling loading, higher values of ultimate strains were
attained. This enhanced strain behavior is ascribed to cumulative
damage of the concrete core and elongation of the tube at ultimate
load.
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Figure 5. Load –strain relationship for UPVC-confined concrete after fourth cycle of loading
3.2. Strength
The specimens were compressed monotonically. For the concrete with
a target strength of 30MPa (group two), the mean maximum load of
the UPVC-confined specimens was 452kN after first loading. However,
a substantial deterioration in strength was noticed in the strength
beyond cycle one because of the propagation of cracks, and the
ultimate load was reduced to 303kN in the second cycle of loading.
The peak load further deteriorated to 285KN in the third cycle.
However, in the fourth cycle, the ultimate load upgraded to 325KN.
Cracks inclined to the direction of loading which had formed in
previous load cycles close up under the applied pressure yielding
increment in loading capacity of the column. Further, the discussion
of the capacity in compression falls outside the scope of this study.
3.3. Composite action
A part of the damage happens during the application of the first cycle
of load, where micro-cracks cracks are generated. With repeated
cycles of loading, micro-cracks propagate. The confined material
undergoes continuous changes resulting in further damage of the
concrete core, which disintegrates into broken lumps and individual
particles. In the fourth cycle, the plasticization of the plastic tube
results in strain hardening, increasing the specimen's strength. The
composite action between the tube and concrete core is further
damaged, and additional nonlinear plastic strains develop. In the end,
the composite between the tube and core is lost, and the individual
particles of disintegrated concrete suffer further damage converting
into dust.
3.4. Energy absorbed
A significant amount of energy was dissipated by the tube in each
cycle of compression loading, depending on the amount of damage
sustained by the specimen. The objective of the stress-strain curve,
following straining and un-straining cycles, is to obtain the damage
accumulation and the energy dissipation of the UPVC-confined
concrete due to cyclic loading. For confined specimens, the energy
dissipated by cycle load can be regarded as a measure of damage due
to fracture within the concrete core when the specimen experiences a
particular deformation for the first time but not subsequently. A
hysteresis loop is produced in the stress-strain curve when energy is
dissipated during straining and un-straining. The amount of
nonrecoverable damage in the specimen after each cycle furnishes
the final shape of the unloading and reloading curves. The behavior
of specimens with relatively small strength decay corroborates the
logicality of the use of polymeric tubes for large deformations. In

contrast, it was not possible to trace the cyclic stress-strain response
of unconfined concrete because of its brittle behavior.
3.5. Stiffness degradation
Nonlinear behavior of UPVC-confined concrete includes yielding,
cracking of core concrete, axial shortening, lateral expansion,
compression softening, and compression stiffening or plasticization
of the polymeric tube where cyclic straining and un-straining
introduces other phenomena's such as stiffness degradation in
concrete and the tube. The behavior of the specimen in the first cycle
of loading was different from the other cycles. In the first cycle of
loading, a continuous decrease in stiffness was observed. The next
cycle of loading displayed a smaller reduction in the value of stiffness,
where the slope of the unloading branch decreased.
3.6. Tube thickness
The confining tube has a vital role in improving the cyclic behavior of
the concrete core in terms of peak strength, post-peak compression
softening, hysteretic energy dissipation. The tube thickness can yield
a remarkable reduction in plastic strain accumulation. The stress
deterioration ratio and the stiffness deterioration ratio can be
significantly enhanced than those not confined, which offers no
resistance to degradation. The dissipating energy capacity is
somewhat less sensitive to the variations of tube thickness than the
concrete strength.
3.7. Geometrical changes
Several studies regarded reducing the height of a specimen observed
after several loading cycles or straining as a measure of damage [4].
The reported results of overall length reduction can be of sufficient
accuracies, and it's a valuable measurement of the structural damage
of the specimen under cycle loading, Figure 6. Correlation equations
that relate the overall reductions in height with the general
transverse expansions were formulated. These equations show a good
measure of material damage after cycling load is the overall change
in the height of the specimen in combination with the lateral
expansion of the specimens to dissipate the absorbed energy.
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pp. 1–16, 2015.

[8.]

Lihua Xu, Biao Li , Yin Chi , Changning Li, Biao Huang, and
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[9.]

NA Abdulla, Concrete with an outer plastic protective shell, SN
Appl. Sci. https://rdcu.be/b4fTZ 2 (https://doi.org/10.1007/s42452‐
020

[10.] NA Abdulla, A Strain model for uPVC tube-confined concrete,
Cogent Engineering 8 (1), 1868695
[11.] NA Abdulla, Strength of concrete-filled Plastic Tube Stub
Columns Using a Normalized Stiffness Approach, Advanced
Materials Research 1163, 174-189.
Figure 6. a) Overall reduction in height of specimens versus lateral
expansion after each cycle of loading, group two b) Overall reduction
in height of specimens versus lateral expansion after each cycle of
loading, group one

[12.] NA Abdulla, Deformations of a plastic tube with concrete-infill
under direct load

4. Concluding remarks
The following conclusions are drawn;
The UPVC-confined concrete specimens exhibited significant energy
absorption and dissipation capacities. The confined specimens were
deformed mainly under the effect of the dissipated energy. Damage
energy becomes considerably noticeable after the initiation of tube
yielding. At the end of an unloading cycle, the residual strain
increases. Correlation equations that relate the overall reductions in
height with the overall transverse expansions were formulated. These
equations show a good measure of material damage after cycling load
is the overall change in the height of the specimen in combination
with the lateral expansion of the specimens to dissipate the absorbed
energy. The reduction in the integrity of UPVC confined-concrete
specimens during straining and unstraining was sufficiently
expressed by the cyclic loading, which provided useful quantitative
information.
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The current study consists to introduce waste marble sand into the concrete formulation, as
replacement of ordinary sand with variable rates (0%, 10%, 20% and 30%); the binder is
composed of 90% cement and 10% tile polishing fillers. The properties of the concretes thus
produced both in the fresh state (air content, density, and slump test) and in the hardened
state (compressive strength) were measured. Obtained results showed that the introduction
of 20% of waste marble sand in the presence of tile polishing fillers helps to decrease the
air content and to improve compressive strength.

1.Introduction
The prosperity of a country in the construction industry depends on
the use of its local resources; which requires designers and builders of
civil engineering to take an interest in the recovery of waste or
industrial by-products or residues to bridge the gap between
production and consumption and to protect the environment. The
terrazzo tile is a floor covering, handcrafted for centuries. Its
composition strongly looks like traditional concrete. It is a mixture of
granules of natural stone or marble with cement, sand and water.
Pigments and other materials can be added, once dried it will be
polished to give it the shine of a natural stone. It is a material that is
extremely resistant to knocks and scratches. Fine dust resulting from
the erosion of this material remains suspended in the atmosphere;
they can cause respiratory diseases such as asthma, bronchitis,
emphysema and lung cancer; they are also harmful to the
environment and the climate. Few researches have been carried out
on the recovery of tiling waste in the construction sector. Tennich et
al, 2015 [1] studied the influence of waste from marble and tile
factories as a mineral addition on the hardened properties of Self-

Placing Concrete (SCC). The results obtained show a favorable effect of
all the additions both on the properties in the hardened state and on
the microstructure of the SCC. Marble waste can be used in the form
of sand and gravel in the production of concrete. Binici et al. [2], André
et al. [3] and Martins et al. [4] all concluded that waste marble used as
aggregate can improve the mechanical strengths as well as the
durability properties of concrete. Hebhoub et al (2014) [5], used excess
sand from waste marble exposed to weathering from the quarry
derived from Fil-fila marble (Skikda, east of Algeria) and studied the
effect of the substitution in the normal mortar of the sand
standardized with rates of (25%, 50%, 75% and 100%) of marble waste
sand. The published results have shown that the best performance in
compression and in flexural tension is obtained for a substitution rate
of 100% in the medium term (28 days). Djebien et al (2018) [6],
introduced the marble waste as sand in the formulation of selfconsolidating concrete SCC with variable percentages (25%, 50%, 75%
and 100%) and found that the sand of Marble waste decreases the
density, the air content, the flow in a confined environment as well as
the mechanical resistance while giving this self-consolidating
concrete a plasticization capacity which ensures cohesion and
resistance to segregation

Table 1. Concrete mixing ratios
Control
mix

BO cement+ 100% crushed sand

B1 (0%)

cement+ 10% of tile waste fillers + 100% crushed sand

B2 (10%)

cement+ 10% of tile waste fillers + 90% crushed sand +10% waste marble sand

B3 (20%)

cement+ 10% of tile waste fillers + 80% crushed sand +20% waste marble sand

B4 (30%)

cement+ 10% of tile waste fillers + 70% crushed sand +30% waste marble sand

PACE 2021- Ataturk University, Engineering Faculty, Department of Civil Engineering, Erzurum, 25030, TURKEY 20-23 June 2021

575

Kherraf et al.
The main objective of this work is to reuse the marble waste as sand
and the fillers resulting from the falls of tiles in the composition of
concrete, in order to contribute to the elimination of waste that is
harmful to the environment and to the economy of natural aggregate
deposits.
2.

4.2. Workability

Used materials

• Cement (CPJ-CEM II
/
A-M(S-L)/42.5N)
cement factory (GICA) HJAR ESSOUD (SKIKDA).

from

• Tile’s fillers, dust obtained after polishing the tiles.
• Quarry sand: crushed, class 0/4, coming from quarry of LaghdirSkikda.
• Waste marble sand, class 0/4 recovered from derivatives quary
marble of Fil-fila -Skikda.
• 4/8 and 8/16 gravel, coming from quarry of Laghdir-Skikda.
• The adjuvant is a high water-reducing super plasticizer «MASTER
GLENIUM 3090»
• Mixing water (from tap, To = 28°C).
Particle size of aggregates are represented in figure 1.

Figure 3. Variation of subsidence as a function of the rate of marble
sand
Class of concrete meadows mixed with FC is fluid Depending on the
subsidence obtained in Figure 3, the consistency (the subsidence
varies from 16 to 20 cm).
The introduction of tile polishing fillers as a substitute for cement
decreased the workability of the control mix. This is the result of water
retention by the particles of tile waste at the start of mixing.
The incorporation of an increasing rate of marble sand decreased the
workability of the concrete. This reduction is due to the angular shape
of the grains of the waste marble sand which is characterized by a high
friction and which decreases the workability values of the concrete.
Also, this can be attributed to the water retention by the marble just
after mixing.
a.

Occluded air

The results of the measurements of the occluded air carried out on the
concrete are shown in Figure 4.
Figure 1. Particle size distribution
3.

Program

From figure 4, we notice that all the values recorded in the concretes
containing the wast marble sand are included in an interval varying
from 2.23 (B4)% and 2.41% (B2) and which are lower than that of the
concrete witness.

In the composition of common concrete, filler from tile waste has been
used as an addition to cement and marble waste as a substitute for
ordinary (crushed) sand. The rates tested are: 10%, 20% and 30%
respectively. The behaviors of the concretes produced in the fresh
state as well as in the hardened state were evaluated and compared
with those of a control concrete initially composed of tile filler and
ordinary sand.

The use of tile polishing fillers to decrease the amount of air entrained
in the reference composition. This can be attributed to a filling effect
on the part of the particles of the fillers.

4.

The mechanical compressive strengths of all formulated concretes
were measured at 7.14 and 28 days. The values of compressive
strength thus obtained are represented as a function of the levels of
marble sand in FIGS. 5, 6 and 7 respectively. These values are the
average of three measurements.

Results and discussions

4.1. Unit weight
Real densities in the fresh state of common concretes are shown in
Figure 2; The values shown are the average of three measurements.

The decrease in the amount of air trapped in marble sand mixtures is
likely the result of the correct arrangement of sand grains in the
matrix due to their shapes and smoothness as well as other factors.

Referring to the results illustrated in the figure opposite, it can be seen
that the strengths of the concretes containing the tiling polishing
fillers and the marble sand except for the mixture (B2) are lower than
that of conventional concrete.
The resistance losses are of the order of: 24% (B1); 33.78 (B2); 3% (B3)
and 6% (B4) respectively.

Figure 2. Unit weight variation as a function of the rate of waste
marble sand.
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The addition of 10% marble sand in the control concrete in
substitution for ordinary sand gave a resistance equivalent to that of
B1 but which deviates from that of the control by 25.53%. In addition,
the introduction of 20% and 30% of marble sand improves the
strengths of these two concretes compared to that of B1. The
resistance losses relative to the control mix are of the order of 8.8%
(B3) and 14.45% respectively.
The introduction of 10% tile polishing filler reduced the strength of
concrete at an early age due to the delay in the hydration reaction. On
the other hand, the values obtained at 28 days show that there is an
improvement in the compactness of the mixtures as a result of the
filling effect and plasticization of the sand of marble waste sand.
5.

Conclusion

The results obtained from this experimental study allow us to draw
the following conclusions:
Figure 5. Evolution of compressive strenght at 7days



The introduction of waste marble sand in the composition of
concrete makes it denser and decreases the value of the air
content.



Marble waste sand decreases the workability of common
concrete.



Concrete based on 10% tile polishing fillers and 20% marble
waste sand develops a resistance at 28 days lower than that of
the control by 8.8%.
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Despite the advantages of being urban for individuals due to the increase in urbanization in
developing countries, societies have been forced to live in areas with excessive pollution and
population density, especially when their living spaces are squeezed into narrow and closed
spaces. This situation negatively affected individuals of all ages, especially children. Due to
the amount of time children spend in school and the little time they spend outside; many
industrialized countries have begun to explore more opportunities for outdoor learning. The
concept of "Forest School", which is new in the literature, has started to be used in order to
improve children's learning abilities in the open air. In this study, by creating the Forest
School criteria in the urban forests of Erzurum city, suitable places and functions of the
education system were determined. future contributions are foreseen.

1.Introduction
The environment is known as an environment that existed with the
first living thing that started to live on earth [34]. With a different
approach, it is defined as the environment in which people and all
other living things interact and maintain their relationships
throughout their life cycle [24;21;17]. In another definition, Billington
(2011) [5] defined the concept of environment as a holistic space that
deals with not only living things but also the gases that surround the
world, the integrity of the soil and water parts on the earth and their
interaction with each other, by taking a wider perspective. Today, the
decrease in environmental awareness and especially children's
insensitivity to the environment is considered as an important
problem [14]. Thus; In the formation of this situation, the dominance
of urban spaces and security weaknesses make families uneasy [23].
In this direction, children cannot spend much time outdoors and
cannot fully reach their social and physical competencies. The
increase in population density in urban centers, green areas, safe
natural playgrounds, and a decrease in the number of children who
will use these spaces have emerged [16;28]. In this case, it is argued
that it causes nature deprivation syndrome in children. It is stated
that some of the people from different age groups living in the cities,
as a result of spending most of their time indoors, develop baseless
fears and even a feeling of disgust in being in the natural
environment and communicating with natural beings. Studies show
that individuals who are far from nature experience various problems
(psychological, spiritual, physical, etc.) [4;27]. Many studies are carried
out on the problems experienced by the pressures of cities on people
and their inability to integrate with nature. These studies clearly
emphasize people's longing for the natural environment [12].
However, the high job opportunities force people to live in the city [34].
In this case, urban life is an inevitable reality, and it must contain
solutions that will satisfy the longing for nature and create nature
consciousness [7]. Because people have to live in cities where they can
both work and perform recreational activities [15].

As a result of all these, the city and its immediate surroundings
should be planned in such a way as to offer this opportunity to the
public. All occupational groups involved in the urban planning and
design stages have to carry out their work by considering all these
criteria. In fact, these occupational groups should reveal approaches
that include many criteria such as people's age groups and individual
wishes. Environmental awareness and recreational activity traditions
begin to form in people when they are children. For this reason,
children's curiosity towards nature should be eliminated and places
where they can live together with the environment should be
designed [2]. Natural areas to be created in urban spaces will not only
contribute to the formation of physical, mental, psychological and
social communication skills of children, but also increase
environmental awareness [22]. Children's perception of their
environment differs from adults.
Playgrounds are of great importance as the games played by children
are effective in the realization of learning activities. The natural
environment both attracts the attention of children and contains
many objects that they can easily discover and learn about the
environment. Staempfli (2009) [29] revealed in his study that the
natural environment has a significant impact on children's behavior
and play habits. Natural spaces, with the number and variety of
materials they contain, provide children with great opportunities for
learning, developing their creativity and maturing behaviors [9]. For
example; Trees can be used not only for climbing, but also as a symbol
object that they can use in the game. International studies show how
important children's activities outside the classroom are [18].
According to Basile (2000) [3] and Wilson (1996) [32], environmental
awareness and tendency towards nature are formed in the preschool
period. Environmental awareness instilled at an early age and
environmental science taught enable future generations to have a
positive attitude towards the environment. Environmental education
contributes not only to the formation of nature awareness, but also to
children's ability to question, observe and explore [20].
The use of materials in natural spaces creates natural landscapes for
children to create environmental awareness [26]. For example; In
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natural areas, children need green playgrounds such as trees to climb,
shelter and bushes to hide [30]. In such a case, it is one of the
important tasks of this professional discipline to create the green area
texture in the urban space and to offer it to the user [13]. Again,
Prescott (1987) [24] concluded that interior arrangements of
kindergarten settings are very simple compared to the natural
environment. The amount of active open-green space in urban areas
should be increased with landscape works, and it should be made
available to people and especially children. An important
environmental approach in presenting these opportunities is “Forest
Schools”. Forest schools are an increasing form of education all over
the world. The location and suitability of the place are as important as
the quality of the education to be held in natural areas. In order to
create the natural environment in urban areas and to ensure that the
forest school education process continues in a healthy way, the
equipment should be designed in accordance with children. In urban
planning services, the work of the members of the landscape
architecture profession is important in the task of ensuring
accessibility. Three unique features related to nature are mentioned
in the literature, these are; high diversity is the fact that nature is not
made by man and the impression of timelessness. These concepts
emphasize that the works planned in the urban space should reflect
the naturalness.
In addition, some studies show that the natural, diverse and
adventurous arrangement encourages creative play [33;10;11]. Forest
schools are one of the important open spaces that will enable children
to meet with natural places. These schools are an education model
that has continued since the 1950s. This approach, which was first
seen in Sweden and Denmark, first spread to Scandinavian countries,
then America, Canada, China, Europe and New Zealand [1]. Forest
school is defined as an education program carried out in forest areas,
natural areas such as meadows and pastures [6]. The main reason
behind the interest of this concept, which has spread all over the
world, starting from the Scandinavian countries, is to ensure that
children stay outside for a long period of the year. Thus, many
processes such as making a controlled fire with children, nature
walks, promotion of forest and regional plants, collecting and
processing objects that will be lesson materials, teaching wildlife and
feeding living things in a controlled way, physical development of
children, increase in motor skills, socialization, long outdoor
activities. Many valuable parameters such as immunity being more
developed because of staying for a long time are provided in these
trainings.
In this study, the role of forest schools in natural landscape areas in
order to establish and strengthen the connection of children with the
environment is discussed. A study was carried out on how to adapt
the bond between child, environmental awareness and landscape
architecture to Erzurum, a winter city, by using the term "forest
school". Forest schools have been one of the first studies examined in
Turkey according to the literature research conducted by the
landscape architecture discipline in the field of science.
2.

Material and Method

2.1. Material
The concept of Forest Schools and Erzurum constitute the material of
the study. It has been the primary goal to determine the definition,
functions and criteria of the concept of forest schools. Erzurum
province, which constitutes the main material, has an area of 25,000
km² in the Eastern Anatolia Region. Erzurum, which has a population
of 766,729 people, is 1853 m above the sea. The city, where the
continental climate is clearly felt, is an important cold climate city for
our country. However, the city of Erzurum, located in the eastern
Anatolia region, has been discussed as it contains two different urban
forests and different urban open-green areas. In order to ensure the
sustainability of the study and make it applicable in the field, the city
of Erzurum was considered as a material and the idea of laying the
foundations of the Forest School was born. Erzurum, which is the
Study Area, has become a study area because it contains green areas
with many different statuses (Figure 1).

Figure 1. Erzurum City Location
2.2. Method
The subject of the research has been handled as an original approach
within the Department of Landscape Architecture of Atatürk
University, Faculty of Architecture and Design, based on the idea that
the physical and social structure of children can be improved through
education. Detailed research studies on this subject have been
initiated with the idea of creating a physical space for the people
living in the city and especially for the students who will study at the
Forest School.
The method of the research was planned in 4 different stages. These
stages are;
• First, a large-scale literature review on the subject was made.
• At the next stage, the criteria of forest schools were determined.
• Suitable places and functions for the Forest School system have been
determined for the city of Erzurum.
• At the last stage, it is aimed to build a bridge between the professional
discipline of Landscape Architecture and the term Forest Schools by
considering all literature studies and criteria.
The method consists of 4 different stages. First of all, a large-scale
literature review on the subject was made. In the next stage, the
criteria of forest schools were determined. Suitable places and
functions for the Forest School system have been determined for the
city of Erzurum. In the last stage, it is aimed to build a bridge between
the professional discipline of Landscape Architecture and the term
Forest Schools by considering all literature studies and criteria.
3.

Findings

When the literature and data collection stages of similar studies on
forest schools are examined (Dey (1993), the analysis of the data in this
study includes three interrelated activity streams. These processes
are described in simple terms such as description, classification and
linking.
6 main principles form the basis of the forest school. These principles
were set by the UK Forest Schools community in 2011.
Principle 1: forest school education consists of visits and activities in
the natural environment or forests at different periods. It is a program
in which children actively fulfill the elements of planning, adaptation
and review. A structure should be created in such a way that the
participation density of the students in different seasons of the year
is at least once every 2 weeks, the program should be followed by
trainers and participants.
Principle 2: In order to establish a relationship between children and
nature, the Forest School program carries out its activities in forest
areas. In areas where there is no forest area or where access is
difficult, the green areas, woodlands and woods arranged in the urban
area provide an environment for students to explore and explore.
Principle 3: The forest school aims to develop the social, cognitive,
emotional and spiritual aspects of the participants. Raising selfconfident, creative individuals with freedom of ideas has been
determined as the main goal.
Principle 4: Forest school; It offers students the opportunity to take
calculated risks that are appropriate for the environment and for
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themselves. The forest school is planned according to the individual
characteristics of the students. Tools and fire are used when children
are ready to use them and necessary safety precautions are taken.
Before the forest school program, a risk-benefit analysis is carried out
in cooperation between the instructor and the student.
Principle 5. The forest school is run by qualified forest school
practitioners who develop themselves by working in the field. The
forest school is managed by educators who have at least 3rd level
forest school education. It is expected that the number of instructors
in the environment will be proportional to the number of students
(such as 1 instructor for 7 students). Parents or adults who will assist
the applications are tested whether they are suitable to work with
children and young people before they take part in the forest school
application. Educators must have a first aid training certificate to be
applied in open areas. The forest school administrator is a careful
practitioner who thinks through. She sees herself as a student too.
Principle 6: A set of student-centered processes is used for
development and learning in the forest school. In the forest school, an
individual-centered program is implemented according to the
interests and needs of the students. Pedagogical approach is used
while the trainer prepares an individual-centered program and to
establish an effective communication. Play and choice are essential
parts of the forest school program. For learning and development,
play is vital in forest school. Evaluating their achievements,
developing their emotional intelligence and making a plan for the
future are among the main features of the application. Observations
are very important to the forest school. Individuals associate
experiences with learning and development by observing the
environment and activities.

Figure 3. Little Tree Hugger Forest School

Sotkankoto Kindergarten (Vikki, Helsinki)
The Sotkankoto kindergarten is located in the Vikki area, an ecological
zone in the north of Helsinki. The school is very close to the forest.
The land on which the school is established is a sloping and rough
terrain. The school has a single storey building, in the middle of which
there is a fireplace where a campfire can be lit. The equipment in the
school is made using natural materials and wood. Due to its proximity
to the forest, students are taken to the forest several days a week
(Figure 4).

Forest schools in the world first started to provide education in many
countries such as Scandinavian countries and Germany, England,
Wales, Scotland, Russia, Lebanon, Lithuania and Japan. If we take a
few different examples of Forest School from around the world;

Cedarsong Forest Kindergarten (Vashon, Washington)
The founder of Cedarsong Forest kindergarten, Erin Kenny, came up
with this idea and implemented it while looking for a kindergarten for
her own child's education. It was founded in America, inspired by a
forest school in Germany. The main purpose is for students to
communicate with each other, solve problems together, and have
environmental and nature awareness. The school continues its
education throughout the year, serving 5 days a week (Figure 2).

Figure 4. Sotkankoto Kindergarten Forest school

There are examples of forest schools in our country, if we examine a
few examples;

Istanbul Information Cocoon (Independent Private Kindergarten)
A unique program based on High/Scope (consisting of an active
learning method) is implemented at Istanbul Bilgi Koza School. The
school continues for 2 hours a day in all weather conditions. The basic
principle in the education of the school is to enable students to learn
by tasting, touching and feeling (Figure 5).

Figure 2. Cedarsong Forest Kindergarten Forest School

Little Tree Hugger (Leesburg, Virginia)
Unlike other forest schools, this school provides education in different
languages such as Italian, German and Spanish, in addition to basic
education. The entire school has been designed to introduce a farm
life and includes many farm animals. While children can paint in
their spare time at school, they can spend time with animals. The
school focuses on issues such as less material use and recycling in
order to raise environmental awareness in children (Figure 3).

Figure 5. Istanbul Bilgi Koza Forest School

Mersin Dumlupınar Kindergarten (Independent State Kindergarten)
In Mersin Dumlupınar Kindergarten, which started education in
nature in 2015-2016, "Educational Techniques in Nature" are applied.
Some of the school's instructors have received training on this subject
in Italy and Germany. My school administrators support the idea that
children will learn about life through experiences. Therefore, the
learning by experience model constitutes the basic philosophy of this
school (Figure 6).
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is provided, it is considered appropriate for children to participate in
activities with their parents from time to time.
• Especially in Erzurum and similar cities, where the terrestrial
climate lasts for a long time, in forest areas, plant species with color
and calligraphic effects in winter, landscape spaces and schools will
be able to attract from the outside.
• Ice museum, snow educational activity workshops, etc. places that
will increase the use of winter will be planned within some of the
forest schools.

Figure 6. Mersin Dumlupınar Preschool

• In these areas, children will get to know plants and the natural-raw
material obtained from them with their sense organs, and will include
them in their lives as a part of their skills and development.

In the 21st century, the necessity of approaches emphasizing the
importance of gaining knowledge, which are called out-of-school/outof-class education practices, outdoor education practices, and
education without walls, by doing and experiencing, has become more
evident today (Karadoğan, 2016: 49). The main purpose of these
approaches is to ensure that the potential exists in children and to
enable them to realize their own potential and use it (Şahin, 2016: 126).

• It is assumed that the adaptation of new education paradigms
(student-centered, participatory curriculum development) and
techniques such as distance education will be implemented in the
future, thanks to the implementation of forestry education in forest
schools.

Although the starting point of the concept of "Forest School" was
considered as a traditional adventure education, these areas have
now turned into an international open-air education center based on
remedial policies such as the trust, mutual relationship and freedom
of nature and natural spaces on the individuals of the society.
Therefore, forest schools located in the city or outside the city become
one of the effective and powerful elements of the natural landscape.
The forest schools project to be carried out in Erzurum urban forests,
which was chosen as the study area, especially considering the
climatic similarities of the countries where education began, is a
project that will provide children and families with a year-round
education. seen as an opportunity. It has been determined that
especially the forest areas in the city are rich in biodiversity, the ease
of access to these areas, the fact that their natural resources have not
been destroyed much and that these areas can be forest schools in
terms of compliance with the above-mentioned criteria. Activities
that will turn the difficult conditions into opportunities in these areas
due to the long winter season are also being considered.
Considering the validity and effectiveness of forest schools in the
world, although the main purpose is the development of children, it
will provide indirect and direct contributions to individuals living in
Erzurum on a large scale. Thanks to these schools;
• Children will also have an idea about animal and plant habitats, and
will be able to observe the decay rates of various natural and manmade creatures.

As a result, the education process carried out in the forest helps
children in every way beyond collecting information and makes life
easier for them. These schools contribute to the social, emotional,
spiritual, physical and intellectual development of students (URL-1). It
creates a safe, non-judgmental nurturing environment for students
to try and take risks. In early childhood, children's empathy towards
the natural world should be emphasized, and in early adolescence,
children should be put into social action about the environments in
which they empathize. Sobel, D. (1995). The Forest School inspires a
deep and meaningful connection to the world and an understanding
of how a student fits into the world. Our approach to risk means that
students continually improve their abilities by solving real-world
problems, developing self-belief and resilience. For this reason, Forest
School helps participants become healthy, flexible, creative and
independent learners, and raises individuals who are stronger and
more confident in life, more sensitive to their self and their
environment, and more respectful.
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The objective of this study is to evaluate the feasibility of replacing limestone fines by
biomass ash "wood ash" in the production of a self-compacting concrete (SCC). The ash is used
at percentages ranging from 0%, 3% and 15% to partially replace limestone fines according
to the formulation of Shen (LGC). Experimental studies, such as compressive strength and
flexural tensile strength, are conducted to determine the mechanical properties of selfcompacting concrete in the hardened state. The workability and fresh density of the mix
were also studied. The results show that the use of biomass ash in self-compacting concrete
gives performances as comparable to the reference SCC.

1.

Introduction

Self- compacting concretes (SCC) were initially developed in 1986 by
researchers Okamura, Ozawa and Maekawa at the University of Tokyo
in Japan. These self-compacting concretes (SCC) represent a new
generation of concrete, developed to improve the quality of
construction and also to overcome problems of inadequate
manufacturing [1]. These are innovative concretes that can be used
without vibration because they are characterized by good workability,
great fluidity as well as good homogeneity and efficient rheological
stability. They are therefore suitable for a large number of civil
engineering applications and are especially in demand for the
realization of complex constructions.
However, the formulation of SCC is relatively expensive compared to
ordinary concrete due to their relatively high demand for
superplasticizer and mineral additions. Indeed, to avoid the
segregation of the aggregates, the self-placing concrete must have a
sufficient viscosity which is only allowed by the increase in dosage of
fines and by the addition of chemical additives.
One of the strategies employed in order to overcome the problem of
the cost and the environmental impact of this class of concrete is the
use of other types of additions or to enhance certain waste while
maintaining the characteristics of BAP, such as natural pozzolans,
limestone powder, fly ash and blast furnace slag [2-4].
The use of ash from agricultural waste as an alternative cementitious
addition has been the subject of several studies over the past fifteen
years [5-10], for example, palm wood ash (CBP) and rice husk ash (CER)
[11]. Due to the high silica content, CER becomes pozzolanic and acts
effectively as a cement substitute material (MCS) [12]. Also, CBP has
also shown great potential as a cement substitute material for
concrete technology [13]. Other agricultural waste ash, such as sugar
cane ash (CCS) [14], corn ash (CM) and CB, can be used as a substitute
in cement-based materials [15-16].

biomass and can also be known as an inexhaustible fuel and in this
way it is extremely attractive for large scale biomass ignition plants
[17]. However, there are limitations to using CB as a cement
replacement. Although partial replacement of cement with CB slightly
improves strength, a reduction may occur when more than 20%
replacement is used because CB has a lower silica content than CER
and CBP. Therefore, restrictions are needed to use CB as a replacement
for cement [18]. Therefore, it would be interesting and promising to
widen the range of use of CB as a cement addition by incorporating it
in scc.
Much research has been done on the use of CBP to replace cement in
the production of BAP. Safiuddin et al. [19] were the first pioneers to
conduct research on self-consolidating concrete by adding CBP and
are still the most reliable. However, other respected contributions can
be found nowadays in the literature [20-24].
2.

Material and method

-A CEM I 42.5 from the Ain Kbira-Setif cement plant.
- Ordinary class 3/8 and 8/15 aggregates of a crushed nature.
-A superplasticizer
- Biomass ash containing percentages of lime and silica obtained by
the combustion of pieces of wood. Its specific surface area of Blaine is
greater than that of cement.
2.1. The formulation method used
Formulation methods for self-compacting concrete (SCC) have been
proposed since the 1990s. However, these methods do not meet all
practical needs. The BAP formulation method, proposed by Shen (29)
is based on existing methods, this method is intended to design BAP
in the field of prefabrication and for other fields of civil engineering,
another advantage of this method that it is the easiest to apply.

CB wood ash, for the most part, consists of shattering wood, beds, fiber
sheets, lumber industry deposits, railway ties, arches, etc. it is easy
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2.2. Experimental program
In the experimental program we substituted part of the additions in a
SCC by the biomass ashes with a rate of 3 and 15% with the fixed
parameters are the cement dosage, the water dosage and the adjuvant
dosage.
The tests carried out on the BAP in fresh state are measurement of the
density and the spreading, the tests carried out on BAP in hardened
state are measurement of the resistance in compression and traction
by flexion at the age 28 days.
3.Testing process

Ashe biomass

3.1.Slamp flow:
it is the average of the largest diameter of spread concrete and its
perpendicular diameter.

Figure. 3. Variation of Density as a function of the substitution rate
It is observed that the fresh density increases when the ash volume
fraction increases up (Figure 3).
3.3. Compressive strength

Figure 1. Test of slamp flow

Ashe biomass

Figure 4.Test of compression

Figure 2. Variation of the spread as a function of the
substitution rate
Figure (2) shows the change in the spreading of the concrete as a
function of the ash content replacing the limestone fillers of 0, 3 and
15%. It is noted that the replacement of limestone fillers by biomass
ash results in a decrease in fluidity. But the sag flow diameter is kept
in the range of 670 to 750 mm. These sag flow diameter values are in
class SF2
The decrease in fluidity can be explained by the high need for water
and the increase in SSB in our ash compared to limestone fillers.
3.2. Density fresh
It is observed that the fresh density increases as the ash volume
fraction increases to 15 ash (Figure 3). This increase in density is due
to the ability to fill the voids.

Ashe biomass
Figure. 5. Variation of compressive strength as a function of
substitution rate.
From figure 5 we can see a decrease in the values of the compressive
strength but it remains below 50Mpa.
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3.4. Splitting tensile strength

[5.]

Flexural tensile strength is one of the most important fundamental
properties of concrete. All concretes generally have low tensile
strengths (10% of the compressive strength) and low deformation
capacity [12].

Ban CC, Ramli M, The implementation of wood waste ash as a
partial cement replacement material in the production of
structural grade concrete and mortar: an overview. Resour
Conserv Recycl 55: (2011) 669–85.

[6.]

Figure 6 shows that the control BAP gives the best tensile
performance. This is due to the calcareous nature of the filler which
increases the cohesion.

Rajamma R, Ball RJL, Tarelho AC, Allen G, Labrincha JA, Ferreira
VM, Characterisation and use of biomass fly ash in cement-based
materials. J Hazard Mater 172:(2009)1049–60.

[7.]

Elinwa AU, Ejeh SP, Mamuda AM , Assessing of the fresh concrete
properties of self-compacting concrete containing sawdust ash.
Constr Build Mater 22: (2008) 1178–82.

[8.]

Elinwa AU, Mahmood YA, Ash from timber waste as cement
replacement material. Cem Concr Compos 24: (2002) 219–22.

[9.]

Wang S, Baxter L , Comprehensive study of bio-mass fly ash in
concrete: strength, microscopy, kinetics and durability. J Fuel
Process Technol 88: (2007) 11–2.

[10.] Wang S, Miller A, Llamazos E, Fonseca F, Baxter L , Biomass fly
ash in concrete: mixture proportioning and mechanical
properties. Fuel 87: (2008) 3.

Ashe biomass
Figure 6. Variation of flexural tensile strength as a function of
substitution rate.
4. Conclusion
In this experimental study, biomass ash waste was successfully used
to make self-compacting concrete. The use of biomass ash as a
substitute for cement in self-compacting concrete (SCC) can reduce
the construction cost due to the decrease of cement content and also
helps to solve the environmental and health related problems. From
this study we can conclude:
-The introduction of biomass ash leads to a decrease in flowability.
-The compactness increases with the increase of the ash content.
-The addition of biomass ash leads to a drop in tensile strength.
This work is a preliminary study, it requires other types of tests to
better understand the behavior of BAP based on biomass ash.
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Traffic chaos in weaving areas with merging or diverging bay is a general problem
encountered across the world. There are studies in the literature to find solutions to this
problem and to develop calculation methods. When studies on weaving problems are
examined in Turkey and World, no study has been found to evaluate vehicle movement
types in the weaving areas by considering all vehicle types. Especially, a study is needed to
examine vehicle movement types and suggest new geometries for the solution of the
problem with such an evaluation. In this study, weaving confusion in three different
weaving points in two metropolitan areas and the effect of many different parameters for
the solution of weaving confusion were examined in detail with a diagnostic-based
approach. In the study, total 7 different vehicle movement types were determined and it was
tried to reveal how large the distribution of movement types caused by the confusion in the
weaving areas. It was determined that the most common movement type was Type-1 with
39.2%, and the least common movement type was Type-6 with 3.1%. As a result, depending
on the improvements in the traffic flow with the help of new geometry arrangements in three
different weaving points, traffic safety will increase and complexity in the weaving areas
will reduce on urban roads.

1.Introduction
Weaving confusion in urban traffic is defined as the intersect or
overlap of two or more traffic streams moving in the same direction
along a certain section of the highway due to lane changes on the road
sections (HCM, 2010). According to the literature, weaving area
problems are seen more commonly merging and diverging roads or
intersections with uninterrupted flow. Particularly, the short
distances between the merging and diverging roads can lead to traffic
accidents by not providing the necessary distance so that the vehicles
do not affect each other in case of lane changes for merging and
diverging behaviors. In many countries, there are many problems
related to weaving area complexity on roads that are not made in
accordance with a certain standard or scientific study (Dağlı, 2020).
Especially, a certain standard or scientific findings are not obtained
in the planning and construction of urban road geometries. Therefore,
many merging and diverging problems observed in urban road
network. The most common geometric design problems observed in
urban arterials caused by irregularity in the width and number of
lanes, deficiency or excess in the number of lanes, excessive length or
shortness of the diverging and merging roads, etc. These existing
problems lead to negative behaviors on roads resulted from
indiscipline in lane use, tendency to avoid the queue as much as
possible in case of congestion, fast driving, illegal lane changing,
unsafe overtaking, not obey to the rules, aggressive behavior. All
these negative behaviors of drivers result many accidents in main
arterial roads in cities.
In many countries around the world, traffic chaos in weaving areas
with merging or diverging bay are commonly observed during the
peak hours of traffic due to many different reasons such as driver and
road characteristics, traffic flow demand, weather conditions, etc. All
complexity in traffic flow may create bottleneck and weaving areas,

and cause long queues, unnecessary lane changes, delays and traffic
accidents. Therefore, the main purpose of this research is to examine
and analyze the reasons of weaving area problems in the two selected
pilot cities in Turkey. In this study, weaving area confusion types in
two different regions in two metropolitan cities and the effect of many
different parameters for the solution of weaving confusion were
examined in detail with a diagnostic-based approach in urban roads.
Thus, new geometries were suggested to fix the observed problems
and reasons of the weaving confusion were tried to be determined by
evaluation many different effective parameters.
2.Literature Review
It can be seen from the current literature that weaving confusion
generally observed in road arterials where a diverging lane close to a
merging lane or merging lane connecting to a main arterial road. If
there is not enough distance between the merging lane and the
diverging lane to enable vehicles to change their current lanes
without affecting each other, the weaving chaos are commonly
observed in entry and exit roads of cities. According to the findings
from the previous studies, there are three important parameters
(length, width and type of the weaving area) that affect the operating
characteristics of the weaving area, and they directly affect the
critical lane changing behavior of vehicles (HCM, 2000; HCM, 2010;
Aydin, 2018; Dağlı, 2020). Many studies have been carried out and still
continue to be done in order to model and develop solution proposals
by examining the traffic problems on the road sections where
weaving areas are seen commonly. For example, the first study on this
subject was carried out within the scope of the preparation of HCM
(1950). After this date, many studies have been carried out to develop
the model proposed by HCM (1950) and related studies still continue.
For example, in HCM (1965), a new model is proposed in relation to
weaving area length, total weaving area volume and level of service
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in these road sections. In HCM (2000), a new model is proposed which
is estimated to determine the current or expected level of service (LOS)
by converting vehicle speed to overall density and evaluating
weaving area type and operating characteristic. In their study, Roess
and Ulerio (2009) developed a new model that gave better results in
field tests compared to the model proposed by HCM (2000). Then, the
model proposed by Roess and Ulerio (2009) was further developed in
HCM (2010) as a new method for estimating the level of service based
on the density of the weaving area. According to this newest method
proposed by HCM (2010), the density is determined by evaluating the
average speeds of vehicles during the lane changing behaviors or not
and the current traffic volumes observed in the weaving area.
When the studies on weaving area problems on roads with
merging/diverging in Turkey and the world are examined, no study
found that evaluates all parameters (road geometry and
characteristics, lane change behavior, spot/average speed, traffic flow,
driver/vehicle characteristics, etc.) in the weaving area together. In
particular, it is necessary to propose a model that calculates capacity
and/or service level with such an evaluation, or to develop new
proposals for the solution of the problem in weaving areas and there
is a need for such a study in the literature. Existing literature in
Turkey is examined, the studies mostly reveal the weaving areas form
due to the turns at intersections (Aydemir, 2006; Tanyel and Yayla,
2010; Saplıoğlu and Karaşahin, 2010; Alçelik, 2010; Kaygısız and
Şenbil, 2011) or model complexity in the merging/diverging region
where congestion, shockwave queuing, and irregular lane change or
indiscipline of lane use problems (Ceyhan, 2011; Yaslan, 2012; Demir
vd., 2014; Abuamer vd., 2016).
It is seen from the previous studies on weaving formation are
examined, there are many studies conducted to explain weaving
formation to develop various calculation methods and to find
solutions to this problem. However, when these studies are examined
in detail, it has been determined that there is no study that examines
all weaving area formations and proposes a solution by evaluating
many external parameters, especially road geometry and lane change
behavior. It has also been determined that it is necessary to propose a
model that develop new proposals for the geometric solution of the
problem in weaving areas to solve the above-mentioned problems. In
this direction, the effects on the formation of weaving were examined
by taking into account the road geometry, driver characteristics a
vehicle type. Additionally, many related sub-parameters, and
geometric arrangements and operational improvements were tried to
be made with the findings.

Figure 1. Locations of examined two cities in Turkey.
Steps for the study site selection, data collection and extraction
process can be summarized as given flow chart in Figure 2.

Figure 2. Methodology of the study and determination of sites.
Within the scope of the study, two different points were determined
in an examined region where the weaving problem is seen intensely
in Antalya city. The locations and real site visuals of these two points
are shown in Figure 3.

3.Material and Method
3.1. Study Site Determination
In the scope of the study, the effects on the formation of weaving
confusion were examined by taking into account the road geometry,
traffic flow characteristics, driver characteristics, many related subparameters, and geometric arrangements and operational
improvements were tried to be made using the findings. During the
study site determination, candidate road sections were limited as
follows:

(a)

• Located on the main arterials,
• Divided two lanes with merging and diverging road sections,
• Irregular lane widths,
• Not designed in accordance with certain standards,
• High queue and delay problems caused by the weaving problems.
In the study, two study sites in two pilot cities (Antalya and Trabzon)
were found to be appropriate (Fig. 1).

(b)
Figure 3. Determined weaving areas in Antalya city (a) Point 1 and (b)
Point 2.
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In examined another pilot city (Trabzon city), a point was determined
where the weaving area problem is seen intensely.

Figure 4. Determined weaving area in Trabzon city.
3.2. Data Collection
After determining the urban road sections that have weaving area
problems in the pilot cities, the geometric features (lane width,
platform width, lateral clearance and line width) and characteristic
features (problems observed according to the number of lanes and
merging/diverging types) of the road sections were determined in
detail. The geometric lengths of the determined road sections were
determined by taking the average of five different measurements
made from the same point. From the field measurements, the line
width of the lanes was measured as 15 cm on an average value. The
data obtained regarding the geometric properties of the examined
road sections are given in Table 1.
Table 1. Geometric properties of examined roads.

City

Antalya

Point
No

1

Antalya

2

Trabzon

3

Lane
No

Lane
Width
(m)

1
2
3
4
1
2
3
4
1
2
3

3.00
3.60
3.60
3.80
4.30
3.30
3.30
3.30
3.50
3.40
3.40

Lateral
Clearance
(right–left)
(m)
0.25–0.25

Platform
Width
(m)
14.50

0.25–0.25

14.70

0.15–1.10

11.55

Note: According to the direction of vehicles, Lane no 1 is defined as the right lane.

Site data of three examined points in two different regions in two
different pilot cities were collected considering the traffic flow
characteristics (for 5 different situations from least density to most
density) and weather conditions (rainy and non-rainy). For this
purpose, vehicle movements in the examined regions were recorded
with video cameras on weekdays a during peak hours when the
weather is bright (08:00-09:30 and 17:00-18:30). As mentioned in
previous, in order to examine the effect of weather conditions on
weaving area formation in addition to driver psychology, the days
when the weather was rainy and dry were especially taken into
account and the data were collected accordingly. Thus, a
comprehensive data set was tried to be obtained by taking into
account the driver characteristics, traffic flow characteristics and
weather conditions in different regions of two pilot cities (Fig. 5).

Figure 5. Video recordings and data collection visuals from the study
sites.
3.3. Data Extraction
After video recordings, the recorded videos were transferred to the
computer and then the counts were made with the help of the counter
program. For a detailed analysis of all the activity and the problems
in the selected weaving area regions during the digitization of the
data, all lanes were examined on a lane-based evaluation. The data
given in below have been obtained from video recordings:





Vehicle types and total number of vehicles,
Traffic volume for entry and exit zones (vehicle/hour),
Lane number and width,
Movement types of vehicles,

Obtained data from the video recording for three cities as summarized
in Table 2.
Table 2. Obtained traffic flow data in weaving areas.

Pilot City

No

Location
Weaving
Area Entry

Antalya

1
Weaving
Area Exit
Weaving
Area Entry

Antalya

2
Weaving
Area Exit
Weaving
Area Entry

Trabzon

3
Weaving
Area Exit

Lane
No
1
2
3
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
1
2
3

Total Vehicle
Observation
Number
(vehicle)
4605

4632

4255

4289

1221
1206

Volume
(veh/hr)
1116
1511
1955
1257
313
1246
1815
1051
410
865
1173
497
595
773
1370
276
457
488
319
403
484

4. Data Analysis and Findings
4.1. Vehicle Movement Types in Weaving Areas
The observed vehicle movement types in the weaving areas at three
different points were examined in detail. In analysis, all movement
types caused by weaving forming have been determined by
considering traffic congestion, confusion, irregular lane changing etc.
From the analysis, total seven different movement types observed at
examined three road points as shown in Fig. 6.
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Total seven different vehicle movements that cause weaving chaos in
three different weaving points examined within the scope of the
study. Obtained movement types are summarized in Table 3.
Table 3. Detailed explanation of observed seven different vehicle
movements.
Movement
No
1
2
3
4
5
6
7

Movement Property
Diverging of a vehicle from the exit lane
Diverging of a vehicle from exit lane by changing lanes.
Changing lanes to the right with the intent or effect of
diverging
Changing lanes to the left with the intent or effect of
merging
Changing lanes due to diverging/merging movements
Movement from the entry lane by merging
Move to other lanes by merging from the entry lane

From the data analysis, total seven different vehicle types (Passenger
Car, Minibus, Midibus, Bus, Van, Truck and Lorry) were observed on
the examined road sections within the scope of the study. In order to
facilitate the examinations and the proposal of calculation methods,
these vehicles have been reduced to four different main categories (1Passenger Car, 2-Minibus & Van, 3-Midibus & Bus, 4-Truck & Lorry)
according to their dimensions and characteristics. From the analysis,
the distribution of seven different vehicle movement types, which
cause weaving confusion, were determined and summarized in Table
4 from the detailed examination of the video camera recordings
according to the vehicle type.
Table 4. Observed vehicle movements according to vehicle types.
No

Veh.
Type

1
2
3
4
1
2
2
3
4
1
2
3
3
4
Total (∑)
1

Movement Type
1

2

3

4

5

6

7

99
17
4
1
0
0
0
0
121
14
1
0
257

73
8
0
1
2
1
0
0
1
0
0
0
86

3
1
0
0
41
7
4
0
15
14
0
0
85

21
0
0
1
0
0
0
0
9
11
1
0
43

15
7
1
0
2
3
1
1
9
5
0
0
44

0
0
0
0
17
0
3
0
0
0
0
0
20

0
0
0
0
106
12
0
2
0
0
0
0
120

Total
Veh.
Numb.
211
33
5
3
168
23
8
3
155
44
2
0
655

When Table 4 is examined in detail, it was determined that total 655
vehicles caused weaving forming in examined road points. In the
study, total seven different vehicle movement types were determined
and it was tried to reveal how large the distribution of movement
types caused by the confusion in the weaving areas. When the number
of seven different movement types were examined numerically, it
was determined that the most common movement type was Type-1
with 39.2%, and the least common movement type was Type-6 with
3.1%. It has been determined that the percentage distribution of the
other five different movement types is distributed between the
percentage values of these two movement types.
4.2. New Geometry Design Suggestion
As stated in the aims of the study, new geometric arrangements that
will prevent the formation of weaving have been proposed instead of
irregularity in the examined three points. Since the existing road
geometries are located on the urban road networks and there is no
possibility to go beyond the existing boundaries in terms of geometry.
The suggestions were made by considering the existing geometric
boundaries, number of lanes and lane widths as given Table 5.

Figure 6. Observed seven different vehicle movements in weaving
areas.
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Table 5. Proposed new geometry for the examined road sections.
City

Antalya

Point
No

1

Entry Lane
No
1
2
3
─
─

Antalya

2

1
2
3
Extra Side
Lane 1
Extra Side
Lane 2
1

Trabzon

3

2
3

References

Exit Lane No

Lane Width (m)

[1.]

1
2
3
Extra Side
Lane 1
Extra Side
Lane 2
1
2
3
Extra Side
Lane 1
Extra Side
Lane 2
Extra Side
Lane 1
1
2

3.50
3.50
3.50

Highway Capacity Manual (HCM)., TRB, National Research
Council, Washington, D.C., (2010) 1650p.

[2.]

Highway Capacity Manual (HCM)., TRB, National Research
Council, Washington, D.C., (2000) 1207p.

3.20

[3.]

3.50
3.50
3.50

Highway Capacity Manual (HCM)., TRB, TRB, National Research
Council, Washington, D.C., (1965) 411p.

[4.]

Highway Capacity Manual (HCM)., TRB, National Research
Council, Washington, D.C., (1950) 147p.

[5.]

Dağlı, E., Şehiriçi örülme alanlarindaki geometri problemleri için
optimizasyon tabanli çözüm önerilerinin geliştirilmesi, Yüksek
Lisans Tezi, Gümüşhane Üniversitesi Fen Bilimleri Enstitüsü,
Gümüşhane, 2020 121s.

[6.]

Aydin, M. M., Topal, A. Effects of pavement surface deformations
on lane-changing behaviours. Proceedings of the Institution of
Civil Engineers–Transport 171, 3 (2018) 136-145.

[7.]

Roess, R.P., Ulerio, J.M., Level of service analysis of freeway
weaving segments. Transportation Research Record: Journal of
the Transportation Research Board, 2130 (2009) 25–33.

[8.]

Aydemir, T., Başlangıç-Son matrisinin izmir’deki dönel kavşak
giriş kapasitesi üzerindeki etkisinin belirlenmesi. Yüksek Lisans
Tezi, Dokuz Eylül Üniversitesi Fen Bilimleri Enstitüsü, İzmir,
(2006) 168s.

[9.]

Tanyel, S., Yayla, N., Yuvarlakada kavşakların kapasiteleri
üzerine bir tartışma, Teknik Dergi, 21, 101, (2010) 4935-4958.

3.20

3.20
3.20
4.50
3.20
3.20

5. Conclusions and Suggestions
Increasing traffic safety and flow performance by reducing
complexity in weaving areas is a very important issue for authorities
and researchers. In this study, the road sections with weaving
confusion problems on urban roads in two metropolitan cities of
Turkey with different driver characteristics were examined in detail.
For this purpose, firstly, the traffic flow characteristics in these
regions were examined. When the lane changes made by the drivers
in order to diverge or merge a road section are examined, it is seen
that the drivers mostly move in the lanes close to the merging or
diverging bays. Therefore, it has been determined that drivers mostly
change their lanes for the purpose of diverging or merging from these
lanes. When the data obtained from the recordings made with the
video camera are analyzed quantitatively, it is seen that the majority
of the vehicles that will diverge or merge the most suitable lane just
before the weaving confusion regions. The following results were
obtained from the observations and analyses made in the study:
• Unfortunately, there are geometrical problems that have an effect on
the complexity on the road sections in Turkey with weaving area
complexity. The results obtained for the two metropolitan cities
confirm this judgment for three points in two different regions.
• It has been observed that most of the drivers are in the right lane for
the diverging/merging movement when entering and exiting the
weaving confusion zones, however, a significant number of drivers
triggered the accidents by making a sudden lane change when they
were not in the appropriate lane during the diverging/merging
movement.
It is expected that the researches on the roads, where there is weaving,
will reduce the complexity in the weaving areas on urban roads and
reduce the stress on the drivers. Thus, it will make a significant
contribution to road safety. In addition, such studies will encourage
the authorities in road planning and construction to design and build
roads that do not have geometric indiscipline.
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In order to calibrate the finite element model of existing structures, the structural responses
from environmental vibrations are examined by system identification methods, and mainly
the modal (mode shapes, frequencies, damping rations) parameters of the structure are
determined. However, measurement noise and perturbation must not exceed clear limits in
order to determine the physical parameters. Therefore, structure response measurements
must be made with high precision. In the presented study, the physical (mass, stiffness,
damping matrices) parameters of the structure were determined by examining the response
of the structure from ambient vibrations with system identification methods, acceptable
measurement noise limit issues were mentioned, and the research results were shared in
this direction.

1.Introduction
Operation modal analysis (output-only modal identification
techniques) remains the only technique for parametrical
identification. The main advantage of this method is that no special,
artificial type of excitation has to apply to the structure to determine
its dynamic characteristics. Output -only modal identification
techniques efficiently use with model updating tools to develop
reliable finite element models of structures.
The term system identification as research field in automatic control
was coined by Lutfi Zadeh (1962) [1].
System identification is the process of developing or improving a
mathematical representation of a physical system using
experimental data investigated in Kalman [2,3], Ibrahim [4,5], Bendat
[6], Ljung [7], Juang [8], Van Overschee and De Moor [9] and system
identification applications in civil engineering structures are
presented in works Trifunac [10], Link [11]. Ventura [12], Brincker [13],
Roeck [14,15], Peeters [16], Cunha [17], Wenzel [18], Kasimzade [19].
The finite element model updating techniques using modal
parameters are presented in works [20,21] and was many applications
such as [22-32]
Extracting system physical parameters from identified state space
representation was investigated in references [33-43].
Stochastic parametric system modal and physical parameters
identification approach with taking into account the aliasing problem
for validation of finite element models is presented in references
[44,45,46]. Investigated measurement noise perturbation influences
to the identified system modal and physical parameters. Estimated
measurement noise border, for which identified system parameters
are acceptable for validation of finite element model of examine
system. System identification is realized by observer Kalman filter
and Subspace algorithms. In special case observer gain may be
coincide with the Kalman gain. Stochastic state-space model of the
structure is simulated by Monte –Carlo method.

The issues of high measurement accuracy [28-32] of structure
responses are briefly summarized below so that modal and physical
parameters can be determined.

4.

Extracting modal parameters from identified state space
model

In this research, 14 laboratory specimens in two groups with verified
dent numbers (d2, d4, and d6) and with dents at different depths of t
and 2t are examined. The first group of specimens (seven specimens),
labelled ‘without CFRP’, and the second group, ‘with CFRP’, were loaded
under hydrostatic pressure. Each group contained a perfect model
and a perfect model with an entire surface of CFRP, with the
remaining specimens having a dent with amplitudes of t and 2t (t =
thickness of the cylindrical shell). A perfect model and a perfect model
with entire-surface CFRP were used for control in each group. The
details of the CFRP and epoxy are presented in Table 1, and the details
of the specimens are presented in Table 2 and Fig. 1. The CFRP strip
was calculated with the formula 3bd × (Ld + 2bd), where 3bd is the width
of the CFRP strip, and Ld + 2bd is the length of the CFRP strip (Ld = dent
length, and bd = dent width).
After obtaining discrete time system matrices [A], [B], [C], [D] by the ERA
/ OKID based approach [33-36, 13, 14], and these matrices wore
converted to their continuous time counter parts
𝐴 , 𝐵 , 𝐶 , 𝐷,

(1)

eigenvalues [𝛬] and eigenvectors [𝜓̱] of the continuous time system
matrix
[AC] is calculated as
𝜓̱ , 𝛬

𝑒𝑖𝑔 𝐴

(2)

The transformation matrix [ ] using orthogonality conditions [37] is
obtained as
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𝜏

𝜏
⎡𝜏 ⎤
⎢ ⎥
⎢. . .⎥
⎢𝜏 ⎥
⎣. . .⎦

𝜏

5.

𝜓̱

𝐵 :,𝑖

𝐶 𝑖, :

𝜓̱

(3)

The mode shape [𝜓 : , 𝑟 ] of the r th mode at the sensor locations are
the observed parts of the system eigenvectors [𝜓̱ : , 𝑟 ] of [𝜓̱], given by
the formal equation:
𝜓 :,𝑟

𝐶

𝜓̱ : , 𝑟

(4)

The mode shape [𝜓 ] more detailed calculated by the following Eqs. (58):
a) If there is a sensor at the kth DOF
𝜓 𝑘, :

𝐶 𝑘, :

𝜓̱ 𝜏

(5)

b) If kth DOF is instrumented with either a sensor or actuator
𝜓 𝑘, :

𝜏

𝜓̱

𝐵 :,𝑘

(6)

Extracting modal parameters from identified state space
model

The mass [m], damping [c], stiffness [k] matrices of the finite element
model can be obtained using orthogonality conditions [28] from the
modal parameters as [12-15]
𝑚

𝜓 𝛬 𝜓

𝑐

𝑚 𝜓 𝛬

𝑘

𝜓 𝛬

𝜓 𝜓

(12)
𝜓

𝑚

𝜓

0

(13)
(14)
(15)

The minimum requirement for the above representation is that all
degrees of freedom should contain either a sensor or an actuator, with
at least one co-located sensor-actuator pair. But in general, it is
possible to have more co-located sensors and actuators. These extra
conditions are redundant if the system is noise free. However, in the
presence of noise it might be best to proceed with a least squares
approach to obtain the entries of the matrix 𝜏 .

c) If there is a full set of sensors,
𝜓

𝐶

𝐶

𝜓̱ 𝜏

(7)

6.

Placement of devices and measuring samples results for
benchmark steel bridge

d) If there is a full set of actuators,
𝜏

𝜓

𝜓̱

𝐵

𝑑

(8)

Here 𝐶 , 𝐵 expended to incorporate all the degrees of freedom of
the continuous-time system matrices 𝐶 , 𝐵 ; 𝑑 is an input
influence matrix, characterizing the locations and type of known
are output influence matrices for
inputs 𝑓 𝑡 ; 𝐶 , 𝐶 𝐶
acceleration, velocity, displacement for using sensors (such as
accelerometers, tachometers, strain gages ,etc.,) respectively;
Using eigenvalues 𝛬 from eq. (4, 2) for continuous time system
𝜆
⎡ ⎤
𝜆
⎢ ⎥
⎢. . . ⎥
⎢𝜆 ⎥
⎣. . . ⎦

𝛬

(9)

𝜆

𝑐

𝑐

𝑅𝑒 𝜆

𝜔

𝐼𝑚 𝜆

Figure 1. Demonstration of placement of 3D accelerometers

𝑖𝜔
is the damping factor
is the damped natural frequency

The damping ration 𝜉 of the rth mode is given by
𝜉

(10)

Above obtained system modal parameters 𝜓 , 𝛬 from the inputoutput measurements, theoretically must be satisfies the complex
eigenvalue problem with known physical parameters 𝑚 , 𝑐 , 𝑘 as:
𝜆 𝑚

𝜆 𝑐

𝑘

𝜓

0;

Figure 2. Determination of reference accelerometer

(11)

Here

𝛬

𝜆
𝜓

𝜆
⎡ ⎤
𝜆
⎢ ⎥
⎢. . . ⎥
⎢𝜆 ⎥
⎣. . . ⎦
𝑐

𝑖𝜔 ; 𝑖
𝜓

√ 1

𝜓 ... 𝜓 ...
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Figure 6. 1st floor acceleration response

Figure 3. Accelerometer placed on the steel test structure

Figure 7. 2nd Floor acceleration response

Figure 4. Placing the triaxial accelerometer at the node

Figure 8. 3rd Floor acceleration response
Figure 5. Placing the uniaxial accelerometer at the node

Figure 9. Placing the uniaxial accelerometer at the node
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7.

Placement of devices and measuring samples results for
benchmark steel bridge

Figure 14. Accelerometer placed on the steel test structure

Figure 10. Formation of steel model bridge test structure

Figure 15. Placing the triaxial accelerometer at the node

Figure 11. Finite element model of model steel bridge
Figure 16. Placing the uniaxial accelerometer at the node

Figure 12. Demonstration of placement of 3D accelerometers
Figure 17. Acceleration values from subheadings

Figure 13. Determination of reference accelerometer

Figure 18. Acceleration response from the Heading
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8.

Conclusions

For possibility of definition physical parameters (mass, stiffness,
damping matrices) from the structure response data, the high
measurement accuracy is necessary [28-32], Otherwise for cases
output pollution more than defined limit, algorithm for extracting
physical parameters is not acceptable for applications. For this case
finite element model updating [20, 21] tools are more productive for
verification and validation of numerical model in applications [23-25].

They have no competing financial interests or personal relationships
that appear to affect the work reported in this document.
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In previous studies of the authors the features of examining with the new performance
criterion “increase the number of plastic hinges to be formed in the structure to the number
of theoretical plastic hinges (TPHN) as much as possible and keep the structure below its
targeted performance with relevant design code” have been revealed. With this new
performance criterion, it has been shown that the total lateral load carrying capacity of the
building is higher than the total lateral load carrying capacity obtained with the traditional
performance-based design method in the relevant design code. In this study, are presented
the results of the performance-based design analysis of the structures with frame system on
the light of the Turkish Building Earthquake Code 2019. As a result of the studies carried out
on the basis of this new performance criterion presented, the load bearing capacity of the
structure in the examples of structures with frame system has been shown to increase
compared to the results of the examination with the traditional performance-based design
method.

1.Introduction
The methods used in the design of new buildings in engineering
practice are in a process of fundamental change in many countries.
An important reason for the need for change is that although the
buildings designed according to current codes perform well in terms
of life safety during the last earthquakes, the damage to the
structures, the economic loss due to loss of use and the high repair
cost.
Performance levels, which are the basic components of performancebased design in general, determination of building performance
targets can ensure that the behavior of the existing and newly
designed building during and after the earthquake is within the
expected criteria from the building.
From past to present, codes, regulations and standards have been
developed in the building and construction industry to make
structures less costly and safe. The establishment of the Performance
Based Design (PBD) [1-2] approach in these developed regulations has
been an important factor. PBD is the design that ensures that the
behavior of the structure during and after the earthquake is within
the expected criteria from the structure. Basic information about PBD
against earthquakes is presented in [3] studies, studies on high-rise
buildings [4], and recent developments in this regard in [5-8] studies.
“Performance-based design” is based on choosing a performance
target based on design criteria to increase the structure's resistance
to earthquake impact and designing the structure which is relating
with these goals. In nonlinear analysis on finite elements, plastic
hinge formation was determined by the researchers to be one of the
basic data to distinguish the condition of the structure where greater
potential damage could occur. If the number of plastic hinges in the
structure is increased, the total horizontal load carrying on capacity
of the structure increases.

Theoretically, when the number of plastic hinges (theoretical plastic
hinge number-TPHN) in the structure with frame bearing system
reaches the degree of hyperstaticity of the structure plus one, the
structure will reach the capacity to bear the largest ultimate
horizontal load [9].
As the number of plastic hinges to be formed in the structure
increases towards the number of theoretical plastic hinges (TPHN), the
total horizontal load carrying capacity of the structure increases
proportionally [10].
In previous studies [8] [11], the features of examining with the new
performance criterion “increase the number of plastic hinges to be
formed in the structure to the number of theoretical plastic hinges
(TPHN) as much as possible and keep the structure below its targeted
performance with relevant design code” have been revealed. With this
new performance criterion, it has been shown that the total lateral
load carrying capacity of the building is higher than the total lateral
load carrying capacity obtained with the traditional performancebased design method in the relevant design code.
The aim of the study is to reveal the performance-based design of the
structures in the light of Turkey Building Earthquake Code 2019, the
new performance criteria presented in the studies [8] [11], and to
evaluate the increase in the load bearing capacity of the structure
with relevant examples.
One of the Nonlinear Analysis Methods-Static Pushover Analysis with
Finite Elements [9-10] was preferred in the design and examination
of the structure we took as an example. It is known that Non-Linear
Analysis Methods are very effective in determining the behavior of
the structure at the time of earthquake and are also recommended by
the relevant earthquake design codes.
It is thought that the Performance Based Design (PBD) method in these
developed regulations will achieve even safer and more economical
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results with the new performance criteria presented in their studies
[8] [11].
In this study, the results of the performance-based design analysis of
the structures with frame carrier system in the light of the Turkish
Building Earthquake Code 2019 (Model 1(a), Model 1(b), Model 2 (a),
Model 2(b)) are presented. As a result of the studies carried out on the
basis of this new performance criterion presented, the load bearing
capacity of the structure in the examples of structures with frame
system has been shown to increase compared to the results of the
examination with the traditional performance-based design method.

2.

Analysis stages

2.1. Analysis examples and related input properties
Structural features and other parameters of the building models
named as Model 1(a), Model 1(b), Model 2(a) and Model 2(b) are shown
below.

Figure 2. Model 2(a) and Model 2(b) Building Model

Figure 1. Model 1(a) and Model 1(b) Building Model

Table 3. Column-Beam section details of Model 2(a)
Element

Table 1. Column-Beam section details of Model 1(a)
Dimensions
(m)

Reinforcement

10, 11, 12, 13, 14, 15,

0.5x0.3

9ø16

1, 2, 3, 4, 5, 6, 7, 8, 9

0.4x0.4

8ø16

Element Number

Dimensions (m)

Reinforcement

Beam

0.5x0.5

9ø20

Column

0.6x0.6

8ø20

Table 4. Column-Beam section details of Model 2(b)
Element

Dimensions
(m)

Reinforcement

10, 11,

0.5x0.3

9ø16

Beam
(1-3 floor)
Beam
(4-6 floor)
Beam
(7-10 floor)

12, 13,

0.45x0.3

8ø16

Column

Table 2. Column-Beam section details of Model 1(b)
Element Number

14, 15,
1, 2, 3, 4, 5, 6, 7, 8, 9

0.40x0.3

8ø16

0.46x0.40

12ø16

Dimensions (m)

Reinforcement

0.5x0.5

9ø20

0.5x0.4

9ø18

0.5x0.3

9ø16

0.6x0.45

8ø20
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8.3 Obtained Structure General Information According to o
the TBEC 2019 design code
Table 5. Example Building Model: Model 1(a) and Model 1(b)
Number of Building Floors
Building Floor Height
location of the structure

:3
: 3.25 m
:Samsun/Atakum/Azerbaycan
Street (latitude:41.328680,
Longitude: 36.279106)

Earthquake Ground Motion
Level
Average shear wave
velocity in the upper 30
meters
Modulus of elasticity (E)
Poisson's ratio
Concrete Grade
Reinforcement Class

: 30000 kN/m2
: 0.2
: C25
: S420

Local Ground Grade

: ZC

Earthquake Ground Motion
Level
Short period map spectral
acceleration coefficient
[dimensionless]
Map spectral acceleration
coefficient for a 1.0 second
period [dimensionless]
Local Ground Effect
Coefficient for short period
region
Local Ground Effect
Coefficient for 1.0 second
period
Short period design spectral
acceleration coefficient
[dimensionless]
Design spectral acceleration
coefficient for a 1.0 second
period [dimensionless]
Building Use Class
Building Significance Factor
Earthquake Design Class
Carrier System Behavior
Coefficient

: DD2
: (Vs)30=760 m/s

: DD-2

Figure 3. Plastic hinges formed in the structure (Model 1(a)) as a
result of the analysis

Table 6. Example Building Model: Model 2(a) and Model 1(2)
Number of Building Floors
Building Floor Height

: SS=0.507
location of the structure
: S1=0.179

: FS=1.297

: F1=1.500

: SDS =0.658

: SD1=0.269
: BKS=3
: I=1.0
: DTS=2
: R=8

8.4 Result of Analysis
Model 1(a) Sample Structure Analysis Result:
After analyzing the building model (Model 1(a)) in the software, the
plastic hinges that will occur in the building elements after the
earthquake are shown below. The number of plastic hinges suitable
for the performance levels formed in the structure is shown in Table
7.

Earthquake Ground Motion
Level
Average shear wave
velocity in the upper 30
meters
Modulus of elasticity (E)
Poisson's ratio
Concrete Grade
Reinforcement Class
Local Ground Grade
Earthquake Ground Motion
Level
Short period map spectral
acceleration coefficient
[dimensionless]
Map spectral acceleration
coefficient for a period of
1.0 second [dimensionless
Local Ground Effect
Coefficient for short period
region
Local Ground Effect
Coefficient for 1.0 second
period
Short period design spectral
acceleration coefficient
[dimensionless]
Design spectral acceleration
coefficient for a 1.0 second
period [dimensionless]
Building Use Class
Building Significance Factor
Earthquake Design Class
Carrier System Behavior
Coefficient

: 10
:3m
:Samsun/Atakum/Azerbaycan
Street
(latitude:41.328680, Longitude:
36.279106)
: DD2
: (Vs)30=760 m/s
: 30000 kN/m2
: 0.2
: C30
: S420
: ZC
: DD-2
: SS=0.507

: S1=0.179

: FS=1.297

: F1=1.500

: SDS =0.658

: SD1 =0.269
: BKS =3
: I=1.0
: DTS=2
: R=8
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Table 7. Performance levels of the plastic hinge formed in the
structure (Model 1(a))
Plastic Hinge Performance Levels
B

IO

0

5

LS

CP

C

6

4

0

Total number of
Plastic Hinge
15

As can be seen, as a result of the analysis, a total of 15 plastic hinges
were formed in our structure, 5 of Immediate Occupancy (IO), 6 of Life
Safety (LS) performance Level, 4 of Collapse Prevention (CP)
Performance Level.
50% of the plastic hinge formed in the beams has passed the Limited
Damage Performance Range and 50% has passed the advanced
damage Performance Range to the Internal Force-Strain curve. 14%
of the column elements were formed in the Immediate Occupancy
Performance Range, and 86% in the Evident Damage Performance
Range.

As a result of the examination with the PBD method, a total of 15
plastic hinges were formed, 5 at the target performance LS level, 5 at
the Immediate Occupancy (IO), 6 at the Life Safety (LS) performance
Level, and 4 at the Collapse Prevention (CP) performance level. The
bearing capacity of the structure (Model 1(a)) was obtained as
Vt=180.112 kN.
Model 1(b) Sample Structure Analysis Result:
As a result of the study carried out in accordance with the mentioned
criteria [9], the following results were obtained by reducing the
column cross-sectional area (0.46x0.40 m) and the beam crosssectional area (floor 3 - 0.4x0.3, floor 2 - 0.45x0.30, floor 1 0.5x0.3) by
the building height in the building model and making the appropriate
reinforcement, cover ratios and plastic hinge adjustments. Plastic
hinges formed in the structure are shown in Table 8.

As can be seen from the results, the structure is specified in TBEC2019 Section 15.8:
A) Immediate Occupancy (IO) Performance Level in Buildings:
In reinforced concrete buildings, up to 20% of the total number of
plastic hinges formed in beams can pass to the Evident Damage
Performance Range, but all other load-bearing elements are within
the Immediate Occupancy Performance Range.
B) Life Safety (LS) performance Level in Buildings:
Up to 35% of the total number of plastic hinges formed in the beams
can pass into the Advanced Damage Zone, but all of the carrier
elements are in the Limited Damage Performance Range or Evident
Damage Performance Range

Figure 5. Plastic hinges formed with Life Safety (LS) performance
Level (Model 1(b))
Table 8. Performance levels of the plastic hinge formed in the
structure (Model 1(b))

C) Collapse Prevention (CP) Performance Level in Buildings:
Up to 20% of the total number of plastic hinges formed in the beams
can pass into the Collapse Performance Range. All other carrier
elements are in the Immediate Occupancy Performance Range,
Evident Damage Performance Range, or Advanced Damage Range.
D) Collapse (C) Condition:
If the building meets the Collapse Prevention (CP) Performance Level,
it is in Collapse (C) Status. The use of the building is inconvenient in
terms of life safety.
The Structure provided the C (Collapse Prevention (CP)) status from the
current possible 4 variant (A, B, C, D).
The structure did not meet the "Normal Performance Target - Life
Safety (LS)" performance level determined according to TBEC 2019.
The Pushover Curve window is shown below in the Analysis Result;

Total number of
Plastic Hinge

Plastic Hinge Performance Levels
B

IO

1

0

LS

CP

C

15

0

0

16

As can be seen, as a result of the analysis, a total of 16 plastic hinges
have been formed in our structure, 1 of which is Operational (B), 15 of
at Life Safety (LS) performance level.
All of the plastic hinge formed in the beams to the Force-Strain curve
has passed into the Evident Damage Performance Range. Other
Carrier elements (Columns) consist of 25% Limited Damage
Performance Range and 75% Evident Damage Performance Range.
As can be seen from the results, the structure is specified in TBEC2019 Section 15.8:
A) Immediate Occupancy (IO) Performance Level in Buildings:
In reinforced concrete buildings, up to 20% of the total number of
plastic hinges formed in beams can pass to the Evident Damage
Performance Range, but all other load-bearing elements are within
the Immediate Occupancy Performance Range.
B) Life Safety (LS) performance Level in Buildings:

Figure 4. Base Shear Force in the structure (Model 1(a)) as a result of
the analysis

Up to 35% of the total number of plastic hinges formed in the beams
can pass into the Advanced Damage Zone, but all of the carrier
elements are in the Limited Damage Performance Range or Evident
Damage Performance Range
C) Collapse Prevention (CP) Performance Level in Buildings:
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Up to 20% of the total number of plastic hinges formed in the beams
can pass into the Collapse Performance Range. All other carrier
elements are in the Immediate Occupancy Performance Range,
Evident Damage Performance Range, or Advanced Damage Range.

Table 9. Performance levels of the plastic hinge formed in the
structure (Model 2(a))

D) Collapse (C) Condition:

B

IO

If the building meets the Collapse Prevention (CP) Performance Level,
it is in Collapse (C) Status. The use of the building is inconvenient in
terms of life safety.

1

39

The Structure provided status B (Life Safety (LS)) out of the current
possible 4 variant (A, B, C, D).
The structure has achieved the "Normal Performance Target - Life
Safety (LS)" performance level determined according to TBEC 2019.
The Pushover Curve window is shown below in the Analysis Result;

Total number of
Plastic Hinge

Plastic Hinge Performance Levels
LS

CP

C

24

0

0

64

As a result of the analysis, a total of 64 plastic hinges were formed in
the structure (Model 2a), including 1 Operational (B), 39 Immediate
Occupancy (IO), 24 Life Safety (LS) performance Levels.
37% of the plastic hinge formed in the beams to the Force-Strain curve
passed into the Immediate Occupancy Performance Range, and 63%
into the Evident Damage Zone. All of the Hinge formed in the columns
has formed the Immediate Occupancy Performance Range.
As can be seen from the results, the structure is specified in TBEC2019 Section 15.8:
A) Immediate Occupancy (IO) Performance Level in Buildings:
In reinforced concrete buildings, up to 20% of the total number of
plastic hinges formed in beams can pass to the Evident Damage
Performance Range, but all other load-bearing elements are within
the Immediate Occupancy Performance Range.
B) Life Safety (LS) performance Level in Buildings:

Figure 6. Base Shear Force in the structure (Model 1(b)) as a result of
the analysis

Up to 35% of the total number of plastic hinges formed in the beams
can pass into the Advanced Damage Zone, but all of the carrier
elements are in the Limited Damage Performance Range or Evident
Damage Performance Range
C) Collapse Prevention (CP) Performance Level in Buildings:

As a result of the analysis with the PBD method, a total of 16 plastic
hinges were formed, 1 at the target performance LS level, 1 at the
Operational (B), 12 at the Life Safety (LS) performance Level, and 3 at
the Collapse Prevention (CP) performance level. Structure (Model 1(b))
Carrying capacity was obtained as Vt=188.176 kN.
Model 2(a) Sample Structure Analysis Result:
The number of plastic hinges suitable for the performance levels
formed in the structure is shown in Table 9.

Up to 20% of the total number of plastic hinges formed in the beams
can pass into the Collapse Performance Range. All other carrier
elements are in the Immediate Occupancy Performance Range,
Evident Damage Performance Range, or Advanced Damage Range.
D) Collapse (C) Condition:
If the building meets the Collapse Prevention (CP) Performance Level,
it is in Collapse (C) Status. The use of the building is inconvenient in
terms of life safety.
The Structure Provided B (Life Safety (LS)) status out of 4 possible (A, B,
C, D) status.
The structure has achieved the "Normal Performance Target - Life
Safety (LS)" performance level determined according to TBEC 2019.
The Pushover Curve window is shown below in the Analysis Result;

Figure 7. Plastic hinges formed with Life Safety (LS) performance
Level (Model 2(a))

Figure 8. Base Shear Force on the structure (Model 2(a)) as a result of
the analysis
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As can be seen, as a result of the examination of the sample structure
with the PBD method in line with the regulation, the bearing capacity
of the structure was obtained as Vt=941.823 kN.

D) Collapse (C) Condition:

Model 2(b) Sample Structure Analysis Result:

The structure provided status B (Life Safety (LS)) out of possible 4
variant (A, B, C, D).

The number of plastic hinges suitable for the performance levels
formed in the structure is shown in Table 10.

If the building meets the Collapse Prevention (CP) Performance Level,
it is in Collapse (C) Status. The use of the building is inconvenient in
terms of life safety.

The structure has achieved the "Normal Performance Target - Life
Safety (LS)" performance level determined according to TBEC 2019.
The Pushover Curve window is shown below in the Analysis Result;

Figure 9. Plastic hinges formed in the structure (Model 2b) as a result
of the analysis

Figure 10. Base Shear Force in the structure (Model 2(b)) as a result of
the analysis

Table 10. Performance levels of the plastic hinge formed in the
structure (Model 2(b))

As can be seen, the bearing capacity of the structure (Model 2(b)) was
obtained as Vt=1029.436 kN as a result of the examination with the
PBD method in line with the regulation.

Total number of
Plastic Hinge

Plastic Hinge Performance Levels
B
0

IO
21

LS

CP

C

64

0

0

85

As can be seen, as a result of the analysis, a total of 85 plastic hinges
have been formed in our structure, 21 of Immediate Occupancy (IO)
and 64 of Life Safety (LS) performance Level.
In the Force-Strain curve, 20% of the plastic hinge formed in the
beams has passed into the Immediate Occupancy Performance Range,
and 80% has passed into the Evident Damage Zone. All of the Hinge
formed in the columns has formed the Immediate Occupancy
Performance Range.
As can be seen from the results, the structure is specified in TBEC2019 Section 15.8:
A) Immediate Occupancy (IO) Performance Level in Buildings:
In reinforced concrete buildings, up to 20% of the total number of
plastic hinges formed in beams can pass to the Evident Damage
Performance Range, but all other load-bearing elements are within
the Immediate Occupancy Performance Range.

9.

Conclusions and discussion

Model 1(a)
As can be seen, as a result of the Performance Based Analysis in line
with TBEC 2019 in the Model 1(a) sample building model, the target
performance is 5 Immediate Occupancy (IO), 6 Life Safety (LS)
performance Level, 4 Collapse Prevention (CP) performance at LS level.
A total of 15 plastic hinges were formed.
The Sample Construction Model provided the C (Collapse Prevention
(CP)) status out of the current 4 (A, B, C, D).
The Sample Construction Model did not provide the "Normal
Performance Target - Life Safety (LS)" performance level determined
according to TBEC 2019.
At this time, the bearing capacity of the structure was obtained as
Vt=180.112 kN.

Model 1(b)

B) Life Safety (LS) performance Level in Buildings:

In Model 1(b) exemplary building model, studies were carried out to
achieve the target performance LS level as a result of the Performance
Based Analysis in line with TBEC 2019.

Up to 35% of the total number of plastic hinges formed in the beams
can pass into the Advanced Damage Zone, but all of the carrier
elements are in the Limited Damage Performance Range or Evident
Damage Performance Range

At this time, a total of 16 plastic hinges with 1 Operational (B), 15 Life
Safety (LS) performance levels were formed.

C) Collapse Prevention (CP) Performance Level in Buildings:
Up to 20% of the total number of plastic hinges formed in the beams
can pass into the Collapse Performance Range. All other carrier
elements are in the Immediate Occupancy Performance Range,
Evident Damage Performance Range, or Advanced Damage Range.

Example Construction Model Provided the B (Life Safety (LS)) status
from the current possible 4 variant (A, B, C, D).
It has achieved the "Normal Performance Target - Life Safety (LS)"
performance level determined according to TBEC 2019.
At this time, the bearing capacity of the structure increased by 4.3%
and was obtained as Vt=188.176 kN.
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Model 2(a)
In the model 2 (a) building example, in line with TBEC 2019, a total of
64 plastic hinges were formed, with 1 Operational (B), 39 Immediate
Occupancy (IO), 24 Life Safety (LS) performance Levels, at the target
performance LS level.
The Example Building Model provided status B (Life Safety (LS)) out of
possible 4 variant (A, B, C, D).
The structure has achieved the "Normal Performance Target - Life
Safety (LS)" performance level determined according to TBEC 2019.

[3].

Naeim, F., Bhatia, R., & Lobo, M. (2001). Performance Based
Seismic Engineering. The seismic design handbook, New York:
Kluwer Academic Publishers, 757-792.
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Naeim, F. (2010). Performance Based Seismic Design of Tall
Structures. Earthquake Engineering in Europe.

[5].

Choudhury, S., & Singh, S. (2013). Unified Approach to
Performance-Based Design of RC Frame Structures. Inst. Eng.
India Ser. A 94, 78-82.
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Zameruddin, M., and Zangle, K. (2016). Review on Recent
developments in the performance based seismic design of
reinforced concrete structures. Structures 6, 119-133.
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seismic design method for structures with structural fuse
system. Engineering Structures, 745-760.
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Novel Approach on Performance-Based Aseismic Design Based
on FEMA Requirements. International Journal of Trend in
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Kasımzade, A. (2018). Finite Element Method: Foundation and
Application to Structural Analysis (is included education and
finite element analysis programs CD), Nobel Publication, Third
edition, 2018, p. 848

At this time, the bearing capacity of the structure was obtained as
Vt=941.823 kN.

Model 2(b)
In Model 2 (b) model, the performance-based design in the light of
Turkey Building Earthquake Code 2019, [8-11] studies were carried out
in line with the new performance criterion “increase the number of
plastic hinges to be formed in the structure to the number of
theoretical plastic hinges (TPMS) as much as possible and keep the
structure below its targeted performance with regulation”.
At this time, a total of 85 plastic hinges were formed, 21 of Immediate
Occupancy (IO), 64 Life Safety (LS) performance levels.
The Example Building Model provided status B (Life Safety (LS)) out of
possible 4 variant (A, B, C, D).
It has achieved the "Normal Performance Target - Life Safety (LS)"
performance level determined according to TBEC 2019.
At this time, the bearing capacity of the structure increased by 8.6%
and was obtained as Vt=1029.436 kN.
Discussion
Model 2(a) and Model 2(b) As it can be seen from the analysis results,
with the addition of "increase the number of plastic hinges to be
formed in the structure to the number of theoretical plastic hinges
(TPMS) as much as possible and keep the structure below its targeted
performance with regulation" new design criteria [8-9] [11] presented
for Performance Based Design (PBD), the performance based design
result higher load carrying capacity of the structure and a more
economical and lightweight design have been achieved.
These results intensify the studies on the design of sample structures
with the new PTD criterion presented, and it is thought that a safer
and lighter structure design will be achieved by adding this criterion
to the relevant regulations.

[10]. Kasımzade, A. (1999). Peculiarities Apply Finite Elements Method
to the Plastic Analyse. 4th International Fracture Mechanics
Conference, Ytu.
[11]. Kasımzade, A., Nematli, E., Mammadzada, V., & Atmaca , G. (2020).
New Design Criteria in Performance Based Earthquake
Engineering. International Journal of Trend in Scientific
Research and Development (IJTSRD).
[12]. Kasımzade, A., Safak, E., Ventura, E., Naeim, F., & Mukai, Y. (2018).
Seismic Isolation, Structural Health Monitoring, and
Performance Based Seismic Design in Earthquake Engineering.
Recent Developments, Springer Publish, 364.
[13]. International Structure Code (IBC) 2018, International
Conference of Structure Officials, Vol. 2, Structural Engineering
Design Provisions, Whittier, CA
[14]. AFAD. (2018). Turkey active Earthquake Maps Inter Web
Application. Taken from Turkey Earthquake Maps.

It is thought that this study will be useful for scientists who work in
line with theoretical studies with the finite element method and for
engineers who are interested in Performance Based Design of
structures.
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In this study, the effects of vertical ground motion on the seismic responses of historical
masonry structures are numerically investigated. To this aim, a historical mosque subjected
to the 2011 Van Earthquakes and their aftershocks is considered. These seismic actions
caused devastating damages to the minaret, the main dome covering the prayer place, and
the porch sections of this mosque. The seismic behavior and structural responses of the
mosque are evaluated by using linear time-history analyses. The ground motions recorded
Van Earthquakes (23 October 2011 (MW=7.1) and 09 November 2011 (MW=5.7)) are used.
Analyses of the mosque are conducted considering both only horizontal components and all
components of the earthquakes. The displacements, absolute accelerations, and tensile
stresses are handled as comparison parameters. As a result, it can be clearly seen that the
vertical components of 2011 Van Earthquakes significantly modify the seismic behavior and
structural responses of the inspected structure.

1.Introduction
Structures are simultaneously exposed to three-dimensional ground
motion effects during an earthquake phenomenon because the
earthquake motion is multi-axial. In the design and analysis of these
structures, two horizontal components of the earthquakes are
generally taken into account and their vertical components are
ignored. Therefore, it can be clearly seen that the horizontal ground
motions have been inclusively investigated by the researchers
compared to the vertical ground motions. However, the vertical
ground motions recorded in the past earthquakes such as 1994
Northridge in USA, 1995 Kobe in Japan, 2011 Christchurch in New
Zealand led to extraordinary structural responses, damages, and
failure mechanisms in structures [1-3].
Transferring historical structures to the next generations is among
the essential challenges of modern societies, due to their
contributions to both cultural and economic developments. Historical
structures are exposed to several environmental and operational
actions during their service life. Earthquakes are one of the most
important of these actions that can lead to historical heritage losses.
Historical structures have a high seismic vulnerability due to several
reasons such as design philosophy, structural materials characterized
by insufficient tensile strength, etc. In recent years, many studies
have been conducted to evaluate the seismic behaviors and
earthquake-induced damages of historical structures [4-12]. On the
other hand, several studies have been performed to investigate the
vertical ground motion effects on the seismic performances and
responses of historical structures. Casolo (1998); Casolo et al (2017) [13,
14] emphasized significant influences of vertical ground motions for
masonry towers. Bayraktar et al. (2018) [15] stated that the vertical
components of earthquakes affect the damage distributions on
historical masonry minarets. Chieffo et al. (2020) [16] revealed that
vertical ground motions remarkably change the seismic behavior of
the masonry building.

In this study, the effects of vertical ground motions on the seismic
performances and damages of historical masonry structures are
handled using linear time-history analysis results. For this aim, the
numerical model of a historical masonry mosque damaged in Van
Earthquakes (23 October 2011 and 09 November 2011 earthquakes) is
constituted in the SAP2000 program [17]. The analyses are performed
utilizing the horizontal and vertical ground motions recorded in the
2011 Van Earthquakes. Two different scenarios are considered to
reveal the vertical ground motions effects. To determine the seismic
response of the inspected structure, analyzes are carried out
considering horizontal components in the first scenario, while the
second one three components of the earthquakes are simultaneously
used.
2.

Numerical Application

2.1. Kaya Çelebi Mosque
Kaya Çelebi Mosque is located in the Ortakapı district of Van province,
Turkey. Its construction was started by Kaya Çelebizade Koçi Bey in
1660 and it was completed by Cem Dedeoğlu Mehmet Bey in 1663 [18].
The mosque, which consists of two parts as prayer place and porch,
has a square plan with 16.20×16.20m. The prayer place is covered by
a main dome with a radius of 7.5m. It also has walls with a thickness
of 1.8m, and eight arches supporting the main dome. The porch
consists of small domes, columns, arches, and stretchers. In the Van
Earthquake on 23 October 2011, the cone part of the minaret was
collapsed. In the second earthquake on 09 November 2011,
devastating damages occurred in the main dome covering the prayer
place and in the porch section of the mosque. It was also observed in
conditions such as material deformations and environmental
deterioration that could affect the structural integrity. A photograph
of the restored mosque is given in Fig. 1. Fig. 2 presents a photograph
of damages and deteriorations in the mosque due to the 2011 Van
Earthquakes.
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Figure 1. Kaya Çelebi Mosque [19]

Figure 3. FE model of the Kaya Çelebi Mosque
The seismic responses and behavior of the Kaya Çelebi Mosque are
evaluated using linear time-history analysis results. Therefore, linear
material properties are considered. The selected material properties
elasticity modulus (E), Poisson ratio ( ), density ( ) are briefed in
Table 1 [19-22].
Table 1. Material properties

Figure 2. Damaged mosque after 2011 Van Earthquakes [19]

2.2. Numerical Modelling of the Mosque
The Finite Element (FE) model of the selected historical masonry
mosque is created with the SAP2000 program considering general
information, dimensions, structural material characteristics which
are determined according to restoration projects and art history
reports. The macro-modeling method is adopted during creating the
numerical model of the mosque. In this study, the columns, steel
stretchers, arches are modeled using beam elements, whereas shell
elements with four nodes are preferred to represent domes, peripheral
walls. The FE model of the mosque has 29567 nodes, 270 beam
elements, and 27123 shell elements. Fig. 3 represents the FE model of
the Kaya Çelebi Mosque.

Structural
Part
Main Dome
Arches
Walls
Domes
Columns
Stretchers

Material
Brick
Cut Stone
Artless Stone
Cut Stone
Marble
Steel

E
(MPa)
1.20×103
1.60×103
4.50×102
1.60×103
3.50×104
2.00×105

υ
(-)
0.200
0.200
0.200
0.200
0.316
0.300

(kg/m3)
2400
2000
2400
2000
2690
7850

The dynamic analyses of the mosque are performed using horizontal
and vertical components of the 2011 Van Earthquakes. The
acceleration time-history graphs of Van Earthquakes are plotted in
Fig. 4. In the analyses, the damping ratio is considered as %5. In order
to accurately predict the dynamic behavior of the mosque, the first
150 modes are also considered.
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3.1. Displacements
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Figure 4. The acceleration time-history graphs of Van Earthquakes
Results and discussions

In this section, structural responses are comparatively investigated.
Displacements and absolute accelerations are obtained using
earthquake loads, whereas stresses are calculated by combining dead
loads and earthquake loads. Since the mosque has a square plan,
similar structural responses are obtained in both orthogonal
directions. Therefore, graphs and comparisons are presented for a
single horizontal direction in addition to the vertical direction.
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As a result of the linear time-history analyses of the mosque, timehistories of displacements at the dome center and displacement
contour diagrams are presented in Figs. 5-7. The displacements in the
orthogonal direction which are estimated using only horizontal
component and combined horizontal and vertical components are
8.059mm and 8.055mm for the first earthquake and 9.740mm and
9.795mm for the second earthquake, respectively. In the vertical
direction, these displacements obtained with and without vertical
components of earthquakes are determined as 0.145mm and 1.233mm
for the first earthquake and 0.124mm and 2.236mm for the second
earthquake, respectively (Fig. 5).
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Figure 5. The time-history of dome displacements for orthogonal and
vertical directions of mosque
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As can be clearly seen in Fig. 5-7, the displacements in the vertical
directions of the inspected mosque are significantly influenced
although these values in orthogonal direction are constrictedly
affected by vertical ground motions.
3.2. Accelerations
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The absolute acceleration is a significant parameter in terms of
earthquake forces applied to structural and non-structural elements.
These accelerations at the main dome center, where the highest
structural responses are generally obtained, are examined. The
maximum absolute accelerations are given in Fig. 8. The maximum
accelerations in the orthogonal direction which are determined using
only horizontal component and combined horizontal and vertical
components are 4.473m/s2 and 4.491m/s2 for the first earthquake and
5.489m/s2 and 5.810m/s2 for the second earthquake. In the vertical
direction, these accelerations obtained with and without vertical
components of earthquakes are determined as 0.126m/s2 and
1.933m/s2 for the first earthquake and 0.333m/s2 and 3.563m/s2 for the
second earthquake, respectively (Fig. 8). It can be observed that
vertical ground motions increase the absolute accelerations of the
main dome.
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Figure 6. The displacement contour diagrams in the orthogonal
direction of the mosque (units in mm)
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Figure 8. The maximum absolute accelerations obtained from main
dome for orthogonal and vertical directions
3.3. Stresses

a. 23 October 2011 Earthquake

The tensile stress diagrams of the main dome collapsed during the
2011 Van Earthquakes are plotted in Fig. 9. Measuring points are
chosen to compare the tensile stresses in the dome. The tensile
stresses of the measuring points which are estimated using only
horizontal components are 1.139MPa and 0.800MPa for the first
earthquake and 1.527MPa and 0.796MPa for the second earthquake.
These values calculated using three earthquake components are
determined as 1.189MPa and 0.838MPa for the first earthquake and
1.726MPa and 0.924MPa for the second earthquake.
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Figure 7. The displacement contour diagrams in the vertical
direction of the mosque (units in mm)
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This study attempts to develop the accurate fire-driven flow beneath the historical arch
bridge to obtain the fire-related variables and specifications such as gas temperature and
smoke and flame behavior. Simulation of temporal fire behavior is mainly performed using
Fire Dynamic Simulator (FDS) based programs that use computational fluid dynamics (CFD).
In this regard, this study finds the accurate fire temperature values for a case study
historical arch bridge, Golcegiz stone arch bridge is located in Tokat, Turkey. The length and
width of the bridge are 26.65m and 5.35m respectively. The fire simulation has been done
concerning two different scenarios: 1) the fire is located close to the bottom-right side of the
bridge 2) the fire is located in the midpoint below the bridge. The analysis result shows the
maximum applied fire load is related to Scenario 1 with a maximum value of 603°C. The
values obtained from surface temperature measurements can be used in the finite element
software to perform the thermal-structural analysis of this bridge.

1.Introduction
Arch structures are considered as one the most popular structural
forms in the ancient constructure and have been used in various
types of infrastructures such as bridges and tunnels. Among these
structures, masonry arch bridges play a major role in the worldwide
heritage culture. Masonry arch bridges were mostly built before the
20th century and have endured different types of loading ever since.
however, many of these bridges were not designed to bear some of
these external actions and therefore experienced major damages
after being exposed to these man-made or natural disasters. So, it is
crucial to identify the real capacity of these structures and take the
required retrofitting actions.
In this context, elevated temperature as one of the most important
external loads might happen to these structures which need to be
considered during structural health assessment of these structures.
So, it is vital to evaluate the structural performance of these
structures in the event of fire.

Later, numerical analysis methods such as finite element modeling
can be used to evaluate the thermal-structural behavior of these
bridges and take the required retrofitting actions.

2.

Case study

Golcegiz stone arch bridge is located in Tokat city of Turkey. The
bridge is 26.65 m long and 5.35 m in width (Fig. 1). Here, to study the
effects of fire on the bridge, it is required to precisely simulate the fire
according to the hazardous material which might cause the fire, and
the specific scenarios to obtain the transient temperature that is
acting on the bridge. In this regard, this study has selected gasoline
as one of the commonly used hazardous materials with a very low
flash point that will support the combustion process. It is assumed
that the fire is started under the bridge arch considering two
scenarios, one scenario the fire is close to bottom-right side of the
bridge, and the second scenario considers the fire to be located in the
middle point under the bridge arch.

As bridge fire has complex behavior, the structural fire event needs to
be accurately simulated to have a better understanding of the fire size
and behavior. Simulation of bridge fire in the literature is mainly
performed using Fire Dynamic Simulator (FDS) software [1-4]. The use
of this simulation software has been validated in the experimental
and numerical study conducted by Moya et al. [5, 6].
However, there have found no study on simulation of fire effect on
historical masonry arch bridges. Elevated temperature and fire can
induce severe damages to these structures. Therefore, the present
study used a case study of Golcegiz bridge, as one of the historical
masonry arch bridges in Turkey, to simulate the fire events on
masonry arch bridges.
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2.1.2. Fire characteristics
To simulate the fire load, a square burner surface of 0.75 m has been
created. To simulate the desired fire load, it is important to specify the
main parameters of flame such as heat release rate (HRR). The HRR of
fire is to be calculated based on Eq. 2 which is provided in SFPE
handbook of fire protection [7]:
Q = 𝑚"∆𝐻

1

,

𝑒

𝐴

(2)

Where Q is defined as HRR (kW), m” is mass burning rate of the fuel
per surface area (kg/m2sec), ∆Hc,eff is the effective heat of combustion
related to the used fuel (kJ/kg), Adike is the area of the pool fire (m2), k
is empirical constant (1/m), and D is defined as diameter of pool fire
which is involved in the vaporization process (m).
Here, the values of ∆Hc,eff = 43700 (kJ/kg) and k = 2.1 m-1 related to
gasoline have been obtained from the SFPE handbook. The mass loss
rate and pool fire diameters can be obtained using Eq. 3 and 4.

Figure 1. Golcegiz stone arch bridge
2.1. Fire simulation

𝑚"

To simulate the fire-driven flow, the graphical user interface of FDS,
Pyrosim, is used. The development of FDS software has been done by
the National Institute of Standard and Technology (NIST) which is
based on Large Eddy Simulation (LES) and can help to estimate and
predict the fire characteristics which are required in bridge fire
analysis. The fire simulation in Pyrosim is as followed:
1.
2.
3.

Creating the geometry of the model and boundary
conditions,
Create the geometry for the fire load and defining the
combustion characteristics,
Defining the temperature detector sensors.

𝑚"

1

𝑒

(3)

D= √

(4)

The parameters used to define the gasoline burning surface are
detailed in Table 1.
Table 1. Fire parameters
𝐴
(m2)

D
(m)


(kg/cm3)

𝑚"
(kg/m2sec)

Q
(kW)

0.5625

0.846

740

0.046

1123.6

2.1.1. Geometry
As the first step of the fire simulation, the geometry of the bridge has
been created in the Pyrosim. The geometry of the modeled bridge is
shown in Fig. 2.

The simulation has been performed with respect to t2 fire model where
there is no decay stage. In this analysis, fire reaches its peak after 78
seconds and continues with its maximum value for the rest of
combustion duration. The simulation has been performed for total fire
duration of 20 minutes.
2.1.3. Temperature measurement sensors
To record the temperature evolution in vertical direction 9-11
thermocouples have been placed above the fire source (Fig. 3). To
measure the surface temperature, a total of 96 solid-phase devices
were placed across the bridge arch. The output values from these
surfaces can be used for later finite element modeling and performing
thermal-structural analysis.

Figure 2. Details of test model
As the fire condition involves high temperatures, the heat transfer
will not be dominated by convection and is mainly done through
radiation. The arch surface was designed as adiabatic surface, which
can be used in transferring the thermal boundary associated with
simulated fire model to destination finite element software in future
studies. Here, the assumption is to perform the analysis over an ideal
adiabatic surface, whereby its wall temperature is automatically
calculated by the program. The default adiabatic surface is configured
with total net convective and radiative heat flux as zero (Eq. 1). So, the
net heat flux to the surface can be calculated using the temperature
measurement from the adiabatic surface.
𝜀

𝑞"

𝜎𝑇

ℎ

.

𝑇

𝑇

0

(1)
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(a) Scenario 1

(a) Scenario 1

(b) Scenario 2
Figure 3. Localized fire scenarios

3.

Results

Maximum and average temperature values obtained from vertical
thermocouples are presented in Table 2. As it is detailed in the table,
the maximum recorded gas temperature is related to scenario a, while
in scenario b gas temperature is decreasing at a lower rate.
Also, the maximum surface temperature value of 603°C has been
obtained which is related to scenario a where the fire is located close
to the side of the bridge, while the maximum surface temperature
related to scenario b is 147°C.
The development of fire and smoke associate with each scenario is
illustrated in Fig. 4.

Table 2. Maximum and average temperatures recorded from vertical
thermocouples
Location
of
thermocouple
(m)

Scenario 1

Scenario 2

Max.
Temp.
(°C)

Average
Temp.
(°C)

Max.
Temp.
(°C)

Average
Temp.
(°C)

0.5

906

826

880

810

1.0

816

672

861

713

1.5

722

572

813

672

2.0

493

361

596

406

2.5

383

275

479

310

3.0

341

244

431

274

3.5

261

185

320

199

4.0

233

168

265

169

4.7

215

165

227

148

5.7

-

-

176

120

6.7

-

-

149

118

(b) Scenario 2
Figure 4. Fire and smoke development

4.

Conclusion

This paper studied the development of fire under Golcegiz stone arch
bridge using FDS based program. The fire simulation has been
performed considering two different scenarios and it was observed
that in the first scenario where the fire is close to the side of the bridge,
fire load has higher impact on the bridge comparing to the second
scenario where the fire is located in the midpoint under the bridge
arch. As it is well-known, this elevated temperature might affect the
material properties of the bridge components and results in
deterioration of adhesiveness between stone and mortar. So, it can
cause damages to the bridge. Therefore, it is required to use the
obtained temperature values from this study, to perform thermalstructural analysis and evaluate the damage level and take the
required retrofitting actions.
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Experimental modal testing is a widely used non-destructive method for experimental
evaluation of dynamic characteristics of all engineering structures and it is used in damage
detection and structural health monitoring in operational conditions. In this method, sensor
devices are placed on special coordinate points of structures. In order to get good correlation
in measurement, many sensors are required for structural identification and long-term
structural health monitoring in large structures so the costs of measurement will increase.
Therefore, minimum number of sensors should be placed on appropriate locations on the
system during experimental modal measurements to ensure both the information with
sufficient quality and the cost reduction. The aim of this study is to perform experimental
investigation of laminated composite beam with through an optimal sensor placement
approach. The study shows that there is a good agreement between the natural frequencies
and mode shapes obtained from the initial measurements and those by using the limited
number of sensors.

1.Introduction
Structures, which is basic needs of humanity since ancient times, has
also been influenced by different cultures and has undergone various
changes over time in parallel with the development of technology and
materials. The static and dynamic analysis of structures, which can
be designed in many different categories such as arch, beam, truss,
cantilever, suspended and cable, can be easily performed using
computer-aided methods. The security of these structures against
earthquakes or other dynamic effects can be determined with various
programs, especially prepared using the Finite Element Method. For
this reason, the structural behavior and structural health of such
important engineering structures, which cause great material and
moral damage when they are damaged and collapsed, should be
continuously monitored, and if deemed necessary, emergency
warning systems should be activated.
During the experimental studies, sensors such as accelerometer,
strain, LVDT etc. should be placed on special coordinate points of
structures using finite element analysis results. The quality of
vibration signals and clarity of peak points to extract the natural
frequencies, mode shape and damping ratio depend on the number
and location of the sensors [1- 2]. Furthermore, high measurement
costs are required for structural identification and long-term
structural health monitoring especially in large structures because of
the necessity of using high sensor number. To obtain dynamic
characteristics with sufficient accuracy, and measurement costs are
effectively reduced during the tests for structural identification and
damage detection, optimal sensor placement (OSP) should be regarded
to ensure.
OSP was firstly used in NASA to identification of space structures [3].
There are many methods in the literature about OSP such as Effective
Independence Method [3], Optimal and Non-Optimal Driving Point
Methods [4], Effective Independence Driving Point Residue Method [5],

Sensor Set Expansion Technique [6], and so on. In the literature, OSP
problem was handled in many structures such as bridges [7], historical
structures [8], stadiums [9], dams [10], buildings etc. [11]. There are
many subjects that have been examined experimentally and
numerically.
Because it has been found a few studies on OSP for composite
structures, within the scope of this paper, a laminated composite
cantilever beam investigates the effect of sensor locations on the
dynamic characteristics. Experimental studies are performed on a
laminated composite beam in laboratory and the results has been
investigated.

2. Laminated Composite Cantilever Beam
2.1. Experimental Setup and Measurements
The laminated composite cantilever beam has a rectangular crosssection of 80 mm x 8 mm with 1000 mm total length. The geometric
properties of the selected composite beam are given by Fig. 1.

Figure 1. Laminated composite cantilever beam
Ambient vibration tests are performed during 20 minutes for
composite beam. The frequency spans are selected between 0 and 128
Hz for the composite beam, FFT analyzers and Multi-buffer are
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selected as 800 lines / 100 averages, 50 size / 500m. After signal
processing, the experimental dynamic characteristics are identified
using the Enhanced Frequency Domain Decomposition (EFDD) method
in frequency domain and the Stochastic Subspace Identification (SSI)
method in time domain. While ten accelerometers are located on the
composite beam, six accelerometers are used for the steel beams.
Laboratory model and initial sensor location are given in Fig. 2. In the
initial case, optimal sensor placements are not considered and large
number of accelerometers was used.

a.

Laboratory model

b.

Sensor locations

the considered composite beam are given Fig. 7. It is seen that natural
frequencies are obtained between 5.08 to 96.00 Hz.

Figure 2. Laboratory model and initial accelerometer locations
Dynamic Modal Software [12] was used to obtain dynamic
characteristics of composite beam. Singular values of signals of data
sets obtained by the EFDD method and stabilization diagrams and
singular values of data sets obtained by the SSI method for first three
natural frequencies of the considered composite beam are given by
Fig. 3. It is seen that natural frequencies are obtain between 5.42 to
94.95 Hz for composite beam. The natural frequencies of beam are
given in Table 1.

Figure 3. EFDD and SSI graphs for sensor location without optimal
sensor placement

Table 1. Natural frequencies for sensor location without optimal
sensor placement

Mode No
EFDD
SSI

1st (Hz)
5.42
5.67

2nd (Hz)
34.42
35.19

3rd (Hz)
94.95
94.6

2.2. Optimal Sensor Placement
Optimal sensor locations of the selected composite beam are
determined according to the target shape matrix obtained from the
finite element models. Active ten nodes of composite beam are
considered. Moreover, intended first three modes are considered
during processing. Optimal sensor locations are specified by the
Effective Independence Method (EI) by considering three desired
number of sensors. The locations are obtained using the effective
independence vectors. The flowchart for the OSP procedure is
summarized in Fig. 4.
The selected optimal sensor locations and calculated effective
independence distributions for composite beam are given in Fig. 5 and
6. The largest effective independence values are calculated as 0.74 for
composite beam. These value show that selected sensor locations are
critical for linear independence and identification of intended mode
shapes.
After OSP procedure, singular values of signals using EFDD method
and stabilization diagrams using SSI method for first three natural of
Figure 4. The flowchart for the optimal sensor placement procedure
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Diff. (%)
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SSI
5.49
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EFDD
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6.79
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SSI
3.17
7.50
1.67
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The interest in the engineering plastics has recently grown due to its two main functions: as
formwork for fresh concrete and as encasement for hardened concrete. Due to the limited
test data, the mechanical performance of these structures continues to be pursued through
experimental methods. Within this frame, the goal of this study is to gather the new
knowledge and highlight the most recent researches and advances on the applications of the
engineering plastics for the innovative construction of civil structures. Such knowledge will
help to provide the platform for further research in this field.

1.Introduction
Engineering plastics have been used in construction applications for
several decades. However, there is a need to promote these new
materials in civil engineering applications to protect and contain
concrete elements under compression load. Based on it's technological
and economic advantages, the environmental performance of such
tubular elements has been established previously. Recently, several
studies explored the potential use of plastic tubes for structural
concrete encasement which represent new trends in the search for
alternative materials. Composites like a concrete-filled steel tube
(CFST) have shortcomings such as high cost and corrosion. CFPT was
reported as a viable alternative for conventional steel tube for
structural applications provided that appropriate design
methodologies are employed. This study reports on new trends and
the most recent advances made within the last year concerning the
use of engineering plastics for structural applications. This is
achieved by reviewing recently published sixteen papers in the year
2019-2020. Several models have been proposed for the strength of
concrete incorporating natural or recycled materials and encased
with engineering plastics. These models are examined and the
current research needs are also discussed.
1.1. Temporary and permanent formwork
As a non-metallic pour-in form for concrete [1], the plastic tube can
improve column constructability and enhance its resistance to
environmental influences (chemical plant, large water tanks, and
undercover car parks). The engineering plastic finds practical
applications in plastic-coated columns with structural or
architectural finishing. Another practical application of CFPT is in
residential buildings, Fig. 1, with acceptable performance.

Figure 1. CFPT columns as compression member in residential
building.

2. Mechanical behavior of CFPT
2.1. Short CFPT
Four sizes of uPVC tube were used as confining device for concrete
cylinders having an aspect ratio h/D (height/diameter) of two. The
post-peak stress-strain behavior of CFPT specimens proved to be
affected by the 2t/D ratio, where t is tube thickness. The absolute value
of the slope decreased as the 2t/D ratio increased. The authors
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reported the confinement to be noticeable for lower concrete classes
and higher thickness to diameter ratios (2t/D) and proposed the
following two equations for the strength and strain of CFPT [2]:

𝑓
𝑓
ℰ
ℰ

.

𝑓
ℰ

0.043

2𝑡
𝐷
𝑓
𝑓

𝜎

𝜎 =

l

can be calculated from the equation:

tube yield stress

(6)

Or 𝜎 can be determined from burst pressure test, Fig. 4.

2.7𝑓

1

Accordingly, hoop stress

(1)

.

.

(2)

Engineering plastic tubes are economical alternatives for the
advanced composite tubing systems. A new type of multi-layered
uPVC introduced to confine concrete in new research [3]. Coupons
composite of a strong layer sandwiched between two hard layers of
UPVC exhibited good performance when tested under direct tension,
Fig. 2. In another study, the performance of CFPT under concentric
loading was examined by testing 36 short-stub columns. The test
variables were the plastic tube and coarse aggregate/cement ratio (a/c)
ratio. The proportion of coarse aggregate altered in increments of 0.5
resulting in twelve mixes with a/c ratios from 3 to 8. It was reported
that the aggregate characteristics were one of the influential
parameters that affected the performance of short CFPT columns.

Figure. 3 Large deformations of CFPT.

2.2 Long CFPT columns
The behavior of slender concrete columns encased in a thin, flexible
plastic pour-in from under axial load was explored in an
experimental study [1]. The Stress-strain relationship of the uPVC
coupons in compression was established. An increase in strength of
42% to 71% was reported for slender CFPT specimens over plain
concrete columns. The elastic and total

Figure. 2 Three layered uPVC coupon tensile testing
The peak strain for CFPT was higher than for unconfined specimens,
and the ductility was assessed from the ratio of ultimate strain to the
peak strain, since the CFPT undergoes a gradual deformation under
axial load with considerable shortening and plastic deformation
before failure, Fig. 3. For evaluating the ultimate strength of CFPT, the
following equation was proposed:
𝑁 =𝑓 𝐴 +𝑓 𝐴

𝑓

𝑓 𝐴
𝑓 𝐴

(4)

Where 𝑓 = yield strength of plastic tube; AP =cross-sectional area of
the plastic tube; Ac = area of the concrete core. The strength
enhancement ratio (

1 1.986𝜉

Energy was computed from the axial load-rotation curves. The
ultimate confining stress of CPPF was obtained as follows [1]:

(3)

A confinement index was introduced:
𝜉

Figure. 4 Burst pressure test of UPVC.

𝑓

0.5 𝑓

.

(7)

Where 𝑓 = confined concrete compressive strength; 𝑓 = unconfined
concrete compressive strength and was determined from testing
concrete cylinders, 𝑓 =lateral confinement pressure; 𝑘 = strength
related confinement pressure coefficient; and

is the nominal

confinement ratio determined from:
=

,

(8)

was determined from [3]:
(5)

here 𝑡
= thickness of plastic pour-in form (PPF); 𝜀
= ultimate
tensile strain; 𝐸
= modulus of elasticity; 𝑓 ,
= yield
strength; 𝑓 , = internal diameter of PPF. The lateral confinement
pressure was obtained:
𝑓

,
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In another research, PPF was used in three low-cost composite
systems for concrete construction [4]. It included concrete-filled
tubular plastic forms (CPPF), steel-reinforced concrete-filled tubular
plastic (CPPF-SC and CPPF-Re), and welded wire fabric reinforced
concrete-filled tubular plastic (CPPF-WM). It was observed that a hinge
was formed and the mode of failure altered from brittle shear for RC
specimens to ductile beam failure mode for CPPF columns. The three
composite systems demonstrated compression softening with
different rigidities that can ameliorate the axial and to less extent the
radial performance of the columns. Furthermore, the strength
capacity of CPPF specimens was increased by 36%, 43%, 28% and
20.5% compared with its equivalent steel-reinforced columns without
PPF.

𝜂 was determined from:
𝜂 =4.9-18.5𝜆 +17𝜆

(15)

𝜆 was calculated from:
𝜆= 𝑁

.

/𝑁

(16)

Where: 𝑁 . =plastic resistance to the compression; 𝑁 =Euler elastic
critical normal force

2.3 Deformations

4. CFPT specimens with additives

The elastic-plastic behavior and the material ductility are the main
features of the polymeric tube, usually considered to be belonging to
the set of mechanical properties. Yield is a short phenomenon relative
to the life span of CFPT specimens, affects the ductility and energy
dissipation capacity. Therefore the post-peak deformation
characteristics of concrete might change from brittle to ductile failure
when the tube is used as permanent formwork.

To predicate the plastic capacity of columns with different failure
mechanisms (Fig. 5), CFPT tested in two modes of axial load
application; composite mode, load was applied to the entire crosssection, and confining mode (load was applied to the concrete core
only) Fig.6. material failure dominated in all tested specimens, with
customary shear failure [7]. The authors reported that the composite
mode columns showed more enhancements in strength, 2.25 to 1.56,
than those of confining mode, varied from 2.07 to 1.55.

3. Reinforced CFPT columns
3.1. Fiber-reinforced CFPT
CFPT reinforced with polypropylene fibers (PP) was tested under axial
compression [5]. Ductility increased considerably with the fiber
volume fraction. Unlike for PVC, The authors argued that the tensile
stress-strain curve of uPVC coupons tested in tension consist of five
zones. it includes: (1) the linear elastic,(2) nonlinear elastic, (3) postpeak softening, (4) flat plateau and(5) strain hardening (which was not
present in PVC tensile response). A model for the prediction of
ultimate strength of CFPT was proposed based on a database of 75 test
points:
𝑁 =𝜂𝑓 𝐴 +𝑓 𝐴

(10)

From nonlinear regression the
confined concrete:
1

=-3.39+

0.41

.

1

.

was determined for PVC-UPVC

8.05

(11)

For PVC-UPVC confined concrete reinforced with PP fiber:
=-3.39+

2

0.41

.

.

8.05

+ 0.13

𝐹

Figure. 5 Columns and their constitutes; (a) PVC tubes; (b) Concrete
columns; (c) Composite mode columns; (d) Confining mode columns
[7].
The trend reversed for ductility, where confining mode columns
showed more axial and lateral deformations than the corresponding
composite mode specimens. The following expressions were proposed
for confining mechanism:
𝑓

0.905𝑓

10.35𝑓

(17)

and for the composite mechanism:
𝑓

0.94𝑓

8.02𝑓

(18)

5. CFPT columns incorporating recycled aggregate (RA)
0.52
(12)

3.2 CFPT with internal steel reinforcement

In a study, 250 by 560mm CFPT specimens with and without steel
reinforcement were tested under compression [8]. One of the test
parameters was stirrup spacing. For concrete mixing, less than 20%
of the coarse aggregate was replaced by coarsely-crushed demolished
concrete lumps having a size in the range 100 to 150mm. Reinforced
specimens with the stirrup spacing of 90mm exhibited higher
ultimate load with the least deformation. The use of steel
reinforcement resulted in a 10 to 15% enhancement in CFPT strength.

The structural behavior of CFPT with steel reinforcement was
investigated under compression [6]. Steel cages with 6 10mm
longitudinal bars and 6mm stirrups at 110c/c were used as internal
reinforcement. Concrete specimens failed in a brittle manner when
displacement reached the range of 3.4–6.7 mm. While the CFPT
columns reached 22.3 mm and retained its integrity. The ductility was
increased with the increase in tube thickness. A mathematical model
based on response surface methodology was proposed:
𝑃,

𝛼 𝐴 𝑓

𝛽 𝐴 𝑓

𝛽 𝜂 𝐴 𝑓

𝜉𝜂 𝐴 𝑓

(13)

Where 𝜂 calculated from:
𝜂 =0.25(3+2𝜆 )

(14)

Figure. 6 Two different loadings of CFPT under axial load [7].
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In another research, the behavior of reinforced uPVC tubular columns
filled with RA under axial compression load was explored [9]. It was
reported that good confinement can improve the load capacity and
ductility of RA columns. Strength equations from Euro code 4 were
used to evaluate the suitability and structural use of such a system.

6. Double skins CFPT
The behavior of concrete-filled double skin CFPT tubes under
concentric load was investigated [10]. Drum type was the prevalent
failure mode observed for double skin CFPT specimens with lower
aspect ratios, Fig.7. The internal tube of the double skin CFPT column
exhibited local buckling. The following equation was proposed:
𝑓
𝑓

2.7𝑓

1
𝑓

.

2𝑡
𝐷

.

130 ∗ 10

2𝑡
𝐷

.

∗

𝑑
𝐷

(19)

Where D =external diameter and d= internal diameter. Equation (19)
was modified to consider the length effect:
2.7𝑓

𝑓

𝑓

𝑓
∗

𝑑
𝐷

0.05

2𝑡
𝐷

2𝑡
𝐷

.
.

2𝑡
𝐷

In the latest research [12], the strength reduction factor
mandated
by ACI 318–14 for a reinforced concrete column was modified to
account for plastic tube confinement effect for design applications.
The authors stipulated that some uncertainties associated regarding
the tube material properties and the peak strength model influence
the strength reduction factor. They suggested a strength reduction
factor ( ) of 0.75 instead of 0.65 mandated by ACI 318–14 when the
tube used as stay-in-place formwork; alternatively, a new model was
proposed to calculate the strength reduction factor and design a CFPT
according to ACI 318–14. A new expression for strength reduction
factor that accounts for the uncertainties associated with the design
parameters (t, D, fpy and ) was developed to design a CFPT:
𝛷

0.65

3.35

2𝑡
𝐷

.

(22)

8. New Applications of CFPT
8.1 PVC-FRP confined concrete (PFCC)

.

(20)

ℎ
𝐷

∗

130 ∗ 10

.

It is observed that the PVCT was in a pure shear state when the shear
span ratio was
= 0 and the failure of the PVCT columns were
characterized by typical bending failure.

2

The high material and labor cost limits the application of Fiber
Reinforced Polymers (FRP) in new civil applications [13]. A more
economical composite structure was proposed using PVC tube
externally strengthened with FRP. The mechanical behavior of nine
PVC-CFRP confined concrete columns with a ring beam joint (PCRCJ)
and one PVC confined concrete column with a ring beam joint (PRCJ)
under axial compression was investigated [13]. The specimens
designed with the concept of strong connection joint and weak
column.
The failure mode changed from the cracking of PVC tube and fracture
of CFRP strips for the PCRCJ to the buckling of PVC tube. Increasing
the CFRP strip spacing decreased the ultimate strain of the PVC-CFRP
confined concrete column. An equation was proposed for evaluating
the ultimate bearing capacity of the PCRJ under axial compression
load:
𝑁 =𝑁

𝑁 = 𝑓𝐴

𝑓 𝐴

𝑓𝐴

0.212

𝐵 𝜉

𝐶 𝜉
(23)

Fig.7 Casting of double skin CFPT specimens [10].

𝐾 𝑓 𝐴

7. New trends in the design of CFPT

8.2 Geopolymer concrete piles (GPGCPs) with PVC-FRP

New short columns (HS) were innovatively designed using PVC tube
and high-strength concrete (HC-PVCT) and tested under cyclic loading
[11]. The hysteresis loops, skeleton curves, and energy dissipation
capacity were analyzed. When the short columns reached the lateral
peak load, the stirrups, PVCT, and steel tube yielded thoroughly,
unlike the longitudinal reinforcements, not yielded. Compared with
the HC column, the HC-PVCT column had a fuller hysteretic loop,
higher peak load, slower strength degradation. Xue et al. [11] proposed
a modified HC-PVCT design method to evaluate the nominal shear
strength of HC-PVCT short columns. The shear strength of the PVCT
obtained from:

A promising scheme was proposed by Zhang and Hadi [14], which
consists of PVC-FRP as strengthening materials for piles. the new
system is characterized by the high strength-to-weight ratio, high
durability and high anti-corrosion ability of PVC-FRP resulting in
geogrid-confined pervious geopolymer concrete piles (GPGCPs). The
main feature of the new system was the presence of two peak axial
stresses for the GPGCPs with FPCC. The first peak (the maximum axial
stress) was reported to be 20% higher than the maximum axial stress
of GPGCPs without FPCC.

𝑉

𝐴 𝑓
⎧
⎪ 2

𝑟
⎨ 1
𝑟
⎪
⎩
8𝜆

0.3𝐴 𝑓

𝜆

8.3. PVC-FRP confined concrete (PFCC) incorporating recycled
aggregate

0
(21)

𝐴 𝑓

𝜆

0

Where 𝑉 = the shear force of PVCT; 𝐴 = the cross-section area of
PVCT; 𝜆 =shear span ratio= H/ 2r ); 𝑟 and 𝑟 = inner diameter and the
outer diameter of the PVCT; H= height of the PVCT; fp= ultimate
strength of PVCT. PVCT conformed to the von Misses yield criterion.

Another type of structural concrete core with recycled aggregate,
encased by a PVC tube and the tube further confined with a PFRP tube,
was investigated [15]. Polyester FRP (PFRP) is more economical in
terms of material cost to use than other FRP types, despite its lower
stiffness. However, plastic PVC is much cheaper in terms of material
and labor costs with large tensile and compression deformation
capacity despite its much lower stiffness [15]. Among the test variables
was the configuration of the tube. Design-oriented strength and strain
models were proposed for the tested specimens:
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𝑓
𝑓

1.17

ℰ
ℰ

1

63.64

.

𝑓
𝑓

0.0043

(24)

.

𝑓
𝑓

(25)

The mechanical characteristics of the PVC-CFRP confined concrete
column with a ring beam joint (PCRCJ) were researched [16]. Among
the tested specimens was one PVC confined concrete column with a
ring beam joint (PRCJ) subjected to axial compression, which was
designed with the concept of strong connection joint and weak
column. The failure mode of PRCJ was due to the buckling of the PVC
tube. While the failure mode of the PCRCJ was due to the cracking of
the PVC tube and fracture of CFRP strips. A model for estimating the
stress-strain curve of the column was proposed:
0.58𝐸 𝜀

𝜎

𝑓

𝐸𝜀

𝑓

𝑓

𝐸

2𝑓𝑅
𝐸
𝐸

𝑓

𝑓

𝑓

𝐾

𝜀

0

𝜀

(26)

𝜀

𝜀

(27)
(28)

𝐾

(29)
𝑁
𝐴

24.734 𝜉

𝑁 =𝑓

𝜉

𝜀

𝜀

𝜀

𝜀

𝜀

𝐸
𝐸
12𝑓

.

(31)

3- Engineering plastic is a new class of construction materials which
can be used in infrastructure applications such as piers and bridge
columns. This innovative material offers several advent-ages such as
reducing the brittleness of concrete and providing additional shear
and compressive capacity.
4- With proper design methodologies, CFPT specimens can be used for
structural applications with economic and technical advantages.
5- There is no available design guideline for uPVC tube confined
concrete columns. More research is needed to narrow the gap between
recent research and the use of CFPT in practice.
The mechanical behavior of individual components of CFPT columns
needs to be further explored which could improve our understanding
of CFPT based materials. Research is needed to develop design
methods for large-scale structural response and their use in field
applications. The long term structural behavior of CFPT columns
including flexure, shear, torsion, bond, and fatigue needs to be
research for different loading and environmental conditions.
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Where: cz= axial stress of reinforced PFCSC; cz= axial strain of
PFCSC; E2 is the slope of reinforced section; 𝑓 = slope of the reinforced
section, which indicates the intercept of reinforced of the reinforced
section of PFCSC; t =intersection of parabola and reinforced section;
𝜀 = axial ultimate strain of PFCSC; Ns= carrying the capacity of the
steel bar; 𝐾 = 1.16; fo=intercept of the straight section of the reinforced
concrete column without PVC-CFRP reinforcement; ccz= the axial
ultimate strain of the PVC-CFRP tube concrete column without
reinforcement.
Also, ef =equivalent confinement effect coefficient; Af =CFRP strip
area; kg = constraint influence coefficient for the CFRP strip; sf= width
of CFRP strips; and sf′= CFRP strip spacing were for predicting the
stress-strain curve of PVC-CFRP confined concrete column with the
joint, the following model was proposed:

𝑓

2- There is no model for the strength of CFPT based on a
comprehensive database of experimental test results.

(30)

𝐴

=

This study gathered the most recent advances on the use of UPVC tube
for confining concrete, along with recent models for predicting the
load capacity of CFPT. The following conclusions can be drawn from
the review of the recent literature:
1- Most of the proposed strength and stress-strain models are based
on a limited number of experimental data.

8.4 PVC-CFRP column with a ring beam

𝜎
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𝑁
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Structures can be exposed to long-term and strong earthquake excitations. Structures with
classical isolation systems and structures without isolation systems may be damaged by the
long-term earthquake excitations. Seismic isolation systems have been developed to protect
the structure against these excitations. State-of-the-art Structural Seismic Isolation System
(SSIS) developed against strong and long-term earthquake excitations is presented.

1.Introduction
Seismic base isolation systems are systems that provide protection of
structures against earthquakes. These systems are installed between
the foundation and the structure and protect the structure from
harmful movements of the ground. However, if the ground frequency
is equal to or close to the frequency of the structure, high damages
due to resonance may occur in the structure. At the same time, ground
movements from nearby fault lines also cause damage to structures.
With the use of seismic base isolation devices for structures by the
classical application method [5], the period of the structure
approaches the period of the isolators (2-4 seconds). However, if
earthquakes with multiple periods affect such structures, resonance
and damage may occur in the superstructure. Kasımzade et al [1,2,3,4]
has developed a New Structural Seismic Isolation Method (SSIM) for
the protection of structures against strong and long-period
earthquakes. This isolation system makes the structure behave like
an inverted pendulum and keeps the period of the structure in a wider
range than the period of possible earthquakes. In the studies on this
isolation system, the effects of the isolation system on nuclear power
plants [7] and high-rise buildings [6, 8] were examined. In these
studies, the structures in which the new structural seismic isolation
method was applied were compared with the classical base isolation
and non-isolated states. In this study, new structural seismic isolation
method applications and classical isolation structure and nonisolation structure applications were compared.

1.1. Features of SSIM Method
The Structural Seismic Isolation Method (SSIM) aims to protect
structures against the effects of near-fault and long-period
earthquakes.

In the application of the system, the structure behaves like an
inverted pendulum and the basic application of the structure is
designed with a curved surface. Elastomeric isolation elements are
placed along the curved surface and allow the superstructure to move
around the center of rotation on the curved surface.

Figure 1. Schematic illustration of the SSIS system obtained by SSIM
method (a) and completed SSIS-Bg structure (b) and CAMSBID-Bg
structure (c): 1- Superstructure, 2- Curved surface superstructure
foot base, 3- Elastomeric seismic isolation devices, 4- Foundation
contact curved surface, 2b- Plane surface CAMSBID-Bg
superstructure foot base, 4b- Foundation contact plane surface of
CAMSBID-Bg structure. [6,8]
If the isolator is used with the Conventional Application Seismic Base
Isolation (CAMSBID) method, the period of the structure will be close
to the range of 2-4 seconds depending on the period of the isolator.
Therefore, there is a possibility of resonance in such structures.
The SSIS method provides protection against near-fault and
resonance effects by extending the range of the structure period.
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The SSIS method provides protection against near-fault and
resonance effects by extending the range of the build period. In
addition, less bending moment and shear force will occur due to the
controlled rotational freedom.

members and reinforced concrete is used for the base as shown in
Table 1. Total floor load (per meter square) containing the dead load of
the columns and beams is 7840.0 N/m2. Storey height, column
spacing are accepted 4 m, 8 m respectively. Pre-sizing results for
beams and columns were presented in Table 2. The floor mass
distribution for FB-Bg, CAMSBID-Bg and SSIS-Bg structures are
presented by Kasimzade et al. [3]. The total superstructure mass is
given as follows:
Table 1. Material properties of steel for superstructure reinforced
concrete for the base part of SSIS-Bg [6]
Elasticity modulus[N/m2]

2.05E + 11

Density [kg/m3]

7860

Poisson’s ratio

0.3

3.80E+10
2400
0.2

SSIS-Bg structure’s performance was preliminary assessed to Kobe
1995 Earthquake x-direction acceleration excitation and base
acceleration response were presented in Figure 4. As seen, the
acceleration in the SSIS-Bg structure’s base significantly (about four
times) was reduced. [6,8]
Table 2. The dimension of the storey column and beams [6, 8]
Figure 2. General working mechanism schema of the SSIS-Bg system
[6, 8]

Column (box-section)
Thicknes
width x
breadth
s [m]
[m]

Stories

2. SSIS Application Results of the High-Rise Building
A numerical verification of the SSIS -Bg structure is presented with
an example of 26 storey steel framed structure. For comparability, the
storey height, column spacing of the SSIS-Bg, FB-Bg and CAMSBID-Bg
structures were considered as the same including an equal total mass
of 3.04894E+7 kg as presented by Kasimzade et al. [3]. Pre-sizing of the

1-10th

H*
[m]

Beam (I-section)
W
WT
FT
[m]
[m]
[m]

0.8x0.8

0.02

0.8

0.3

0.03

th

0.65x0.65

0.016

0.8

0.3

0.03

21-26th

0.47x0.47

0.012

0.8

0.3

0.03

11-20

0.01
5
0.01
5
0.01
5

*H (Height), W (Flange width), FT (Flange thickness) and WT (Web
thickness)

Figure 3. General working mechanism schema of the SSIS-NC system
[7]
SSIS-Bg (26-storey, 104 m), CAMSBID-Bg (24-storey, 96 m) and FB-Bg
(24-storey, 96 m) steel superstructures were designed so that the
maximum story angle is lower than 1/200. A steel grade of SN-490
(with 357.0 MPa yield strength) is used for the superstructure

Figure 4. The position of deployed seismic isolator in SSIS-Bg
structure [6]
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Figure 5.Base acceleration responses of SSIS-Bg structure (red) in xdirection under the effect of the Kobe earthquake (cyan)[6]

3. SSIS Application Results of the Nuclear Containment Structure
A numerical assessment of the SSIS structure is presented with an
example of reinforced concrete nuclear containment structure [7].
Structure is formed of a semispherical dome, a cylindrical shell wall,
and at the bottom, a base-mat slab (see Figure 6). 'e cylinder is47.34 m
tall with an inside diameter of 39.0 m and a thickness of 0.90 m. 'e
base-mat slab has a mean thicknessof 5.50 m. 'e dome is 0.90 m thick
with an outer radius of 18.50 m. 'e total height of the superstructure
is 65.840 m from the base mat. The grade of the concrete is C50. The
cooling system of the nuclear containment is located at the base of
the structure. [7]

Figure 7. Overall view and illustration of the finite element model of
the nuclear containment structure with the SSIS system (a-c))[7]

Figure 8. Base acceleration responses of SSIS-NC structure (blue) in
X-direction under the effffect of the Tohoku earthquake (red). [7]

Figure 6. The position of deployed seismic isolator and dimensions of
SSIS-NC structure [7]

Based on the above SSIS-NC structure’s parameters and using
governing equations for the SSIS from the previous section, the SSISNC structure’s performance was preliminarily assessed to Tohoku
2011 Earthquake X-direction acceleration excitation, and base
acceleration responses are presented in Figure 8. As presented in
Figure 8, the base-level acceleration of the SSIS-NC (about four times)
was signifificantly reduced. [7]
As seen in the figure, the acceleration responses of the FB-Bg and
CAMSBID-Bg structures in the x and y directions of the base and top
floors are much higher than those of SSIS-Bg.
Figure 9. Base acceleration response of SSIS-Bg and CAMSBID-Bg
structures in X and Y directions [6]
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Figure 12. Base moment response of SSIS-Bg, CAMSBID-Bg and FB-Bg
structures in X and Y directions respectively [6]

Figure 10. Top storey acceleration response of SSIS-Bg, CAMSBID-Bg
and FB-Bg in X and Y directions [6]
Figure 11 shows that the underlying shear force of the SSIS system is
lower than that of other systems. The base shear and base moment
responses of SSIS-Bg, CAMSBID-Bg and FB-Bg structures due to the
effect of the 2011 Tohoku earthquake are presented in Figue 11 and
Figure 12.

According to the analyzes of SSIS-NC, CAMSBID-NC and non-isolated
structure, the base acceleration of the CAMSBID-NC structure is
33.34% and the upper level acceleration is 52.93% higher. The toplevel acceleration of the non-isolated structure is 53.33% higher. (See
Figures 13-14).
Comparison of peak (a) effective stress (Von-Mises) and (b) critical
shear stress (Tresca) responses of the SSIS-NC, CAMSBID-NC and FBNC structures.

El Mayor

Tohoku
0

1

2

3

CAMSBID-NC

x_acceleration [m/s2]

SSIS-NC

El Mayor

Tohoku
0
CAMSBID-NC
SSIS-NC
Figure 11. Base shear response of SSIS-Bg, CAMSBID-Bg and FB-Bg
structures [6]

1

2

3

y_acceleration [m/s2]

Figure 13. Peak base-level acceleration responses of SSIS-NC and
CAMSBID-NC structures.[7]
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4. Future of the SSIS Application Study for the Tower Structure
Tokyo Tower is a telecommunications tower built in 1958, inspired by
the Eiffel Tower in its design. The structure consists of a steel truss
system and is 332.9 meters high.

El Mayor

The tower foundations are built as pile foundations and there is no
foundation isolation system in the tower. With the strengthening
work carried out in 2003, a hydraulic damper system (figure 17,18) was
added instead of the cross members on the H27 floor and the structure
was tried to be strengthened against dynamic loads.

Tohoku
0

10

20

30

40

FB-NC

x_acceleration [m/s2]

El Mayor

Tohoku
0
FB-NC

5

10

15

20

25

30

y_acceleration [m/s2]

X : The length of the specimen in horizontal direction
Y : The length of the specimen in vertical direction

Figure 17. Installation of the vibration control damper [11]

Figure 14. Peak top-level acceleration responses of the SSIS-NC,
CAMSBID-NC and FB-NC structures [7]
The effect of the SSIS system is clearly seen from the results. While
the nuclear power plant and high-rise building studies were carried
out, the cross-sections of the structures were not changed for
comparison purposes. However, since the loads on the structure will
decrease during the SSIS application, changes can be made in the
superstructure.

Figure 18. Load-velocity Relationship of damper [11]
As seen in Figure 19, as a result of the added dampers, a 30% decrease
was observed in the shear force at the H27 floor.

Figure 16. Tokyo Tower [11]

Figure 19. The effect of vibration control dampers [11]
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As previous studies have shown, the loads acting on the tower
superstructure will decrease as the SSIM system will reduce the shear
force and base moment acting on the tower. In this study we will do,
it will be possible to reduce the element sections in the superstructure
of the tower or to increase the height of the tower under the same
conditions, considering this situation.
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Historical structures are important cultural assets that should be protected. Much attention
and expertise are required to preserve these structures. One of the crucial ways of this
protection is increasing the knowledge level of the structure. The aim of this study is to
examine the pre-restored state of a historical wooden building placed in Çorum province in
Turkey. In the study, Operational Modal Analysis (OMA) technique was used for determining
the dynamic characteristics which are natural frequencies, mode shapes and damping ratios
of the building experimentally. The experimental dynamic characteristics are extracted by
Enhanced Frequency Domain Decomposition (EFDD) method. These initial data will be
accepted as a reference for the post-restoration state of the building and the success rate of
the restoration can be evaluated.

1.Introduction
One of the oldest traditional construction materials is wood.
Especially it has been used in the region that has dense forested areas
[1, 2]. Wood has been widely used throughout history due to its
durability, easy workability, easy accessibility, renewability and
aesthetic properties. Although it is a very useful building material, its
numbers and ages are quite low when compared to masonry
structures [2]. One of the main reasons of this situation is natural
aging of materials due to different chemical, physical, and biological
processes. In addition, growth of organisms that can lead to biodeterioration such as mould, fungi and insect damage, plays a
significant role in damaging the wood material [3]. In addition to longterm material damage, disasters such as fire, wind, earthquake, flood,
ground settlement have destructive impact for wooden structures.
Due to the material characteristics of wood, historical wooden
structures should be monitor periodically and early determination
should be made for necessary restoration.
Restoration efforts on the historical buildings aim to return the
structure to its original form or increase structural resistance by
convenient applications. Restoration of historical wooden structures
can be made in some steps [4];





replacing only decayed or damaged parts
repair using either traditional carpentry methods or
compatible modern fasteners
strengthening using traditional or compatible materials
and methods
relieving the load on the present structure.

Historical structures are important cultural assets that should be
protected. More attention and expertise are required to preserve these
structures. One of the crucial ways of this protection is increasing the
knowledge level of the structure. The knowledge level of the building
can be increased by researching the history of the building and the

interventions, determining the material properties, element
connections, damaged elements and obtaining the structural
behavior. Some of these operations can be done with observations,
while others require machinery/equipment. With the increase in the
knowledge level of the building, it can be ensured that the realistic
evaluation of structural behaviors and the necessary interventions
can be made correctly.
In addition to observative and experimental methods, numerical
analyses can give good estimations about structural behavior and can
reduce cost and time [5]. Among numerical methods, Finite Element
method has been widely used in this purpose. In order to make reliable
analyses the FE models should be support by experimental tests [6,7].
Operational Modal Analysis (OMA) is a very common test for
structures that extract experimental dynamic characteristics of the
structures. Also, OMA is used in order to calibrate the FE models.
In this paper, prior assessment of a historical wooden building located
in Çorum province was made by Operational Modal Analysis, in prerestored situation. In the study, Enhanced Frequency Domain
Decomposition (EFDD) method was used to extract dynamic
characteristics of the building. These initial data will be accepted as a
reference for the post-restoration state of the building and the success
rate of the restoration can be evaluated.

2.

Description of the wooden building

The Velipaşa Han Building is located in the city center of Çorum,
Turkey. Çorum province is located in the middle-north Anatolia (Fig.
1). The building is date back to Ottoman period, at the end of the 19th
century.
The building was constructed with “hımış” system which is traditional
system used in historical building widely in Anatolia. Timber frame
system with infilled adobe (stone, brick) is the basis of the hımış
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system. Also, the building walls were nailed with timber laths and
were plastered with mortar. This application is called as “Bağdadi” in
the Anatolian region. Some views of the building belong to before
restoration are shown in Fig. 2.

hotel, which traditional name is “han”. At that time the building
consisted of 43 rooms at upper floor, 16 rooms at ground floor and a
meeting room, 2 barns, 10 shops and a form of garden. In time, the
building may have been subject to some interventions. In addition,
some historical records indicate that the building was previously
burned down and was re-built in 1915-1916, taking account of its
unique character [8].

3.

Figure 1. Location of the Çorum province in the Turkey

Operational modal analysis

Operational Modal Analysis, another name is ambient vibration tests
are used to obtain the vibration response of structures in a nondestructive way. The vibration of structures is measured in
operational and environmental conditions. Collected vibration data is
processed and dynamic characteristics such as natural frequencies,
mode shapes and damping ratios are obtained. Because of depending
of mass and rigidity, dynamic characteristics give good estimation
current situation of structures. Therefore, these parameters are
widely used in structural health monitoring studies.
In order to obtain dynamic characteristics of the building, operational
modal analysis was carried out. In the test, a B&K 3560 data
acquisition system with 17 channels, 8340-type uni-axial
accelerometers with 10V/g sensitivity, uni-axial signal cables, PULSE
and OMA software were used. The frequency span was selected as 025Hz. The test was applied for 15 minutes. Due to the limited number
of accelerometers, referenced test was applied in steps.
Accelerometers were placed at the corner points of the building in the
direction of both each lateral direction (Fig. 3). In order to collect
signals and signal processing PULSE software [9] and OMA software
[10] were used. Enhanced Frequency Domain Decomposition (EFDD)
method was employed to extract dynamic characteristics. The
average of the normalized singular values of spectral density
matrices (ANSVSDM) of all data sets and the singular values of
spectral density matrices (SVSDM) of the data set obtained by the
EFDD method are given in Fig. 4.

Figure 3. Accelerometer layouts in PULSE software and view of the
data acquisition system and accelerometers

Figure 2. Views of the building before restoration
The building was built as meeting places and for accommodation
firstly. After that, in 1885, the building was enlarged and rebuilt as a

(a)
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(b)
Figure 4. (a) ANSVSDM and (b) SVSDM of the data sets obtained from
the EFDD method
The modal characteristics (mode shapes, natural frequencies and
damping ratios) of the building are given in Fig. 5. According to the
results, the first four experimental modes of the building were
obtained as transverse, longitudinal and torsional modes,
respectively. The first four experimental natural frequencies were
1.865Hz, 2.110Hz, 2.306Hz and 2.760Hz, respectively. Also, the
damping ratios of the building were obtained as 1.559%, 2.085%,
1.628% and 1.656%, respectively.

Figure 5. The experimental modal characteristics of the building

4.

Conclusion

This paper presents experimental testing of a historical wooden
building. Operational Modal Analysis was used for measurement and
EFDD technique was used for extraction of dynamic characteristics.
The first four experimental frequencies of the building were obtained
within 1.865-2.760Hz and the mode shapes of the building were
obtained as transverse, longitudinal and torsional modes. These
values are effective in achieving the monitoring of structural
behavior during and after any intervention, control of restoration
success rate and verification of a numerical model such as the FE
model. It is important for these reasons that the modal characteristics
of the building should be obtained for the current condition and after
any subsequent intervention.
Due to having cultural value, historical structures are difficult to
investigate
with
detrimental
interventions.
Therefore,
nondestructive experimental methods are convenient for these
structures.
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Zen gardens; It is a garden concept that was born and developed in the Far East as a result
of the "zen" culture and has taken its place in the western geography today. These gardens
contain sand, rocks, grass, etc. They are known as dry gardens created with the use of natural
materials. It is often said that zen gardens represent nature and the earth.It has been learned
that Zen gardens have healing effects thanks to their peaceful and relaxing effects. In this
study, the design features of zen gardens were compiled as a result of literature reviews and
the zen garden types in the western geography were examined and interpreted through
visuals.

1.

Introduction

The term "Zen" was first used as "Ch'an" in Chinese and was
transferred to Western languages as "zen". It is not possible to give a
precise definition of the word "Zen". Zen is based on a personal
connection with one's own mind, regardless of religious or written
record. The term “being Zen” actually means that individuals are at
peace with their own thoughts and are aware of their position in the
universe. Zen means both everything and nothing. It is also a symbol
of zen, enlightenment and serenity. (“URL-1”, 2020). According to the
thought that Japanese people give meaning to Zen culture,
naturalness, simplicity and “symbolism” that comes with Zen belief
dominate (Bingöl and Gök, 2020).
Figure 2. An example of a Zen garden (“URL-16”, 2021))
The most important element in Zen gardens is the depiction of water
without the use of water. In these gardens, a water effect is created by
using materials such as sand, gravel, and rocks (ÇINAR, 2016). At the
same time, the main purpose of these gardens with limited plant
material is to create a large space effect in small areas. The reason
why these gardens are historically considered unique is that they
provide maximum effect using less material. (Bingöl and Gök, 2020).

Figure 1. A view from the Zen Garden of Ryoan-ji (“URL-2”, 2020))
Zen gardens (Kare Sansui) are known as “dry landscape gardens”
(Çınar, 2016). These gardens are peaceful places with their remarkable
simplicity, symbolic expressions and integrity with nature. These
gardens, which were formed by the union of the mystical spirit of the
east with the eternal existence of nature, also carry the remains of a
great philosophy. When Zen gardens are observed, it is seen that each
material has a meaning and all elements are placed according to a
certain composition and order (Bingöl and Gök, 2020).
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eternal element of nature in a zen garden, and five different elements
are symbolized (“URL-4”, 2020);

Figure 5. Example of Kikyaku in Zen gardens (“URL-6”, 2021))
Figure 3. Ryoan-ji Zen Garden, water depiction (“URL-3”, 2021))
In this study, zen gardens, one of the Japanese garden arts, are
discussed. As a result of the examined examples, literature reviews
and compilations, it has been tried to clarify the design features of zen
garden art and its modern western integrations.
2. Symbolısm ın zen gardens
2.1.
Key elements
Every material used in Zen gardens has a meaning. The main reason
for this is associated with Buddhism. This symbolist thought emerged
as a result of the monks' likening the materials in nature to other
materials. Usually sand or small pebbles represent water. This
depiction emerged as a result of a monk raking the sand surface and
comparing the shapes formed by the waves in the ocean. At the same
time, as a result of Buddhist belief, there should be a stone or rock
representing the center of the world in zen gardens. While this stone
represents worship and Buddha, other small stones and materials
around it represent children, animals or deceivers. A zen garden
represents the universe, existence and nature with all its other
natural elements. Generally, zen gardens symbolize the place where
man and spirit come together (“URL-4”, 2020).

Figure 6. Shintai example in Zen gardens (“URL-7”, 2020))

In today's Zen gardens, large stones symbolize mountains and hills,
create decorative accents and are used as building material for paths.
Smaller stones, gravel and sands represent ponds, streams, seas,
waterfalls (“URL-5”, 2020).

Figure 7. An example of using Shigyo (“URL-8”, 2020))

Figure 4. A Buddhist monk meditating in a Zen Garden (“URL-17”,
2021))
Building and maintaining a garden plays an important role in Zen
Buddhism as it promotes meditation. It is believed that while raking
the sand, certain thoughts emerge and help to integrate thoughts. Zen
gardens promote relaxation, focus, and peace. Rocks represent an

Figure 8. Reisho usage example (“URL-9”, 2020))
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Japanese stone gardens are known for their minimal design, deep,
calm and sophisticated atmosphere. According to a study, it has been
revealed that successful garden compositions are made by
considering the design principles of the designer (Van Tonder &
Lyons, 2005).
Below are the principles and techniques that today's Japanese garden
designers consider (Van Tonder and Lyons, 2005);



Rocks form the backbone of zen gardens.
The rocks used in the composition are placed with
horizontal, diagonal and vertical lines and they represent
the earth, human and divine power respectively.

Figure 9. An example of using Taido (“URL-10”, 2021))
Kikyaku; represents the earth and the earth. It is in the form of a lying
stone standing close to the foreground (Figure 5).
Shintai; it symbolizes the water element. It is a horizontal or flat stone
and is often used as a foundation stone (Figure 6).
Shigyo; symbolizes fire. It is used with arches and other shaped stones
(Figure 7).
Reisho; symbolizes the metal element. It is vertical and low in
structure, representing the solid structure of metal (Fig. 8).
Taido; symbolizes wood and wood. It is a vertical tall stone depicting
trees and is often used behind a design to avoid obscuring the view
(Figure 9) (“URL-4”, 2020).
2.2.

Feng shui belief

Feng Shui, It is another factor affecting the formation and
development of traditional zen gardens. The concept of "Feng Shui"
was first used in China, then it was transferred to Japanese. Feng
Shui, meaning "wind and water", is one of the basic elements in the
formation of zen gardens (Lee, 2005).

Figure 11. Triangle and asymmetrical form in rocks (URL-22))






Mostly, asymmetrical rocks in triangular form should be
preferred (Figure 11).
The rock clusters should be odd numbered and have an
asymmetrical arrangement.
The largest rock is positioned first and the other smaller
rocks and stones are placed to match the composition of the
larger rock.
Compositions can be equipped with a variety of rock
addition techniques. For example, foundation stones are
typically placed at the bottom of the dominant rock in a pile
and can be used to widen its base and make it appear more
triangular.

Figure 10. Yin-yang symbol as part of the Feng Shui belief (“URL-18”,
2021))
Feng Shui religion is the ideological equivalent of a philosophical,
geographical, mathematical and aesthetic whole. Feng Shui is not a
religion or cult (“URL-15”, 2020).

Figure 12. An example of a bad rock arrangement, the stones form a
symmetrical triangle (“URL-19”, 2021))

The creative and characteristic practices of Feng Shui and the
aesthetic sensitivity of medieval Japanese people have been
influential in the formation of today's Japanese zen gardens.
Therefore, Feng Shui and Japanese aesthetic sensitivity have become
an indispensable element of traditional zen gardens (Lee, 2005).
3. Desıgn prıncıples of zen gardens
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Figure 13. An example of a rock arrangement suitable for the Suteishi form, the stones are distributed in an equilateral triangle (“URL19”, 2021))
4.

Desıgn features of zen gardens

4.1.

Textural effects

Japanese gardeners generally prefer minimalist materials with a
homogeneous texture. They avoid saturated and high-contrast colors
and textures. This is because objects with high contrast tend to be
distracting. The textures used are composed of natural objects, and
therefore the visual perception is plain and clear (Van Tonder and
Lyons, 2005).
Objects with a smooth and uniform surface provide limited contours.
In visual composition, materials are reduced at each sub-step. In this
way, a simple composition is created (Van Tonder and Lyons, 2005).

Figure 14. An example of the contrast match of gravel and rock
(“URL-20”, 2021))

Figure 15. Example of asymmetric scheme (“URL-21”, 2021))

Using coarse, light and dark mottled gravel to create a background
effect for most of the garden reduces the contrast between the rocks
and the ground. Rocks and moss have a similar mottled appearance,
which is effective for keeping the contrast low. The reason why fine
or white sand is not used instead of these is due to the high contrast
with the rocks (Van Tonder and Lyons, 2005).

When looking at a garden with spherical symmetry, it is understood
that the various visual effects between rock clusters remain more
artificial than an asymmetrical garden, which is more original, more
natural and balanced. This situation explains why asymmetrical
structures and objects are preferred in the understanding of the zen
garden (Van Tonder and Lyons, 2005).

4.2.

5.

Space effects between rocks

The extent to which rocks visually fill a garden can affect the spatial
perception of the entire garden. Different adaptations made to the
space between the rocks are used to create moods such as the feeling
of emptiness and vitality (Van Tonder and Lyons, 2005).
4.3.

Asymmetry

Symmetrical objects cause a visual division between the figure and
the ground. This situation can suppress the subtle aspects in the
gardens and break the visual perception. For example, if a rock cluster
is bilaterally symmetrical, it tends to stand out visually compared to
other rock groups (Van Tonder and Lyons, 2005).

Modern zen gardens and western integrations

Traditional zen gardens create a meaning integrity with the materials
they use. Every rock and stone, every pebble and plant has different
meanings and are placed in an order. On the contrary, when we look
at the literature reviews and visual analyzes, it is seen that modern
zen gardens, which are generally located in the western geography,
are far from this unity of meaning and only appeal to visual and
spiritual perception. The main reason for this is the lack of dominance
of Buddhism in western geography.
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Figure 16. A floor tile with the silhouette of a Zen Garden (“URL-11”,
2020))
Figure 18. Example of a rock-free garden (“URL-13”, 2020))
Although there are inspirations from traditional gardens in modern
zen gardens, great differences can be seen in some gardens. Zen
garden breezes can affect not only gardens but also flooring designs
(Figure 16). In addition, in modern zen gardens, object and material
placements that do not comply with traditional garden design
principles can be encountered. The use of natural materials, informal
use of stones and rocks, which we can call indispensable in traditional
zen gardens, can be very different in modern zen gardens. For
example, while stones and rocks that can create a triangular, flat
mountain silhouette are preferred in a traditional garden, rocks or
artificial objects in formal, spherical or prismatic shapes can be used
in a west integrated zen garden (Figure 17).

The effect of Zen gardens can be seen not only in its current
variations, but also in other modern garden designs. Although it does
not carry the name "Zen", techniques used in zen gardens or similar
can be applied. Modern gardens that do not have stones and rocks,
which are indispensable materials of Zen gardens, or that have only
visual resemblance, carry and remind the traces of zen gardens, even
if they are not a zen garden (Figure 18, Figure 19).

Figure 19. An example of a garden inspired by a Zen Garden (“URL14”, 2020))
6.
Figure 17. An example of modern Zen Garden materials (“URL12”, 2020))

Mental effects of zen gardens

Zen gardens have been used since ancient times to help spiritual
development such as meditating, relaxing and finding peace (Bingöl
and Gök, 2020). A zen garden with correct uses can have a positive
psychological effect on the audience and can heal many mental
illnesses such as depression (Fard & Safdarian, 2017). This feature of
Zen gardens shows that it is a healing garden suitable for various
health institutions.

7.

Discussion and conclusion
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As a result of the literature review and visual analysis, the design
principles and features of zen gardens were revealed, modern western
integrations were examined and interpreted. It is clearly understood
that "Kare-sansui", i.e. zen gardens, which emerged in line with the
various beliefs of the Japanese people and survived to the present
day, have a semantic integrity. Today, this garden concept, which is
also called "dry landscape garden" and where water is not used, stands
out with its use of simple materials. It has been seen that this garden
concept creates a wide environment effect in small and narrow
spaces. It has been understood that the zen gardens, which are created
with homogeneous textured, symbolic meanings and an
asymmetrical arrangement, have effects on human psychology as
well as the mystical atmosphere.
Zen gardens have gained popularity not only in far eastern countries
but also in western geography, and similar modern garden
integrations have emerged. While some of these gardens are
understandably a derivative of zen gardens, some have been found to
be only partially similar to zen gardens.
It has been suggested that zen gardens and their derivatives, which
have been observed to have positive psychological effects, also
function as a mental healing garden. In this context, zen gardens and
their modern derivatives can be preferred in landscape architecture
applications with their relaxing, peaceful, healing properties and
simple designs. In addition, it can be a functional garden concept in
terms of evaluating small and narrow spaces.
Zen gardens, also known as dry landscapes, are gardens where the
harmony created with sand and stones comes to the fore. The two
essential elements of Zen gardens are stones, which evoke mountains
and islands, and sand, which evokes running water. Islands, another
important element, symbolize health and longevity according to Zen
beliefs. Bridges, on the other hand, are considered as a means of both
crossing the "sea" and connecting one island to another. These
gardens, built by the people of Far East origin, who yearn for nature
and water, in a miniature garden or a small area within the framework
of their own beliefs and life philosophies, appear as a reflection of the
calm, still, stagnant lifestyle.
In a Zen Garden designed on a large rectangular table, everything
should be very well planned, very simple, plain and real. All materials
used in the garden, which is planned with great care, should be chosen
in terms of form and color, both in itself and in harmony with other
materials.
In short, a Zen Garden is a variation of a Japanese Garden that
includes sand, gravel, rocks, and sometimes grass or other natural
elements. In Zen gardens, bamboo, cactus and similar succulent (with
fleshy leaves) should be chosen from plants that can grow in sand,
durable and with distinct forms. In addition, water channels and zen
sculptures can be preferred in these gardens in accordance with the
design concept.
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Theme parks, which are increasingly sought after places today, are places that allow people
to do various activities in terms of green space and to get away from city life and relieve
stress. These parks are areas that take place as indoor and outdoor spaces in a wide area and
contain various entertainment activities. Theme parks appeal to people of all ages and all
walks of life. For this reason, it has a great role in the socialization of people and the
development of countries. Theme parks, which have an important place in terms of tourism,
contribute to the economic development of the country and to the promotion of the country.
Theme parks also contribute to the promotion and development of the cultural
characteristics of the region. In this study, theme park concept, location and importance of
theme parks, historical development, planning and design principles of theme park concept,
theme park functions were investigated. Parks are shaped according to the natural and
cultural structure of the city in which they are located. In addition, people prepare the
ground for the formation of different theme parks for different entertainment and
adventure. Within the scope of the study, the classification of theme parks was investigated
in detail, and examples from theme parks in the world and in our country were given.

1.

Introduction

In general, the concept of a park is a type of green area that has
limited use, has flexible form, contains minimum structure and
maximum natural elements, and meets various active and passive
recreation requirements such as rest, entertainment and free
activities (Akdoğan, 1974). According to Gold (1980), a park is a public
or privately owned area reserved for aesthetic, educational,
recreational and cultural use. Hasol (1990), on the other hand, defined
the park as “a large garden created for the public to wander and
breathe”. Based on all these definitions, the concept of park can be
explained as areas specially made with planting works so that people
can wander, have a good time, rest, have fun and participate in
cultural activities (Kızıldere, 2009). The use of short-lived plants and
organic materials that have changed over time in parks and gardens
has prevented the old gardens from reaching the present day. For this
reason, it has become difficult to examine historical developments.
Wall reliefs, engravings, archaeological artifacts and written sources
that have survived centuries ago provide information about the park
and garden history of the past (Darçın, 2002).
Theme parks are parks that combine fantasy and entertainment,
require serious planning, management and design, reflect dreams
and use different methods to strengthen social identity with these
reflections. In a sense, theme parks are places where people realize
their ideal entertainment world. Theme parks act as a museum based
on scientific, cultural and historical issues (Gök and Bingöl, 2017).
Theme parks are important urban-scale parks with immersive,
entertaining, educational and completely satisfying features based on
a certain theme. While a theme park can appeal to all age groups, it
can also include activities that appeal to only a certain age group in
line with its theme. The aim of this study; To reveal the importance of
theme parks in terms of visitors and sustainable tourism in

urbanization, to give information about different theme parks from
the world and Turkey, to give information about the distribution of
theme parks that attract the most visitors in the world over the years,
in short, to create a natural life especially in big cities with sustainable
tourism and ecological functions. The aim is to bring a different
perspective to the concept of park with its fun aspects and the
importance of creating an area and increasing the amount of green
space per capita2.
2.

Historical development of theme parks

The origin of amusement parks goes back to the gardens of happiness
in European cities in the Middle Ages. The "gardens of happiness" of
those times are considered to be the first of the theme parks. It is one
of the first examples of today's amusement parks with the existence
of different entertainment stations such as fire games, dance, games
with toys, entertainment venues, and primitive horror trains (Arslan,
2016).
The gardens of happiness were closed one by one, especially due to
political problems.18. Only a few of the gardens that were popular
until the 19th century have survived. Bakken Amusement Park, which
was established in Copenhagen in 1583, is considered the oldest theme
park that has survived to the present day (Gök and Bingöl, 2017)
Bakken Amusement Park (Kopenhang); The main attraction of the
park is the different trains of the park. Among them is a 90-year-old
wooden roller coaster. The park offers a total of 33 different
amusement trains and 78 more attractions, including shooting barns,
game halls and many other activities (Anonymous, 2020).
Coney Island is the island located in New York, USA. The place, which
is very popular with its amusement parks and beaches on the Atlantic
Ocean. In New York Coney Island, there are various recreational
activities related to the amusement park and waterfront. It has been
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the pioneer of amusement theme parks with its many structural
elements along the coast (Arslan, 2016).

• It supports the preservation and sustainability of original, natural
and cultural areas.

The most important development that led to the increase in the
interest in theme parks was the opening of Disneyland in 1955.
Disneyland, opened in Los Angeles, California, is the first theme park
operating in America. It was made with a budget of 17 million USD. It
was visited by 3.8 million people in its first season.

Factors Determining Theme Park Design in the World and in Turkey
(Deniz, 2002).

Founded by the world-famous American Filmmaker Walt Disney, this
park is located in Anaheim, California. Sections such as New Orleans
Square (1966), Creature Country (1972), Mickey's Toontown (1993), Star
Wars (2019) were added to Disneyland Park later on. In 2001, Disney
California Adventura Park was opened. The first place where
Disneyland parks were established in the world is the state of
California, USA.
Later, Six Flags is a theme park located in Texas, USA on August 5,
1961. At the same time, this park is the first regional amusement park.
Six Flags Over Texas is set on an area of 86 hectares (212 acres). Six
Flags Park attracted 1.5 million visitors in its first season.
On October 1, 1971, Walt Disney World was opened in Florida, USA. It
is located in the state of Florida, USA. It is established on an area of
110 square kilometers. Walt Disney World was the largest investment
in amusement parks to date, with a budget of $250 million. It has 4
theme parks. These; Magic Kingdom (1971), Epcot (1982), Disney
Hollywood Studios (1989) and Disney's Animal Kingdom (1998)
(Anonymous, 2020).
Disneyland and Disney World were among the most important
entertainment centers of the 20th century. By combining technology
and entertainment; contributed to the national economy and
pioneered the development of theme parks on a global scale (Arslan,
2016).
In 1983, Tokyo Disneyland was opened. Tokyo Disneyland hosted 17
million visitors in those years. The park was built in the same style as
Disneyland in California and Magic Kingdom in Florida. It has an area
of 19 square kilometers. There are 7 thematic park areas (Anonymous,
2020)
After this great interest in theme parks all over the world, investors
turned to European countries. Disneyland (Euro Disneyland Park),
opened in Paris in 1992, is one of the first European ventures of
investors. It covers a huge area of two thousand hectares. It receives
over 16 million tourists annually. There are 6 theme parks. Added as
the second theme park, Walt Disney Studios Park opened in 2002.
3.

Theme park functions

The functions of theme parks are generally as follows (Yücesoy, 2017):
• It contributes to the promotion of the country and ensures the
formation of urban identity.
• It brings together people from different cultural and socio-economic
backgrounds and strengthens social relations.
• It contributes to the planned city formation with its positive effects
on urban open green space.
• Provides people with unusual recreational opportunities.
• It contributes to the ecology of the city by creating open space
corridors.
• It contributes to tourism and, accordingly, to economic development.
• Contributes to education and social awareness in line with the
theme.

3.1.

Human-axis approach

As a result of factors such as the development of technology and the
increase in population, people are exposed to pollution throughout
their lives. Today, this pollution, which also appears as physicalspiritual-environmental pollution, has led people to develop projects
to keep them away from pollution.
3.2.

Regional axis approach

The facilities and businesses established in the countryside or in the
cities bring a dynamism to the region. Every facility that meets the
expectations also offers the opportunity to open new facilities. It
triggers entrepreneurship in the region and creates new job
opportunities.
3.3.

Environmentally conscious approach

It has adopted the principle of preserving the natural balance
elements. It aims to use the natural resources efficiently by avoiding
the uses that will cause air and water pollution (Deniz, 2002).
4.

Planning and design principles of theme park concept

An interdisciplinary approach should be adopted in the planning,
design, implementation and operation phases of the theme park. The
planning and design features of the park may vary according to the
type of theme, but the basic criteria should be open to innovations and
activities that push the limits of imagination with the developing
technology in order to maintain its continuity. At the same time, while
creating these activities, visitor requests and satisfaction should be
taken into account. Other criteria for theme park planning and design
are as follows (Deniz, 2002):
• In order to determine the steps to be followed at the beginning of the
planning phase of the theme parks, the main objectives and
development strategies should be determined.
• Feasibility reports must be followed when selecting the parking area.
• There may be differences according to the theme during the site
selection phase, but the investment costs should be kept low and the
rate allocated to other activities should be increased.
• Site selection should be made on the main arteries of the city in
terms of accessibility.
• Presence of historical, touristic and entertainment venues in the
vicinity and incorporating the park area into a tourism route by
considering them as integrated with these venues are important in
terms of sustainability.
• According to the assumption that a family of 2 adults and 2 children
can stay in the area for 7-8 hours and stay in the area for 1-6 weeks
in terms of the effectiveness of the marketing planning of the park
area, all needs should be determined and there should be elements
that will enable them to spend a long time in the area.
• The theme park design should ensure that different groups
(education, age, culture, etc.) come to the area and should be in a way
that allows new recreational activities as well as taking into account
the current needs. Natural, cultural, demographic, social and
economic factors should also be kept in the foreground while creating
fictions that will attract the attention of many tourists on a large
scale.
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• The field must be dynamic. The defined spaces, activities and
equipment should be open to development, should not make the users
lose their sense of curiosity, and should have a high competitive
power compared to the examples in the field.

In Turkey, it was first started by state institutions in Gulhane Park in
Istanbul and This was followed by the zoo established within Ankara
Atatürk Forest Farm and the zoo located in Bursa (Topaloğlu, 2007)
(Figure 1,2).

• In addition to all these criteria, another important factor in terms of
field marketing is the friendly staff service in the business sense and
the required personnel should have a professional business
understanding. Worldwide Leading Organizations in the
Entertainment Industry.
4.1.

International association of amusement parks and
attractions (IAPA)(Url-1,2021).

It was established in 1918. IAAPA is the world's largest international
entertainment organization association. It has 4,500 members from
97 countries. Its members include Theme parks and amusement
parks, Family entertainment centers, Museums and science centers,
Sector manufacturers and suppliers. The association is headquartered
in the USA and has branches in Brussels, Hong Kong and Mexico. The
International Theme Parks Association (IAAPA) provides its members
with new information about new products and the industry. It
promotes profitable park management and aims at the development
of the entertainment industry.
4.2.

Figure 1. View from Istanbul Gulhane Park (URL -1, 2021).

Theme entertainment association (TEA)

It was established in 1991. It has 1,000 members. Its members include
industry-oriented designers, operators, academic institutions, and
students. TEA organizes conferences and educational seminars for
the sector.
5.

Classification of theme parks

Theme parks are classified in different ways in different sources.
Theme parks are classified as follows in terms of their target audience,
entertainment type and basic installation points (Gök and Bingöl,
2017; Yücesoy, 2017; Arslan 2016; Topaloğlu 2007; Deniz 2002; Gür
and Zorlu, 2002; Braun, 2000; Baud and Lawson, 1997; Kauh 1996):
• Education Theme Parks
• Climate Theme Parks
• Geography Theme Parks
• Recreation and Amusement Theme Parks
• Story, Fairytale, Mythology Theme Parks
• Art and Cultural Theme Parks
• Age Theme Parks
• Technological Theme Parks
5.1.

Educational theme parks

The world's leading organizations in the entertainment industry are
listed below.
• Zoos
• Botanical gardens
• Arboretums
• Garden exhibitions

Figure 2. A view from Bursa Zoo (Url-2, 2021).
Some of the important zoos that stand out as theme parks;

5.1.1.

It was put into service in 1998. It is a zoo in European standards.
Animal shelters in Bursa Zoo are arranged in accordance with natural
life 500 animals of 55 species live in Bursa Zoo (Url-3, 2021).
5.1.2.

The concept of zoo first started by creating artificial environments
similar to the natural habitats of animals in order to introduce
animals to people, inform them about animals and also entertain
people. These ideas and practices first developed and became
widespread in western countries (Topaloğlu, 2007).

Bristol zoo

It is a zoo in the city of Bristol in South West England. The mission of
the zoo is the reproduction of endangered species and the protection
of threatened species It is home to more than 400 exotics, endangered
animals (Url-4, 2021).
5.1.3.

Education Theme Parks; They are thematic parks with scientific,
educational and recreational functions. Education-themed parks in
the world are mainly aimed at promoting plant and animal species
and are applications in the nature of open air museums or plant
collections.

Bursa zoo

Berlin zoo

Berlin Zoo is the oldest national zoo in Germany. Covering an area of
35 hectares, the park was opened in Berlin in 1844. With 1,400
different species and around 14,000 mammals, the Berlin Zoo is the
most detailed zoo in the world (Url-5, 2021).
Some of the important botanical gardens that stand out as theme
parks;
Botanical gardens are centers of research, education and recreation.
Botanical gardens are created within organizations, mainly because
they serve educational and research studies. In this way, their
protection and development is also controlled (Yücesoy, 2017).
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5.1.4.

Gothenburg botanical garden (Sweden)

The garden, which is home to 16,000 kinds of plants, was opened in
1923. It was not considered complete until 1948. It has an area of 175
hectares. Arboretum forms 15 hectares of this. The Arboretum, which
is divided into three separate sections as Asia, North America and
Europe, hosts 300 different exotic plants. The Japanese Valley is a
remarkable feature. There is also a popular stone garden of 5000
pieces created with stones brought from all over the world (Url-6,
2021).

5.1.5.

Kew Botanical Garden (England)

Like all other botanical gardens, Kew Botanical Gardens has adopted
the principle of serving in the field of science and education. The
greenhouses in the botanical garden are among the largest and most
famous greenhouses in the world in terms of size and plant collections
(Url-7, 2021).
5.1.6.

Singapore botanical garden

Singapore's 156-year-old botanical garden. It is on the UNESCO world
heritage list (Url-8, 2021). Singapore Botanical Garden is located on a
large area of 2.5 km.
The botanical garden, which includes 10 thousand different plant
varieties, is visited by approximately 4.5 million people every year.
The Singapore Botanical Garden includes the National Orchid Garden
with more than 1000 orchid varieties. There are rainforests in
another part of the Botanical Garden (Url-8, 2021).
5.1.7.

Erzurum Ata botanical park

The garden is established on an area of approximately 350,000 square
meters. Starting from 2006, 100,000 m2 of it has been opened to
public use by making landscaping arrangements. There is an artificial
pond of 5000 m2. There are over 150 trees and shrubs suitable for
growing under regional conditions in the garden (Url-9, 2021).

Half of the arboretum is covered with Pinus densiflora (Japanese Red
Pine) and Quercus Serrata, which naturally occur in the area. In this
area, seasonal changes in the local flora are exhibited while growing
wild flowers and shrubs (Url-11, 2021).
5.1.9.

Atatürk Arboretum (Sarıyer,İstanbul)

Atatürk Arboretum was established on a 3450-decare forest in the
southeast of the Belgrad Forest, which attracts the attention of many
local and foreign botanists with its floristic richness in Sarıyer
district. There are 2000 kinds of plants in Atatürk Arboretum in
Belgrad Forest (Url-12, 2021).
5.1.10.

Garden Exhibits

They are thematic open green spaces that introduce the natural and
cultural landscape features of various countries (Url-13, 2021).
5.1.11.

Expo 2016 (Antalya)

It is an international exhibition organization held in Antalya between
23 April-30 October 2016. It was established on an area of
approximately 1200 decares in Aksu District of Antalya. Turkey's first
Agriculture and Biodiversity Museum, Congress Center, Amphitheater
are also located here. The aim of the fair is to present a global platform
on extinct plant species and forests, desertification, global warming,
depleted natural resources and measures to be taken against these
problems (Çelik, 2018).
5.2.

Clımate theme parks

Indoor or outdoor areas that allow unnatural climates for a region to
be experienced. Some of the climate themed parks are listed below
(Basarangil, 2018):
5.2.1.

Dubai ski resort

Ski Dubai has an indoor area the size of three football fields and has
the capacity to host 1500 people. It cost 270 million dollars. It is a large
entertainment and ski center with an indoor area of 22 thousand 500
square meters. There are five different tracks of varying difficulty.
The longest runway is 400 meters. Jet engines produce 6,000 tons of
real snow and spray it on man-made slopes (Url-14, 2021).
5.2.2.

Adaland Aquapark (Kusadasi)

It is located in Çamlimanı Locality of Kuşadası District of Aydın
Province. Adaland, one of the few water parks in the world, is spread
over a very large area (Anonymous, 2020). It has activities such as
trochypal beach, dancing in the rain, safari park, trampoline. There
are many pools and slides (Url-15, 2021).
5.2.3.

The Land of Legends (Land of Legends, Antalya)

It is located in Belek district of Antalya. It is shown as Turkey's
Disneyland. There are dolphins, penguins and themed playgrounds
(Url-16, 2021).
Figure 3. A view from Erzurum Ata Botanic Park (Url-10, 2021)
Arboretum, in the simplest terms, is a nature module that offers
opportunities for scientific research and observations. Mostly trees
and woody plants are exhibited here. In this exhibition process, the
origin, age, growing environment and living conditions of trees and
other woody plants are taken into consideration (Sertkaya, 1997).
5.1.8.

Kobe Municipal Arboretum (Japan)

Kobe Arboretum was established in Japan in 1940 on an area of 1426
decares. There are 1200 species in Kobe. 500 of them were obtained
from seeds (Url-11, 2021).

5.3.

Geographıcal theme parks

It is the area where the unique natural and cultural landscape
features of a country are introduced, protected and kept alive (Url-17,
2021)..
5.3.1.

Kuşcenneti National Park (Balıkesir)

It is located within the borders of Bandırma district of Balıkesir
province. It became operational in 1959. There are 266 bird species
detected. It is an enormous park where various species coexist (Url18, 2021).
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5.3.2.

Altınbeşik Cave National Park (Antalya)

It was discovered in 1966. There are 20 ponds inside the cave, whose
discovered length is 5500 meters. The cave is entered by boat over an
underground lake with a length of 400 meters (Url-19, 2021).
5.3.3.

Galapagos National Park (Ecuador)

It is on the UNESCO world heritage list. The islands, which have a
volcanic structure of volcanic origin, host many unique biological
species (Anonymous, 2020). In addition to the turtles and penguins in
the Galapogos national park, there are many animals such as iguanas,
gannets, and sea lions (Url-20, 2021).
5.4. Recreatıon and entertaınment theme parks
The prominent recreation and environmental theme parks are listed
below:
5.4.1.

Nasu Highland Park (Japan)

Nasu Highland Park is the largest amusement park located in the
Nasu area. It was established in 1979. It is a park with a total of 40
attractions and 10 interesting roller coasters. It includes seasonal
shows that change depending on the themes of the season (Url-21,
2021).
5.4.2.

Holiday (Istanbul)

Opened on April 20, 1996, Tatilya is also known as the 'Republic of
Entertainment'. This entertainment center was in the Beylikdüzü
district of Istanbul. In this entertainment center with many movie
theaters, there were also playgrounds such as Alabora, Water Ski,
Masal Dede, Tatilya Express. The entertainment center was closed on
April 3, 2006 (Url-23, 2021).

Figure 5. Views from Legoland/Billund park (Url-26, 2020).
5.5.

Story, tale, mythology themed parks

These are parks where elements such as popular stories, fairy tales,
and mythology cartoon characters are emphasized as themes.
5.5.1.

Parc Asterix (Paris)

It is located on a very large area of 200 decares. In this park, where
cartoon characters are at the forefront, Gaul and Roman cartoon
characters are used (Anonymous, 2020). The most interesting cartoon
character in this theme park is the 43-meter Asterix statue. (Url-27,
2021).
5.5.2.

De Efteling (Netherlands)

It was put into operation in 1952 (Figure 6). On a central area, parts of
the popular fairy tale are animated in the forest (Wylson, 1994;
Eyüboğlu, 2018).

Figure 4. A view from Nasu Highland Park (Url-22, 2021).
5.4.3.

Ferrari World (Abu Dhabi)

It opened to the public on November 4, 2010. Ferrari World Abu Dhabi
covers an area of 86,000 square meters. It is the first Ferrari theme
park established by the Ferrari brand. Its most important feature is
the formula rossa, the fastest train in the world. This roller coaster
can accelerate to 240 kilometers in about 5 seconds (Url-24, 2021).
5.4.4.

Legoland / Billund

It was opened on June 7, 1968 in Billund, Denmark (Figure 5). The
amusement park features roller coasters and family cars and
miniature themed areas made of Lego (Url-25, 2021).

Figure 6. A view from de efteling (Url-28, 2021)
5.6.

Art and cultural themed parks

It is the parks that allow artistic products to be exhibited and watched
in a good and effective way. The types of these theme parks can be
listed as follows:
• Sculpture Parks
• Cultural Parks
• Miniature Packs
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5.6.1.

Sculpture Parks

It is designed so that the sculptures can be viewed by visitors in the
best way possible. Sculptures are also indispensable elements of
landscape design. Statue; It makes the design more effective and
perceptible with its colour, form, shape and size features that increase
the visual value of the landscape. Sculpture parks, which were
originally established for sculptors to exhibit their works, later began
to serve as affiliated with museums (Deniz, 2002).
5.6.1.1.

Storm King Art Center (USA)

Storm King Art Center is located in New York. It was established on an
area of 808 decares. The best pieces of modern sculpture are displayed
on a beautiful landscape with rolling hills on the land (Deniz, 2002).
The most important feature is that the best examples of post-World
War II sculpture are brought together and exhibited in a way that
shows the best aspects of the works as much as possible (Deniz, 2002).
5.6.1.2.

Hakone Open Air Museum (Japan)

It was the first sculpture park in the country in 1969. The park
exhibits approximately 500 modern sculptures (Deniz, 2002).
This museum is the first in Japan to feature modern sculpture in the
open air in a large scale. An active exhibition program and longlasting annual international sculpture competitions are also held at
the Hakone Museum (Topaloğlu, 2007).
5.6.2.

Cultural Parks

Cultural parks are thematic parks that reflect the history of various
cultures.
5.6.2.1.

Tjapukai Aboriginal Cultural Park (Australia)

The Culture Park, where Aboriginal culture is introduced, covers a
large area of approximately 25 decares. It was established in 1987. In
this cultural park, Aboriginal culture is described in a theatrical
language by people living in the tropical North Queensland
rainforests (Topaloğlu, 2007).
5.6.2.2.

Figure 7. Views from the Polynesian Cultural Park (Url-29, 2021)
5.6.3.

Miniature Parks

They are parks where models of real buildings are reduced to 1/25
scale, which are of great importance in terms of transferring the past
of the country they are located in to future generations (Uğur, 2018).
Miniaturk parks in Turkey, including Miniaturk in Istanbul Golden
Horn, 80 Thousand-Day Alem Park in Konya, 18 Mart Park in
Çanakkale and Minicity in Antalya exists.
5.6.3.1.

Miniaturk (Istanbul)

Miniaturk was opened on May 2, 2003. Miniatürk Park is the world's
largest miniature park with 60,000 square meters where models of
various works of art in Turkey are exhibited (Figure 8). The project
consists of three main parts. The Anatolian geography, the Istanbul
region and the three main sections, which contain the works of
Ottoman architecture, are separated from each other by small
landscape details. (Url-30, 2021).

Polynesian Cultural Park (Hawaii)

It is an important combination that covers an area of 168 decares and
is formed by many villages. It was opened in 1963 (Figure 7). Here, the
dances, forgotten historical and cultural values, songs and
handicrafts of the people of the region are brought to life (Topaloğlu,
2007).

Figure 8. Views from the Miniatürk (Url-31, 2021)
5.6.3.2.

Bekonscot (England)

Bekonscot is famous for being the oldest model village, opened in
1929. It depicts the countryside in the 1930s. It was made as a hobby
of village founder Roland Callingham. Since its establishment, it has
been sharing all its profits with charities (Url-32, 2021).
5.6.3.3.

Minimundus (Austria)

It is the park where a total of 170 buildings from five different
continents are exhibited outside the borders of the country. It is
established on an area of 26 decares. This park has been operating
since 1958. The works made by experienced designers in the field are
also protected by these designers (Url-33, 2021).
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5.7.

Age theme park

Today, they are parks that allow us to experience the past and the
future. The parks, which are the theme. of the past, also allow the
protection of historical environments (Url-34, 2021).
5.7.1.

Dinopark (Antalya)

It is a dinosaur themed park built on 30 acres of land. There are 28
dinosaurs in total. They are dinosaurs that can move their claws and
tails, turn their heads and make sounds (Url-35, 2021).

5.8.

Technologıcal theme parks

An important variant of these theme parks is Virtual World (San
Diego/California).
5.8.1.

Virtual World (San Diego/California)

Virtual World is a computer game facility that combines the
adventure spirit of the 19th century with the technology of the 21st
century. The Center for the Virtual Geographical League, this facility
was established in 1895 at the Hazard headquarters in San Diego (Url36, 2021)..
The ranking of the amusement parks in the world according to the
number of visitors between 2018-2019 was made by the "Themed
Entertainment Association" and this ranking is given in Table 1 (Url37, 2021). When the table is examined, it is seen that there has been
an increase in the number of visitors to the Magic Kingdom, California
Disneyland, which is one of the first parks to be opened in the world,
and they are in the first place. It is seen that Tivoli Gardens and De
Efteling theme parks have decreased in terms of visitor numbers and
they are in the last place. Magic Kingdom, California Disneyland
theme parks are very important in that they contain various activities
and enable people of different age groups to use them together.

Figure 8. A view from the dinopark (Url-35, 2021).
Table 1. The most visited 25 different theme parks in the world and the number of visitors in 2018-2019 (Url-38, 2021).
PARK LOCATION

% CHANGE

ATTENDANCE
2019

ATTENDANCE
2018

1. MAGIC KINGDOM THEME PARK AT WALT DISNEY WORLD RESORT, LAKE BUENA VISTA, FL, U.S

0.5 %

20.963.000

20,859,000

2. DISNEYLAND PARK, ANAHEIM, CA, U.S.

0.0 %

18.666.000

18.666.000

3. TOKYO DISNEYLAND, TOKYO, JAPAN

0.0 %

17.910.000

17.910.000

4. TOKYO DISNEYSEA, TOKYO, JAPAN

0.0 %

14.650.000

14.650.000

5. UNIVERSAL STUDIOS JAPAN, OSAKA, JAPAN

1.4 %

14.500.000

14.500.000

6. DISNEY'S ANIMAL KINGDOM AT WALT DISNEY WORLD, LAKE BUENA VISTA, FL, U.S

1.0 %

13.888.000

13.888.000

7. EPCOT AT WALT DISNEY WORLD, LAKE BUENA VISTA, FL, U.S.

0.0 %

12.444.000

12.444.000

8. CHIMELONG OCEAN KINGDOM, HENGQIN, CHINA

8.4 %

11.736.000

11.736.000

9. DISNEY'S HOLLYWOOD STUDIOS AT WALT DISNEY WORLD, LAKE BUENA VISTA, FL, U.S. 2

2.0 %

11.483.000

11.483.000

10. SHANGHAI DISNEYLAND, SHANGHAI, CHINA

-5.0 %

11.210.000

11.210.000

11. UNIVERSAL STUDIOS FLORIDA AT UNIVERSAL ORLANDO, FL, U.S.

2.0 %

10.922.000

10.922.000

12. UNIVERSAL'S ISLANDS OF ADVENTURE AT UNIVERSAL ORLANDO, FL, U.S.

6.0 %

10.375.000

10.375.000

13. DISNEY CALIFORNIA ADVENTURE PARK, ANAHEIM, CA, U.S.

0.0 %

9.861.000

9.861.000

14. DISNEYLAND PARK AT DISNEYLAND PARIS, MARNE-LA-VALLEE, FRANCE

-1.0 %

9.745.000

9.843.000

15. UNIVERSAL STUDIOS HOLLYWOOD, UNIVERSAL CITY, CA, U.S.

0.0 %

9.147.000

9.147.000

16. EVERLAND, SEOUL, SOUTH KOREA

12.9 %

6.606.000

5.850.000

17. LOTTE WORLD, SEOUL, SOUTH KOREA

-0.1 %

5.953.000

5.960.000

18. NAGASHIMA SPA LAND, KUWANA, JAPAN

0.5 %

5.950.000

5.920.000

19. EUROPA-PARK, RUST, GERMANY

0.5 %

5.750.000

5.720.000

20. OCEAN PARK, HONG KONG SAR

-1.7 %

5.700.000

5.800.000

-15.0 %

5.695.000

6.700.000

22. DE EFTELING, KAATSHEUVEL, NETHERLANDS

0.0 %

5.400.000

5.400.000

23. WALT DISNEY STUDIOS PARK AT DISNEYLAND PARIS, MARNE-LA-VALLEE, FRANCE

-1.0 %

5.245.000

5.298.000

24. OCT HAPPY VALLEY, BEIJING, CHINA

29.6 %

5.160.000

3.980.000

25. CHIMELONG PARADISE, GUANGZHOU, CHINA

4.8 %

4.905.000

4.680.000

TOTAL 25 ATTENDANCE GROWTH 2018–2019

0.7 %

21. HONG KONG DISNEYLAND, HONG KONG SAR

253.864.000 251.990.000
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Below are the 25 most visited theme parks in the world (Figure 1). (Url38, 2021). When the table and figure are examined, it is seen that the
theme park industry in the world has developed in the

USA, Europe and South Asia, the sector leadership is in the hands of
the USA, and the theme parks are located on the equator due to
climatic reasons.

Figure 9. The 25 most visited theme parks in the world (Url-39, 2021).

6.

Dıscussıon and conclusıon

In the developing world technology, people's desire to spend their free
time has led to the development of the theme park industry. Theme
parks, which contribute to the economy of the country in which they
are established, have developed in line with the changing demands
and have begun to be designed with different subjects and purposes.
While creating theme parks, different planning and design criteria
have emerged for each theme park over time, especially considering
the reactions of visitors and environmental factors. In addition, in
landscape studies, the spatial composition to be created for the area
to be designed is revealed within the scope of universal planning and
design principles.
Theme parks are parks that are planned, designed, implemented and
managed around a predetermined fiction such as entertainment, art
and science. In addition to being attractive with offering
extraordinary activity opportunities, they have the qualities to feed
the spiritual, physical and cultural needs of individuals. The user
profile of theme parks can be composed of local people as well as
domestic and foreign tourists. In this respect, it is an important
tourism destination.
Theme Parks constitute an important source of tourism income of
countries. It is thought that theme parks will become a rising trend
worldwide in the coming periods, since these parks allow families to
spend fun and educational time together outside the home, especially
in terms of incorporating applications that will attract the attention
of all age groups, and in terms of appealing to all family members. In
the light of technological developments and thanks to new planning
methods, the search for innovation in this sector, which shows a rapid
development is always in the foreground. When evaluated in terms of
continents, the USA maintains its leadership in the theme park sector.
As the Theme Park group, it seems that Walt Disney is ahead by far.
The rising trend in Theme Parks in recent times is observed as turning
the theme parks into a holiday destination by including the hotels and
restaurants. In order to make the overnight stay of the visitors
attractive, the night shows in the parks have begun to be emphasized.

In addition, it is becoming more and more common that famous
animated, TV and movie characters are presented to visitors with
various shows and shows in theme parks.
It is seen in the examples of some theme parks from Turkey and the
world that are discussed within the scope of the study that the concept
of theme parks is very broad, but differs according to the natural and
cultural characteristics of the region. Theme parks, which always
attract great attention all over the world and in our country, provide
important inputs in terms of economy as well as contribute to the
identity of the city (Gülhan, 2019; İnce and Küçük, 2018). In addition,
when cultural values are detached from their context, they become
ordinary and face the danger of losing their originality over time. In
this respect, acting with this thought in both the entertainment
centers and playgrounds to be built will enable to explain and transfer
the culture to the next generations more accurately (Yıldızaltın, 2017;
Gök and Bingöl, 2017).
In the 21st century, creativity emerges in almost every field from
painting to architecture, from technology to economy. In this age,
where today's economic transformations are based on originality, one
of the most fundamental sources of creativity, perhaps the first, is
culture. It is seen that the entertainment industry, which is a subbranch of the content-based culture industry that feeds on originality,
has recently benefited from culture or folklore. Therefore, the culture,
which assumes a transformative function in the economy, comes to
the fore by getting stronger day by day.
The use of cultural heritage items to make spaces attractive and their
delocalization cause misrepresentation and transfer of culture. While
companies with a multinational structure are the focus of global
power, it is almost impossible to prevent these practices. However,
studies can be carried out at the regional level by communicating with
the Ministry of Culture and Tourism, municipalities, governors, nongovernmental organizations such as associations or foundations.
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Theme parks are important urban scale parks that are based on a
specific theme, immersive, entertaining, educational and completely
satisfying. While a theme park can appeal to all age groups, it can also
include activities that appeal to only a certain age group in
accordance with its theme. New investments to be made in the design
and planning of theme parks, taking into account the habits,
preferences and needs of visitors, or innovations and changes to be
added to existing parks will increase the interest in theme parks and
make them permanent. This permanence will also contribute to the
economy of the country where they are located. In this way, it will be
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possible to create new theme parks with circulation with innovations
that are more interesting to visitors of all ages and respond to their
preferences.
Theme parks are important landscape designs that create unique
indoor and outdoor spaces and focal points that play a role in defining
cities. It is thought that these areas, which can maintain their
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formation of cities.
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Historical Structure and Environments (HSE) are significant cultural assets which have
historical, artistic and regional values and establish a bridge between past and present. HSE
significantly affect the identity of a city they take place. Because of their such characteristics,
they need to be protected, sustained and transferred from generation to generation. Kars,
determined to be study area, is a city located in the east of Turkey, and has hosted many
civilizations for centuries thus enriching its cultural structure with historical buildings. In
the study, carried out to analyse the visual quality of some HSE in the city of Kars and its
surroundings, Visual Quality Assessment included in landscape analysis among the
landscape planning process stages. In this respect, a photo survey, prepared to make Visual
Quality Assessment was applied to 74 students at Atatürk University Architecture and
Design Faculty. Results of the survey were analysed through SPSS software. As the result of
the study, it was found that the highest visual quality score was at HSE 5 (Ani Cathedral; 4,39)
followed by HSE 4 (Cheltikov Hotel; 4,07), HSE1 (Katerina Palace; 4,03. One of the Evaluation
Criteria (EC 1:4.21), historicity is the criterion that has the highest visual quality score among
all departments of Atatürk University Faculty of Architecture and Design. In addition, it was
determined in the study that several parameters (being historic, naturalness, spatial identity
etc.) are associated significantly with the department of the participant students (P <0.05).
With the study, it was concluded that the city of Kars and its surrounding represent high
historical, cultural and visual values. Their importance was highlighted in the respect of
conservation – utilisation balance and sustainability.

1.

that occur as a result of increasingly unplanned urbanization
(Yürekli, 1977; Bulut and Yılmaz, 2009; Bulut et al. 2010).

Introduction

Due to the rapid changes in today's cities, the reshaping of the
physical and social structure, the settlements are gradually losing
their traditional values and identities. The studies within the scope of
visual impact assessment that examine the lost natural and cultural
characteristics, the present and future physical developments of
settlements and their social lives in a visual context are becoming
increasingly important (Belinay and Soydan, 2015; Hepcan 2003).
Increasing the visual value of the environment through human use
of land and creating artificial structures, in the process of
environmental planning and design, requires the analysis of the
environmental visual qualities of new elements as well as the costbenefit relationships on which the control of development is based.
Today, the solution of environmental planning and design problems
is closely related to the evaluation of the abstract and concrete
qualities of the environment. A visual evaluation method should be
developed that will give the visual possibilities and constraints of the
existing environmental system depending on the natural and
cultural environment sub-systems in the design of negative images

The common goal of visual impact assessment studies is to expand
the range of environmental data required for environmental
protection and development by developing visual criteria and
modeling processes that can be used in planning and design
processes. Special purposes of the studies; providing data to identify
land use and development strategies; comparing different
environments, revealing the visual impact areas of the proposed
developments in order to guide development control decisions;
adding new elements or investigating the change direction of the
environment in terms of existing elements. Therefore, methods for
evaluating the visual qualities of the environment should be
developed and applied. The visual values of the environment, which
has deteriorated due to rapidly increasing population, internal
migration and unplanned urbanization, should be preserved (Yürekli,
1977; Qi et al.2017; Önder and Polat 2004).
Today, as a result of rapidly developing cities and increasingly
uniform and complex structuring, physical environments, thus
historical environments, are changing negatively. Historical
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environments began to deteriorate or even disappear in new
buildings and were pushed to the second plan. Historical circles face
various dangers such as neglect, abandonment, public works
activities and rent pressure. While some places are abandoned and
deprived of destruction, intense desire for structuring and opening
new roads in settlements where life continues cause the historical
texture to change and disappear. Opening new roads or expanding
existing ones also damages the texture of the historical environment
and causes both visual and physical deterioration (Ahunbay 2004;
Arriaza et al. 2004; Elinç 2011)

recognizing the characteristics of the environment. In order to define
the environment according to the formal approach of perceiving the
environment, the environment should be comprehended in depth as
a whole and evaluated as a whole. Each of the parts that make up a
whole has a distinct feature and identity. When these separate parts
combine and form the whole 24, the identity of that region is formed.
In order to determine the identity of the region exactly, the identity
must be defined according to the results obtained by analyzing the
parts and the necessary environment must be provided to ensure the
sustainability of this definition.

Historical buildings are cultural heritage pieces that establish an
important link between the past and present, present and future.
Sociological, economic, political and religious life in the past
constitutes the body of historical structures (Mahrabel, 2006).
Especially historical textures have a great impact on the identity of
the city. These spaces are renewed with urban landscape designs to
increase their quality of life and preserve their identities. Since it is
desired to increase the quality of life in urban design, the living
environment of the urban person is an important criterion. In this
environment, it meets human physical and social needs. The same is
true in historical circles.

This study is based on the city of Kars, which has hosted many
civilizations for centuries, and the Katerina Palace (HSE 1), Revenue
Office Building (HSE 2), Gazi Ahmet Muhtar Pasha Culture House (HSE
3), Hotel Cheltikov (HSE 4), and Ani Cathedral. (HSE 5), 5 different
historical buildings and their surroundings were handled within the
scope of visual impact assessment (Figure 4). The city of Kars, which
was determined as the research area; It is a city that has hosted many
civilizations for centuries and has historical and cultural richness.
Purpose of the research; It analyzes the visual quality of some
historical buildings and their surroundings in the city of Kars and its
surroundings, and makes suggestions for ensuring the sustainability
of environmental perception and quality.

Onem (2005), the perception of the environment, the continuity of
knowing and evaluating it, is the process of making a decision and
making a decision as a result of feeling the environment with its sense
organs, understanding the way of perception of the environment and

Figure 1. As seen from the location of Kars city center and historical buildings (URL -1.2021)
The research material consists of 5 different historical buildings in
the city of Kars. In the research method, visual quality analysis, which
is included in the landscape analysis, which is one of the stages of the
landscape planning process, was used. It is thought that different
types of historical and cultural structures existing in the area have
high potential in terms of visual landscape. In the study, on-site
examination and evaluation of the expert group were used as
research methods to make observations about the field. Written and
visual resources related to the region and the subject were used, field
research was conducted, and oral interviews were held with relevant
persons and institutions. In this study, the visual quality assessment
of the landscape related to the historical and cultural structure of the
city of Kars; It is independent from the perception factor and in the
formal direction, and the parameters for this are taken into account.
2.

Material and method

The research material consists of 5 different historical buildings in
the city of Kars. In the research method, the visual quality analysis
included in the landscape analysis, one of the stages of the landscape

planning process, was used. It is thought that the different types of
historical and cultural structures existing in the area have high
potential in terms of visual landscape. While HSE 1 (Katerina Palace),
HSE 2 (Revenue Office Building), HSE 3 (Ghazi Ahmet Headman Pasha
Culture House), HSE 4 (Cheltyköy Hotel) and HSE 5 (Ani Cathedral) were
selected as Historical Structure and Environments Historicity (EC 1),
Naturalness (EC 2), Space-Identity (EC 3), Fascination (EC 4) and
Vitality (EC 5) were preferred.
In the study, on-site inspection and evaluation of the expert group
were used as research methods to make observations about the field.
He benefited from written and visual sources related to the region and
the subject, field research was conducted, and oral interviews were
made with the relevant people and institutions. In this study, the
visual quality assessment of the landscape related to the historical
and cultural structure of the city of Kars; It is independent from the
perception factor and in the formal direction, and the parameters for
this have been taken into account.
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Figure 2. Location of the research area (URL-2.2021)
The questionnaire prepared for this research on the Visual Quality
Analysis of Kars City Historical Building and its Environment was
applied to the students of Atatürk University Faculty of Architecture.
The main body size consists of students of Atatürk University Faculty
of Architecture. For this purpose, one-to-one questionnaire was
applied to 784 people studying at the faculty at the time of the
research. The simple random sampling method used by İslamoğlu
(2003), Özdamar (2003) and Büyüköztürk (2008) was used to determine
the sample size.
The formula used to determine the sampling size is as follows:
n = Z2 NPQ/ND2 + Z2 PQ
n = Sample Size
Z = Confidence coefficient (1.96)
P = Probability of the feature to be measured to find a mass (95% = 0.95)
Q = 1-P (0.05)
D = Accepted sampling error (5% = 0.05)
N = Population size (Total number of Architecture and Design
students: 784)
Within the scope of the study, when the data was placed in the above
formula, the total sample size was determined as (n = 74) at 95%
confidence interval.
A photography study was carried out in October 2018 in order to
capture autumn colors in the locations selected for the research.
Various photographs representing the areas were preferred in order
to determine the visual landscape quality in 5 places that have
landscape character of historical structure and environments. The
photos were taken with a digital camera between 10:00 and 16:00. 273
photographs were taken in order to enable the evaluation of areas
with near and far views from various angles, and a total of 70 images
(3 to 4 photographs for each historical building) were evaluated. Visual

quality survey; The landscape architecture was applied to the
students of the department of city and regional planning,
architecture, studying in 3rd and 4th grade within the faculty of
architecture and design. Since the sample size is 74, 74 questionnaires
were evaluated.
The visual quality questionnaire was applied as a Power Point
presentation. In the presentation, no comments were made about the
photographs taken from the historical building and its surroundings,
and no information was given about where the photographs were
taken. Scoring was provided by giving a period of approximately 60
seconds for each photo. In the evaluation of the photographs, the
historicity, naturalness, spatial identity, fascination, vitality,
uniqueness, harmony with the environment, perceptibility, integrity
with the landscape, emphasis and imaginary effect, visibility,
originality used by Yardimci et al. (2019) for visual quality analysis of
historical structures and environments. , mystery, width,
spaciousness, structure and ground harmony, symmetry-balance,
texture, proportion-scale, form, color effect criteria were used. In
order for the photographs selected from historical buildings to be
compared, they were asked to score each building independently from
1 to 5 (including 1 and 5).
3.

Findings

The photographs taken from 5 different historical buildings and their
surroundings and their criteria are shown in Figure 3 for the visual
quality analysis of the historical buildings and surroundings of Kars
city and its surroundings, which form the research area.
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Kars City Historical Structure and Environments
HSE 1
Katerina
Palace

HSE 2
Revenue
Office Building

HSE 3
Ghazi Ahmet
Headman
Pasha Culture
House
HSE 4
Cheltykov
Hotel

HSE 5
Ani Cathedral

Figure 3. Views from the historical and cultural buildings of Kars city and its close surroundings

Table 1. Landscape characteristics and average values taken into account in the visual quality assessment of photographs
EC
HSE
Evaluation Criteria
Historical Structure
Historical
Evaluation Criteria (EC)
(EC) ORT
and Environments
Building and
Circles
(HSE)ORT
EC 1……….…EC 5
HSE1...HSE5
Historicity (EC 1)

EC1

4.21

Katerina Palace

Naturalness (EC 2)

EC2

3.96

Place- Identity (EC 3)

EC3

4.08

Fascination (EC 4)

EC4

4.09

Revenue Office
Building
Ghazi Ahmet
Headmen Pasha
Culture House
Cheltykov Hotel

Vitality (EC 5)

EC5

3.87

Ani Cathedral

4.04

HSTS ORT

EC ORT

Table 2, the landscape features and their average values taken into
account in the visual quality assessment of the photographs of the
historical buildings and their surroundings of the province of Kars
are included. According to this, the highest average value in terms of
Evaluation Criteria (EC) in Historical Structure and Environments
(HSE) is seen in Uniqueness (EC 5: 4.52) criteria, respectively, Vitality
(EC 4: 4.32), Historicity (EC

HSTS
1
HSTS
2
HSTS
3

4,10

HSTS
4
HSTS
5

4.32

3.49
3.77

4.52
4.04

1: 4.10) and Fascination (EC 3: 3.77). followed. The lowest value was
determined in the Naturalness (EC 2: 3.49) criterion. In the visual
quality assessment of the photographs of Historical Structure and
Environments (HSE) has the highest average value with 1 (4.21 p),
followed by HSE 4 (4.09 p) and HSE 3 (4.08 p), respectively. The lowest
average value was determined in HSE 5 (3.87 p).
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Table 2. Landscape characteristics and average values taken into account in the visual quality assessment of the photographs of the city of
Kars and its vicinity Historical Structure and Environments (HSE).

Historicity (EC1)

Historical Structure and Environments (HSE)
Score Range (1,2,3,4,5)
HSE 1………………………………………… HSE 5
4.28
4.16
4.13
3.95

3.97

4.10

Naturalness (EC2)

4.19

3.41

3.58

3.27

3.00

3.49

Place- Identity (EC3)

3.91

3.72

3.97

3.65

3.62

3.77

Fascination (EC4)

4.39

3.91

4.14

5.00

4.19

4.32

Vitality (EC5)

4.26

4.61

4.59

4.57

4.55

4.52

HSE ORT

4.21

3.96

4.08

4.09

3.87

4.04
HSE ORT=EC ORT

Evaluation Criteria (EC)

The research data were subjected to variance analysis and compared
to the main sources of variation found statistically significant with
the T test in paired comparisons based on gender, and with the
Duncan Multiple Comparison Test in the multiple comparisons of the
departments. According to the results of the Analysis of Variance
(ANOVA) conducted in the survey study conducted, the difference

ECORT

between the data of five different Historical Structure and its
Environment (HSTS) between genders was statistically significant at
p <0.05 significance level only in HSTS 2 (0.030) (p <0.05). This
difference was not found to be statistically significant in HSE 1, HSE
3, HSE 4 and HSE 5 (Table 3)

Table 3. Analysis of variance for the image quality assessment of gender differences (ANOVA) and T Test Results
Group Statistics
Gender

F

Woman
5.472
Man
Woman
12.24
HSE 2
Man
Woman
7.541
HSE 3
Man
Woman
0.805
HSE 4
Man
Woman
13.72
HSE 5
Man
* Important, ** Very Important

df
2

HSE 1

2
2
2
2

N

Mean

39
35
39
35
39
35
39
35
39
35

3.96
3.86
3.82
3.70
3.77
3.67
3.48
3.52
3.33
3.40

Considering the difference between ages, only the average values of
HSE 2 (0.000), HSE 3 (0.000) and HSE 4 (0.003) were found to be
statistically significant, while the difference between the averages in

T

Std. Error Mean Significant
Degree
.117537
0.082
.129403
.130383
0.030**
.155355
.105785
0.066
.147849
.138536
0.471
.123560
.097207
0.243
.109667

1.89
0.659
0.144
0.088
1.829

other historical structures and their environments was not found
statistically significant (p <0.05). (Table 4).

Table 4.Variance Analysis (Anova) and T Test Results for visual quality assessment of differences between ages
Group Statistics
Age
HSE 1
HSE 2
HSE 3
HSE 4
HSE 5

18-25
25 years and more
18-25
25 years and more
18-25
25 years and more
18-25
25 years and more
18-25
25 years and more

F

df

N

Mean

T

Std. Error Mean

1.791

2
2

14.798

2

8.975

2

1.649

2

3.91
4.01
3.74
3.98
3.69
3.99
3.47
3.77
3.36
3.41

1.159

20.493

66
8
66
8
66
8
66
8
66
8

0.031
0.085
0.030
0.073
0.030
0.077
0.031
0.078
0.032
0.086

2.595
3.239
3.180
0.575

Significant
Degree
0.181
0.000**
0.000**
0.003**
0.199

* Important, ** Very Important
When the difference between the departments Landscape
Architecture (LA), City and Regional Planning (CRP), Architecture
(ARCT) in five different Historical Structure and Environments
surroundings (HES) is examined, the difference between the average

values of HSE 2, HSE 3 and HSE 4 is found to be statistically
significant, while the difference between the averages in other
historical Structure and their surroundings is statistically being not
found significant (p <0.05) (Table 5).
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Table 5. Analysis of variance for the image quality evaluation of the differences between parts (ANOVA) and T Test Results

ANOVA

Department

df

N

Mean

HSE 1

LA
CRP
ARCT

3

25
26
23

HSE 2

LA
CRP
ARCT

3

25
26
23

HSE 3

LA
CRP
ARCT

3

25
26
23

HSE 4

LA
CRP
ARCT

3

25
26
23

HSE 5

LA
CRP
ARCT

3

25
26
23

3.76
4.34
3.60
3.92
3.71
4.16
3.38
3.77
3.59
4.17
3.37
3.72
3.43
3.79
3.26
3.50
3.36
3.58
3.12
3.36

T

Std. Error
Mean

Significant
Degree

1.159

0.093

0.181

2.595

0.090

0.000**

3.239

0.091

0.000**

3.180

0.094

0.003**

0.575

0.096

0.199

* Important, ** Very Important
Duncan Multiple Comparison test results of average visual quality
values of different sections from variation sources are given in Table
6. According to this, the highest value in HSE 2 (Historical Structure
and Environments) in terms of average visual quality values is seen

in CRP with 4.16, followed by LA and ARCT sections, respectively. In
addition, the difference between all sections was found to be
statistically significant (p <0.05).

Table 6. Duncan Multiple Comparison Test results for the average visual quality value of HSE 2 (Naturalness)
HSE 2 (Naturalness)
Abbreviations

Departments

N

Average

ARCT

(Architecture)

25

3.38a

LA

(Landscape Architecture)

26

3.71b

CRP

(City and Regional Planning)

23

4.16c

74

0.000**

Significant Degree
* Important, ** Very Important

Average visual quality values of Atatürk University Faculty of
Architecture and Design (Landscape Architecture, Architecture and
City and Regional Planning) of HSE 3 are included in Table 7.

Accordingly, the highest average score was seen in CRP with 4.17,
followed by LA (3.59p) and ARCT (3.37), respectively. In addition,
statistically significant differences were observed between the
average visual quality scores of HSE 3 between all sections (p <0.05).

Table 7. Duncan Multiple Comparison Test results for the average visual quality value of HSTS 3 (Space-Identity)
HSE 3 (Location-Identity)
Abbreviations

Departments

N

Average

ARCT

(Architecture)

25

3.37a

LA

(Landscape Architecture)

26

3.59b

CRP

(City and Regional Planning)

23

4.17c

74

0.000**

Significant Degree
* Important, ** Very Important

The Duncan Multiple Comparison test results of the average visual
quality scores of HSTS 4 can be seen in Table 8. Accordingly, the

highest average score was seen in CRP with 3.79, while the lowest
average score was seen in the ARCT section with 3.26. The difference
between all parts was found to be statistically significant (P <0.05)
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Table 8. Duncan Multiple Comparison Test results for the average visual quality value of HSTS 4 (Fascination)
HSTS 4 (Fascination)
Abbreviations

Departments

N

Average

ARCT

(Architecture)

25

3.26a

LA

(Landscape Architecture)

26

3.43b

CRP

(City and Regional Planning)

Significant Degree

23

3.79c

74

0.003**

* Important, ** Very Important

4.

Dıscussıon and conclusıon

As a result of the research; All of the participants stated that the visual
quality of Historical Structure and Environments (HSE) is important,
and the visual quality of the historical building and its surroundings
attracts their attention. Since the participants of the survey are
students of architecture and design faculties, it is an expected result
that the interest in the historical building and its surroundings is
high. With this research, historicality got the highest score among the
evaluation criteria used to determine the visual quality of the city of
Kars, its historical structure and its surroundings. It has been
determined that the Ani Cathedral, which is an important historical
heritage in the region, is the historical building with the highest
average visual quality. The fact that this building is very large, unity
with the landscape, strong and perceptible is considered to be an
important factor in getting the highest score. Ghazi Ahmet Headman
Pasha Culture House), received the lowest visual quality score. It is
thought that the weakness of the landscape integrity of this building
and the lower quality of the visual landscape among other historical
buildings are an important factor in taking this value.
The average values obtained were considered separately on the basis
of gender, age and departments. While all the evaluation criteria on
the basis of departments and the differences between the historical
building and its surroundings are statistically very important at 95%
confidence interval, the scores given by the City and Regional
Planning students on the visual quality of the historical building and
surroundings were higher than the other departments. These
students are thought to have developed a different perspective in
terms of focusing on the building and its surroundings, its
connections with its surroundings, landscape quality, and the
composition it creates with the natural and cultural environment.
When the Variance Analysis (Anova) and T Test results for the visual
quality assessment of the differences between ages were examined, it
was revealed that there were statistically significant differences
between the age differences and the average visual quality scores
given to some Historical Structure and Environments (HSE 2, HSE 3,
HSE 4). In terms of gender, this difference was detected only in HSE 2
(Revenue Office Building). This assessment for this building, which has
a long history, is an expected result.
It is very important to transfer historical environments to future
generations with a sustainable approach and to use them together
with their immediate surroundings in a balance of protection and use.
As a matter of fact, Arabacıoğlu and Aydemir (2007) stated in their
studies that historical environments reflect the social, cultural and
economic structure, life style and philosophy of the past periods and
that they are the expression of a great accumulation in terms of the
accuracy of the relationship they establish between nature, building
and building-human relations.
Today, the rapid urbanization and population growth, which are
devoid of order and plan, cause the historical environments to be
damaged or even destroyed. In addition to the restoration and
conservation works carried out in these areas, the increasing
importance and widespread of the concept of re-evaluation will also
increase the visual landscape perception of these areas. This will only
be possible by considering all aspects of environmental and social
sustainability in the context of conservation. Today, although there
are many studies on the redesign and handling of historical
environments, examples in which these are based on an analytical
study remain in a minority (Branca 1976; Tekeli 1987; Özer 1993;
Şentürer 1995). However, especially in historical circles, it is inevitable
that these analysis studies should be carried out meticulously and the

decisions made should be re-evaluated with continuous feedback and
the interventions made should always be reversible.
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Today, waste/residual materials pose an extremely serious danger to the ecosystem. Such
materials are widely used in a wide variety of engineering applications to reduce the
negative effects of these waste/residual materials. In recent decades, researchers working on
this issue, especially in geotechnical engineering, have started to use these waste/residual
materials in soil improvement applications. In this study, the strength and thermal effect on
cohesive soils reinforced with waste glass bottle powder (GP) were investigated. Clay soil (CS)
mixed with GP at 5%, 10%, and 15% was compacted at optimum water content using standard
proctor test. Mixture samples were cured for 7, 14, and 28 days. CS samples reinforced with
GP were subjected to a series of unconfined compressive strengths after heating at three
different temperatures (50, 80, and 110 degrees). From the experimental results obtained, the
highest strength; was obtained in the CS+15 GP mixture for 28 days of curing and at 80
degrees heating temperature

ceramic and brick raw material, additive material in metal casting
industry, filling material in paint and plastic (Yurtsever Kara, 2002).

1.Introduction
Soil improvement is defined as the improvement of the physical and
mechanical properties (strength, bearing capacity, settlement,
swelling, and deformations, etc.) of the soil by mixing various
additives. The use of natural, synthetic, or various chemicals as
additives in soil stabilization/reinforcement has increased
significantly in the last decade. Clay soil, which are called common
and problematic soil, are mixed with various waste or residual
materials reinforcement works are continuing at an increasing pace.
Today, many studies are ongoing on the effects of fine and coarsegrained soils on geotechnical properties reinforced with these waste
or residual additives (Prabakar and Sridhar, 2002; Akbulut et al., 2007;
Yarbaşı et al., 2007; Hejazi et al., 2012; Maliakal and Thiyyakkandi,
2012; Yarbasi, 2019; Kalkan, 2020; Kalkan et al., 2020; Yarbasi, 2020;
Yarbasi and Kalkan, 2020). These wastes are now defined as raw
materials.
Due to the increase in the world population and the change in
consumption habits, our natural resources are decreasing day by day.
Due to the rapid increase in consumption and the threat of running
out of resources, the recycling system has been emphasized recently.
The situation is not different in our country. Parallel to the population
growth, the increase in the amount of waste and the use of packaged
products has made recycling an economic value (CEVKO, 2021).
Since waste glass is not biodegradable, they occupy a large amount of
space in landfills. It also causes serious environmental problems such
as air, water and soil pollution. One of the best ways to reduce
environmental impacts is to recycle and reuse waste glass. Recycling
ensures the protection of natural resources, the reduction of storage
areas, and the conservation of energy and resources (Asaga et al.,
2006; Mahmutluoglu and Bagriacik, 2020). In addition to the recycling
sector, waste glass is also used as construction material, decorative
material, concrete raw material, asphalt material, filter material,

Various studies have been carried out on the properties, modification,
and thermal effects of waste glass bottle powder. Asaga et al. (2006)
examined the effect of waste bottle glass powder on the hydration
process, strength development and pore structure of the hardened
cement. As a result; They determined that the waste bottle glass
powder has a pozzolanic reactivity, the compressive strength
increases with the pozzolanic reaction of the glass and the pore size
of the mixture decreases (Asaga et al., 2006).
Ustunkol and Turabi (2009) investigated the usability of various
industrial wastes and glass powders as filler materials in asphalt
concrete pavement mixtures at values ranging from 7% to 0%. It has
been shown that void ratio and stability values are increasing in all
industrial wastes except glass powder waste, while yielding values are
decreasing (Ustunkol and Turabi, 2009). Khmiri et al. (2012) found that
the use of 20% waste glass in cement gave optimum values in terms
of durability (permanence).
Mahmutluoglu and Bagrıacik (2020) investigated the effect of glass
waste sludge and cement on the strength and consolidation
parameters of clayey soil under freeze-thaw behavior. It was observed
that the clayey soil became more stable, the strength parameters of
the soil increased, and the consolidation behavior improved with the
addition of glass waste sludge under the freeze-thaw effect. In
addition, it was observed that these improvements increased with the
addition of cement (Mahmutluoglu and Bagriacik, 2020).
Ahmadi et al. (2021) investigated the effect of simultaneous use of
glass fiber and nano-SiO2 on the strength properties of low plasticity
clay (CL) under various thermal cycles. In the results obtained, they
determined that the compressive strength (UCS) of 1.0% nano-SiO2
and 2.5% glass fiber and clay mixture increased from 0.717 MPa to
1.381 MPa after 12 thermal cycles (Ahmadi et al., 2021).
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In this study, the effect of glass bottle powder, which is used to
strengthen the geotechnical properties of clayey soils and used as a
waste material, on the strength and thermal properties was
investigated.

2.

Material

2.1. CS
The CS samples used in this study were obtained from the deposits of
the Oltu Oligocene sedimentary basin, Erzurum, Northeast Turkey.
This soil with green color and high plasticity ise over-consolidated
and it has clayey-rock characteristics in natural conditions (Kalkan
and Bayraktutan, 2008). The CS sample and its granulometry curve
are shown in Fig. 1, and its physical and mechanical properties are
shown in Table 1.

weight of the base material CS. Mixture samples were first compressed
at optimum water content (ASTM D. 698-78, 2012) with the Standard
Proctor Test, then cylindrical samples with a diameter of 3.5 cm and a
height of 7.0 cm were formed with samplers. Mixing ratios are 100%
CS (MIX0), 95% CS + 5% GP (MIX1), 90% CS + 10% GP (MIX2), and 85% CS
+ 15% GP (MIX3). After determining the optimum water content of the
mixtures with the Standard Proctor Test, a work program was planned
to determine the unconfined compressive strength (ASTM D 2166,
2006) under the influence of three different temperatures (50, 80 and
110 degrees). Mixtures of MIX0, MIX1, MIX2 and MIX3 were cured for
7, 14 and 28 days in a humid laboratory environment at 50 ± 5 °C. For
the consistency of the results, 3 (three) samples were prepared for each
mixture and the arithmetic average of the results was taken.
Unconfined compressive strength values were determined at a
constant loading speed of 0.5 mm/min.

4.

Figure 1. Photos and granulometry curves of CS and GP

Experimental results

The strength values of CS specimens equipped with GP at three
different temperatures (50, 80 and 110 degrees) were determined with
an unconfined pressure tester. The strength values of MIX1, MIX2 and
MIX3 mixtures were determined after the mixture samples dried in
the laboratory were heated at three different temperatures for 7, 14
and 28 days. The highest strength value was observed in the MIX3
mixture samples, which were heated at 80 degrees after curing for 28
days. When these values are compared with the reference material CS;
increases were determined as 32.46%, 36.18% and 22.18%, respectively
(Figure 2). Examples and fracture patterns of the examined specimens
are shown in Figure 3.

2.2. GP
Waste glass bottles were obtained from waste material collection
containers created in Erzurum (Turkey) center and its surroundings.
After washing with pressurized water and drying in order to avoid any
residual material in the glass bottles, it was ground in the etching
device at 6000 revolutions. In the elemental analyzes of the waste
glass bottles that were ground into powder, Oxygen 44.53%, Sodium
9.94%, Magnesium 1.61%, Aluminum 1.46%, Silicon 33.93%, and
calcium 8.53%. Analyzes were made at Atatürk University Central
Laboratories (DAYTAM). Waste glass bottle milled samples and
granulometry curve are shown in Fig. 1.
Table 1. Physical and mechanical properties of CS (Kalkan and
Bayraktutan, 2008)
Characteristics

CS

Specific weight, Gs

2.64

Sand (%)

10.0

Silty (%)

58.0

Clay (%)

32.0

LL, %

68

PL, %

28

PI, %

40

1

Optimum water amount, %

25.8

1

Max. dry weight, (kN/m3)

14.1

Soil category

CH

2
1

Obtained from Standard Proctor Test.
Soil class according to Unified Soil Classification System (USCS).

2

3.

Experimental Procedure

In this study, the strength changes of GP reinforced CS as soil
improvement methods under the thermal influence were
investigated. GP was added at 5%, 10% and 15% based on the dry

Figure 2. UCS distribution
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Fig. 3. Examples of studied samples and fracture patterns

5. Conclusions
In this study, the effect of strength at three different temperatures
(50, 80, 110 degrees) on CS reinforced with GP, which is a waste
material, was investigated. As a result of experimental studies, it was
determined that GP additive increased the strength of CS at three
different temperatures. Curing time and increase in GP additive rate
played an important role in this increase. The highest strength
increase was seen in the CS+15 GP (MIX3) mixture at 80 degrees Celsius
and 28 days of curing. The strength increase rate in this mixture was
36.18%. As a result, GP offers many advantages such as increased
strength, lower cost, and environmental impact. Therefore, it is
concluded that GP can be used as a sustainable and environmentally
friendly material that reduces stabilization costs.
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Vaults are the most important structural elements in historical masonry structures. The
issue of strengthening these structural elements continues to be popular and important in
order to best fulfil the task of transferring historical structures to future generations. The
use of fibre-reinforced polymer materials, which emerged in parallel with the developing
technology, in reinforcement applications is a common practice. In addition to the many
advantages these materials provide, their high cost has led many researchers to determine
the most appropriate reinforcement arrangement. Therefore, many studies in the relevant
literature are devoted to experimentally and numerically determine the most appropriate
reinforcement arrangements of masonry structural members. Within the scope of this study,
a vault in the historical Aziziye redoubt was modelled numerically and the effectiveness of
two different reinforcement arrangements with CFRP fabric materials as longitudinal and
curvilinear was investigated. According to the results obtained, it has been revealed in which
situations these regulations are superior to each other.

1.

Introduction

Although it has been subjected to various loads for years, the
restoration and strengthening of historical buildings that have
survived until today is an important issue in terms of the transfer of
historical heritage to future generations. In repairing and
strengthening historical masonry structures; Cement Injection,
Reinforced Concrete jacketing, Strengthening with Reinforced
Concrete Beams, Strengthening with Steel Profiles, Strengthening
with Torsion Bars are traditionally used methods. The methods used
for this purpose bring along disadvantages (Cancelliere et al. 2010;
Szolomicki et al. 2015). The idea of using new technological materials
in strengthening applications has arisen due to the disadvantages of
traditional materials such as having low strength, increasing dead
load, changing the structure system and appearance, and the inability
of steel and reinforced concrete elements to work effectively with
existing stone and brick elements. In recent years, it has been proven
by various studies that new materials produced in parallel with the
advancement of technology can help overcome these disadvantaged
situations. These materials used in strengthening applications are
composite materials which are produced in the form of fabric by using
single and multifarious fibers and in various applications and have
become frequently used in practice. These materials, which are called
fiber reinforced polymer materials, are produced from fibers with
good mechanical properties such as carbon, aramid, glass, and basalt
(Valuzzi et al. 2001; Szolomicki et al. 2015; Oliveira et al. 2010).
However, materials produced with carbon fiber having better
mechanical properties than other fibers find more applications and
offer more active strengthening. Due to its superior mechanical
properties, this material is considered to be of high benefit when used
for strengthening purposes.
There are many studies in the literature (Valluzzi et al. 2001;
Cancelliere et al. 2010; Oliveira et al. 2010; Borri et al. 2011; Rovero et
al. 2012; Cakir and Uysal, 2015; Corradi et al. 2015; Szołomicki et al.

2015; Gattesco and Boem, 2019) on the strengthening of arches and
vaults with FRP composites, which are critical elements of masonry
structures. Although these studies are generally focused on
identifying the best strengthening arrangements, the information on
this subject is still limited and there is a need for a large number of
strengthening arrangements. In this study, various strengthening
arrangements are proposed for the use of CFRP fabric composites in
the strengthening of vaults. In addition, due to the difficulties in the
modeling of masonry structures and composite materials, the
deficiencies of static and dynamic analysis of strengthened masonry
structures by composite materials can be seen in the literature.
In this study in order to perform numerical analysis of masonry
structures based on the use of the finite element method, from the
proposed approaches macro-modeling approach is adopted. It has
been focused on strengthening the vaults, which are the critical
elements of historical buildings, which were built to build large
spannings in historical buildings and which could lead to a
devastating effect when exposed to damage.
This study aims at the following;
-to eliminate these shortcomings in the literature,
-to determine the most effective strengthening arrangement by
comparing various strengthening arrangements,
2.

Material and Method

2.1. Mechanical Characterizations of Materials
Samples of brick vaults in the Aziziye redoubts in Erzurum province
were examined and measurements were taken on a determined brick
vault and modeled in Solidworks program. As a result of the
investigations carried out in Aziziye redoubts, it was seen that as
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masonry unit the Harman brick and the horasan mortar had been
used. In order to perform the analysis by using the macro modeling
method, the mechanical properties of the Harman brick and the
horasan mortar were taken from the data in the literature and were
presented in Table 1. By means of a homogenization formula, the
mechanical properties of the masonry were determined. These
properties were defined in the created unstrengthened vault model
and analyzed by the Ansys Workbench program. In the results
obtained from analyses, the tensile stresses were investigated.

The model was fixed to the floor by both feet. A line load of 40 N/mm
was applied across the depth from the top of the vault.

Table 1. Material Properties (Binici et al 2014; Cakir 2014)
Material
Young Modulus(Mpa)

Harman Brick
2232

Horasan Mortar
3200

1650

1500

0,2

0,2

Unit Volume Weight (kg/m3)
Poisson Ratio

(a)

The elastic modulus of the new composite material was calculated by
using the values presented in the table using (1) formula proposed by
Lourenço et al. (2002) This new elasticity module was defined to the
models in the analyzes made using the macro modelling method in
which the structure was defined as a single material.

(1)
Here;
tm: the thickness of the mortar,
tu: the thickness of the masonry element,
Em: Young modulus of the mortar,

(b)

Figure 2. Strengthening arrangements (a) longitudinal (b) curvilinear
Eu: Young modulus of the masonry element,
Ea: represents the Young modulus of the new composite material.

2.2 Numerical Analyses

Obtained from the drawings as tm = 88.38 mm and tu = 120 mm. Em =

Numerical analysis of masonry structures is a complex problem due
to the heterogeneous nature of the masonry. However, thanks to the
developments in computer technology in recent years, many methods
have been proposed on the analysis of masonry structures. Micromodeling, simplified micro modeling and macro modeling methods
are generally used for the analysis of masonry structures(Fig. 3). The
micro modelling method is considered the complex structure of the
method, the large number of finite elements in the case of the large
size of the structure and the fact that the number of elements in the
case of strengthening will increase further. For these reasons, it will
easily understandable that the method requires considerable time and
effort. In most cases, computer capabilities as well do not allow micromodeling. In the literature, macro modeling method which is
suggested as an approach which can give enough accuracy in these
cases is frequently used. Macro modeling method is based on
obtaining the mechanical properties of the composite material by
combining mechanical properties of the masonry units in
homogenization formulas by considering mechanical properties as a
single composite material. In this way, the masonry structure
consisting of a large number of units is considered to be composed of
a single unit as a whole and the number of elements is significantly
reduced.

3200 MPa and Eu = 2232 MPa are taken as given in the Table 1.
According to (1) formula, the modulus of elasticity was calculated as
2560,511 MPa. The properties of the CFRP fabric material with a
thickness of 0.125 mm were taken from the manufacturer's database.
The Young modulus is 135000 MPa and the Poisson ratio is 0.3.
a.

Geometrical Properties and Boundary Conditions

The barrel vault model with a thickness of 260 mm, an spanning of
1000 mm and a depth of 2500 is presented in Fig 1. Fig 1 also shows
the used mesh situation. In two different categories called
longitudinal and curvilinear, strengthening arrangements have been
determined and presented for both categories (Fig 2.), both internally
and externally. The amount of CFRP fabric material used in the
arrangements is almost equal in volume and thus comparable.

Assuming a perfect bond between the masonry and the CFRP fabric.
In addition, linear elastic isotropic material behavior is assumed for
materials and macro modelling method is adopted.
SOLIDWORKS and ANSYS programs were used for modelling and
analyzing, respectively.
Figure 1. Vault model and mesh situation

The SOLID186 element type is used to divide the masonry structure
into finite elements, which is generally preferred in the literature.
SOLID186 is a 3-dimensional high-level solid element with 20 nodes.
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The element is made up of 20 points, each with three degrees of
freedom.
SHELL181 elements form the finite element meshing of strengthening
materials. The SHELL181 element type is appropriate for the analysis
of layered structures ranging in thickness from thin to medium. For
layered applications, it can be used to model composite layers.

Table 2. Material Properties (Nissar 2017)
Material

Brick

Mortar

New Composite Material

Young Modulus(Mpa)

2289

3750

1183

After it was understood that the numerical model used would be a
good representation for the stacking behavior, the numerical analysis
of the models, which is the subject of the current study, was carried
out.

Figure 3. Modelling techniques used in masonry structures
9.2 Verification of the Numerical Method Used
The study by Nissar(2017) was used to validate the method adopted in
the current study. In the study by Nissar(2017), 100 mm thickness
arches with 1000 mm diameter, 400 mm height and 500 mm depth
were investigated both experimentally and numerically. The applied
load and response along the peak line were recorded, and then the
experimental study was verified with the macro modeling method in
the Ansys Workbench program. A linear loading of 20 N/mm obtained
experimentally was used in the analyses. The linear elastic isotropic
assumption was adopted. The material properties used in modeling
are presented in Table 2. The results of the reference article and the
results obtained in the current study are presented in the Figure 4. As
it can be clearly seen from the Figure 4, the results of the current
study are quite consistent with the reference article.

3.

Results and Discussions

The strengthening applications were analyzed on the determined
strengthening types. The mechanical properties of CFRP materials
used as strengthening materials are taken from the manufacturer
database. Solid elements were used for the vault and Shell elements
were used for the strengthening materials. Static analysis was
performed on the models. According to static analysis; total
deformation and tensile stress values due to static line load were
determined.
Firstly, the tensile stress distribution for the reference accepted
unreinforced vault model is presented in the Figure 5. Accordingly,
the maximum tensile stress occurs throughout the depth in the
middle intrados of the vault. Maximum principal stress value is
0.3396 MPa. In addition, it is clearly seen that the maximum tensile
stress distribution is compatible with the vault fracture mechanism.
The greatest tensile stresses occurred in the middle intrados of the
vault and the back parts. it was determined that total deformation was
limited in both strengthening arrangements. In addition, it was
determined that CFRP could provide considerable tensile stress
limitation. Figure 7 and Figure 9 show stress distrubition of CFRP
materials. These distributions also confirm the fracture mechanism
of vault.
Considering the stress distribution of the reinforced vault, it is seen
that the strengthening materials significantly limit the stresses in the
middle intrados where the maximum stress occurs, and by carrying
the stresses in the back part, the stress distribution in the back part
resembles the regions with less tensile stress(Fig.6. and Fig.8.).

(a)

Figure 5. Maximum principal stress distribution for unstrengthened
vault

(b)
Figure 4. (a) Static analysis total deformation result (Zaid Bin Nissar
2017) (b) Static analysis result obtained in the current study
(a)
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(b)

(b)

Figure 6. Maximum principal stress distribution for longitudinal
strengthened vault (a) top view (b) bottom view

Figure 8. Maximum principal stress distribution for curvilinear
strengthened vault (a) top view(b)bottom view

(a)

(b)

Figure 7. Maximum principal stress distribution CFRP materials for
longitudinal strengthening situation

(a)

(b)

Figure 9. Maximum principal stress distribution for curvilinear
strengthening situation
In more detail, the maximum tensile stress to which the vault is
subjected in the unreinforced condition is 0.3396 MPa, while it is 0.25
MPa in the case of longitudinal strengthening and 0.29 MPa in the
case of curvilinear strengthening. In other words, while longitudinal
reinforcement reduces the maximum tensile stress of the
unreinforced vault by 51%, this rate is 44% in curvilinear
reinforcement. On the other hand, although longitudinal
reinforcement can limit the displacement of the unreinforced vault
by 5%, the displacement limitation rate in curvilinear reinforcement
is 10%. In this case, it is recommended to apply longitudinal
reinforcement when tensile stresses need to be limited, and
curvilinear reinforcement to apply when displacements need to be
limited.

(a)
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Today, with the increase in urbanization, many environmental problems arise, especially in
urban living areas. For this reason, the concept of livable cities for the future is of great
importance. Noise pollution is one of the most common environmental problems in cities.
Noise pollution caused by road traffic significantly damages human health (physical and
mental) and urban life quality. Hearing loss, increase in cardiovascular diseases, heart attack,
hypertension, diabetes, obesity, stress and sleep disorders, cognitive impairment, fatigue,
depression, decreased attention performance, inefficiency in work and studies, negative
effects on teaching, learning, reading and understanding ability, stress It causes many
health problems such as sleep disorders and sleep disorders. There are many studies on
alternative methods that can reduce or eliminate the negative effects of noise on human
health in educational, commercial, residential and recreational areas. Noise reduction
barriers are used extensively to reduce noise. Noise reduction barriers provide many benefits
such as preventing the wind against extreme climatic conditions (wind and blizzard), keeping
exhaust and heavy metals and preventing ugly appearance, apart from reducing noise. In
this study, information is given about environmental problems, noise pollution, noise
barriers, noise barrier examples in the world and in Turkey. In order to reveal the importance
of noise barriers, many researches were examined and the data obtained as a result of the
study were revealed.

1. Introduction
The concept of livable city; It is associated with a city's ability to
provide adequate conditions for its citizens to thrive and have a
good quality of life [1-2]. According to the UN report, the world
population, which is 7.7 billion today, is expected to increase by 2
billion people in the next 30 years and reach 9.7 billion in 2050 [3].
Increase in population and development of technology; More than
half of the world's population lives in urban areas because it causes
changes in the economic and social structure of societies and
increases migration from rural areas to cities. In the coming years,
it is seen that all world regions will become more urbanized [4-5-6].
Due to the increase in urbanization, the creation of sustainable and
livable urban settlements in the future has gained importance [5-7].
Increased pollution in turn affects city livability. Health in cities is
drastically deteriorating due to pollution problems related to
unsustainable urban development and related factors [8].
The solution of problems related to the urban environment plays an
important role in ensuring sustainable development. These
problems were put forth by the inclusion of the "sustainable cities"
problem in the 17-point 2030 Sustainable Development Goals
adopted in New York on September 27, 2015. A sustainable city is a
multifaceted concept shaped by environmental, economic and
social issues. In addition, the environmental dimension of urban
sustainability; It encompasses many interacting elements,
including air quality, noise pollution, sustainable land use, solid
waste management and biodiversity [9-10].

pollutant since 1972 and later accepted as an important
environmental problem that affects the quality of life of city
residents [15-16-17]

2. Noise Pollution
Many researchers are studying the effect of noise on environmental
pollution. Its importance derives from its effects on the health of all
humans and animals. Noise can cause psychological and physical
discomfort as a result of exposure to unwanted and disturbing loud
sounds from different sources, especially for long periods of time.
Noise is an unwanted sound because it causes physiological and
psychological harm for a short or long period of time. It is also a
sensory sound received by a human as an input to the body [18].
The most commonly used measure in noise measurement is decibel
(dB). It is a logarithmic and dimensionless unit, usually used for
sound intensity, that specifies the ratio to a given reference power
or quantity level [19].
Urban environmental noise sources are mostly roads, highways,
factories, airports, railways and noise from construction. According
to the European Environment Agency (EEA), the biggest source of
noise pollution is road traffic (Figure 1) [20-21]. In many studies, it
has been determined that with the rapid increase in the number of
motor vehicles in urban areas, traffic noise has become an
important environmental problem for cities [22-23- 24-25].

Air and noise pollution is one of the most common environmental
problems in cities [11-12-13-14]. Noise has been identified as a
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High sound pressure can cause poor performance of instructors,
students and staff, inefficiency in work and studies, and adverse
effects on verbal communication, teaching, learning, reading and
comprehension ability [53-54-55].
2.2. Measures to be Taken Against Noise Pollution
All these problems caused by noise reveal the negative effects of
noise pollution on human health and the importance of the
precautions to be taken in this regard. There are alternative
methods for preventing noise. These:
• Reducing noise at its source (controlling noise with planning and
maintenance, making material and design changes, vibration
isolation, expanding the volume of the silencer of vehicles, using
low-noise tires in vehicles, noise removal systems and covering
noise sources, etc.),
• Reducing the noise in the propagation area (separating the area
where the noise source is with soundproofing material, suitable
road pavement, increasing the distance between the receiver and
the source, using a noise reduction barrier, creating a green buffer
zone/biological measures, controlling the noise in the propagation
area, etc.),
Figure 1. Increasing traffic density in cities

2.1. Negative Effects of Noise Pollution
Environmental noise affects all living things negatively. Temporary
or permanent auditory threshold shifts and hearing damage may
occur in animals exposed to loud noise. Excessive sound sources at
close range can cause physical damage to aquatic animals, such as
organ ruptures and internal bleeding. Less diversity and density
near noisy highways and airports clearly indicate habitat reduction.
It is seen that especially birds and frogs are adversely affected by
noise pollution from the way they are dispersed. There is also
evidence of noise-induced reduction in reproductive success for
various bird species [26-27-28]. In a study, it was observed that the
number of birds per spot increases as you move away from the road,
the species diversity is lower near the road, and the density of some
bird species increases as you move away from the road [29].
Noise also affects human health in many negative ways. There are
many studies showing that long-term exposure to noise reduces
people's quality of life and causes negative effects on mental and
physical health [30-31-32-33-34-35-36].
In studies on the negative effects of noise on health; It is stated that
exposure to high-intensity noise may even cause premature [37-38].
In addition to the increase in cardiovascular diseases [31-39-40-4142], studies have shown that it has negative effects on heart attack
and hypertension [43-44].
Noise; It also causes stress and sleep disorders [11-45].
Epidemiological studies consistently reveal that short sleep
duration is associated with the development of obesity in children
and young adults [46-47]. Although epidemiological evidence for
adults is less, it reduces sleep quality and duration [48]. It is also
known that hyperglycemia resulting from excessive production of
cortisol may lead to insulin resistance and thus increase the risk of
developing Type II diabetes [32]. Studies have found that the stress
caused by exposure to noise has a causal relationship with cognitive
impairment and various symptoms of Alzheimer's disease, and that
women are more sensitive than men [49]. In some studies, it has
been revealed that sleep disturbance and decrease in its duration
are also associated with breast cancer patients [50].

• To take technical measures at the point where the noise is
perceived (taking the people affected by the noise to soundproofed
areas, sound insulation on facades and windows, reducing the
number of windows, using ear protectors, etc.) [56-57].
2.3. Noise Barriers
oise reduction barrier applications have an important place in noise
reduction. By placing a noise barrier between the source and the
receiver, the path from the source to the receiver is directly blocked
[58]. In addition to reducing noise, barrier applications provide
many benefits against extreme climatic conditions (wind and
blizzard), preventing wind, keeping exhaust and heavy metals and
preventing ugly appearance.
Today, noise barriers can be made of various materials. It can be
applied structurally, vegetatively or structurally+vegetatively.
Concrete, metal, plastic, transparent materials (such as acrylic and
glass), clay masonry units, wood and reinforced aerated concrete
panels can be counted among the structural materials (Figure 2). In
addition; planting, planted earth embankments, noise control
applications can be made with noise barriers built on the
embankments. While choosing the material, the criteria related to
the visual character and structural quality of the landscape in
which the material will be used should be considered. Structural
durability, resistance to weather conditions, fire resistance, need for
maintenance and repair, ease of installation, cost are among the
criteria that should be considered together with acoustic
requirements. In addition, care should be taken to choose materials
that are resistant to vandalism [59]).
Urban green spaces act as noise reduction barriers (Figure 3). In
addition to improving air and noise pollution, it also provides local
climate regulation and recreation opportunities [67-68]. In addition,
green areas serve as habitats for different species. [69]. However,
due to urban development, green spaces are increasingly
fragmented, negatively affecting genetic diversity and species
richness [70].
In studies, it is recommended to create ecological corridors to
counter the negative effects of habitat fragmentation [71-72]. In
addition, the urgency of such measures to reduce the negative
effects of fragmentation is emphasized [73-74]).

Exposure to noise at the same volume throughout the day can cause
permanent hearing loss [51]. In addition, exposure to unwanted
sounds; It can also negatively affect people's psychological and
mental health by causing fatigue, depression, decreased attention
performance and social behavior disorders [52-53].
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landscape connectivity and recreational opportunities and living
spaces for people within the scope of an ecological corridor.

3. Noise Barrier Examples from the World and Turkey
Noise barrier applications used for versatile purposes are applied
in many countries around the world (Figure 4).

Figure 2. Examples of different materials used in noise barriers (
a:[60], b:[61], c:[62] , d:[63] , e:[64] ,f: [65], g:[66] )

Figure 4. Examples of noise barriers applied in the world. (a: [80], b:
[81], c: [82], d: [83])

In Turkey; In the Presidential 100-Day Action Plan; “Construction of
bicycle path (3000 km) and green walking path (3000 km), 60 km
environmentally friendly street and 60.000 m² noise barrier within
the scope of greener and livable cities target” job is located. In this
context;
• Cycling lanes planned to be built in order to reduce air pollution
caused by traffic, to increase the use of bicycles in terms of
protecting human health and the environment by making a positive
impact on noise pollution and global warming,
• In addition to 3.000 km of walking paths where the public can walk
more comfortably with the goal of a healthy and environmentally
friendly life, living spaces can be created where they can relieve
their daily stress with the 60 km environmentally friendly street
project in 5 years,

Figure 3. Urban green spaces act as noise reduction barriers.
Landscape connectivity is of great importance in terms of
ecosystem health, global environmental changes, conservation of
animals, plants and biodiversity [75-76]. Urban green spaces should
be interconnected to improve connectivity and ecosystem services
[77-78]. Ecological corridors are defined as linear patches of habitat
(for example, parks) that connect isolated habitats, thus allowing
movement and dispersal between habitats [68-79].
When noise barrier applications are designed together with land
uses, pocket parks and bicycle paths, they can provide both

• In addition, financial support will be provided to municipalities for
the construction of 60.000 m2 noise barrier in 5 years to reduce
noise exposure in order to protect the physical and mental health of
people exposed to noise caused by transportation [84].
Considering the data of the World Health Organization, there are
projects of the Ministry of Environment and Urbanization regarding
noise barriers on the Ümraniye E-80 Highway, Maltepe D-100
Highway and Beyoğlu Haliç route in Istanbul, which is among the 5
loudest cities. In this context, the first projects were realized in
Ümraniye together with "Ümraniye Municipality" and "İller Bankası
General Directorate of Environmental Management" (Figure 5).
Noise barriers built between Ümraniye Millet Bahçe and E-80
highway; It is also important in terms of Ümraniye National Garden.
Approximately 6.000 m2 noise barrier with a height of
approximately 4.5 m and a length of 1.300 m is about to be
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completed and a grant support of 5 million TL has been provided.
The barriers are produced entirely from domestic materials in
Turkey [85].

Noise suppression barriers also have positive effects on wind
reduction. Ahangar et al., (2017) [91] found that noise reduction
barriers have positive effects on reducing the wind and the effect
increases as the barrier height increases. As a result, placing two
barriers at the right height on both sides of the road reduced the
wind by 76% compared to the non-barrier situation.
Muti and Akdag (2018) [92]; In their study, they found that four
different types of caps added on the noise reduction barriers reduce
the noise level depending on the location of the building, floor
height and floor type. According to the straight obstacle,
respectively; It has been observed that the effectiveness of the theaded, goblet-headed, cane-headed and multi-headed obstacle
types is high.
In a study conducted in Harbin, China, it was concluded that odor
increases the overall comfort of the street, reduces the discomfort
caused by traffic noise, and that odor satisfaction can positively
affect the perception of traffic noise. Evaluation of a street with
double rows of lilacs planted was more positive than single row
streets, and the reduction in traffic noise disturbance was more
pronounced when street noise levels were low [93].

Figure 5. Noise barrier applied in Ümraniye
The Minister of Environment and Urbanization Murat Kurum, who
went to examine the noise barriers, made a statement on 17.08.2020
by looking at the data of the noise maps, in the measurements made
before the noise barrier application, the sound is 132 dB, noise
barrier project at the completion stage 60 dB, he stated that it was
measured as 55 dB in the instantaneous measurement [85].
In addition, we have started a thesis study in Erzurum on noise
reduction barriers. This study, which will be carried out in Erzurum
for the first time in the Eastern Anatolia Region, is of great
importance for the city. The study area is 22 km long, on the E-80
Highway route, which is both the entrance point to the city of
Erzurum from the west and the main artery of the city. First of all,
we plan to present this study to the "Ministry of Environment and
Urbanization". Within the scope of the thesis, we aim to create an
ecological corridor that includes noise barriers, pocket parks and
bicycle paths along this highway route.

4. Discussion - Conclusion
There are many studies on the importance of noise prevention
barriers on noise reduction, material selection in noise reduction
barrier, structural and vegetative barrier applications, the effect of
vegetative barriers in noise reduction and user satisfaction.
In the studies, it was determined that while concrete and vegetative
barriers performed better than other materials in reducing noise,
translucent barriers showed the lowest performance [86]. The noise
reduction performance of the barriers decreased when the road
traffic noise level was higher than 65 dB(A). In addition, while
increasing the noise reduction performance of the barriers covered
with vegetation, on the other hand, it provides positive
contributions in terms of visual and aesthetics [87]. In a similar
study, the importance of the aesthetic appearance of the noise
reduction barriers as well as the sound reduction feature was
emphasized. As a result of the survey conducted with the users; It
was concluded that, instead of increasing the height of noise
suppression barriers, improving the visual design of a barrier with
a lower height, including vegetation, increases the level of
satisfaction [88]. In their study, Bunn and Zannin (2016) [89]
simulated alternative solutions to control noise pollution from rail
traffic, such as excluding train horn, including acoustic barriers,
and removing rail lines from the city environment. The study
revealed that noise reduction measures resulted in a 2–12 dB(A)
reduction in noise levels reaching hospital and school facades.
Torija and Flindell (2014) [90]; In their laboratory study using sound
fields, they simulated low (1 m) height roadside noise reduction
barrier and non-barrier situations. As a result of the study, it was
determined that the reported noise and discomfort decreased by up
to 25%.

There are many studies that reveal the relationship between noise
and green spaces. Van Renterghem and Botteldooren (2016) [94];
conducted a survey to examine the effect of different outdoor
vegetation density, visible from a living room window overlooking
an inner city ring road, on noise disturbance. As a result of the
study, 34% of the participants are disturbed by noise in a street
facing the facades of the houses, where the average sound level is
73 dB (A), in a landscape where the vegetation is completely
destroyed. It was observed that this rate decreased to 8% in areas
with vegetation view. According to Van Renterghem (2019) [95], the
visibility of green spaces in a space can positively affect the
perception of noise. Özer et al., (2008) [96] in their study to
emphasize the importance and necessity of using trees against
noise pollution; The noise of Populus nigra, Pinus-Populus mixture
and Pinus slyvestris at 25 m from the noise source is 3 dB(A), 6.3
dB(A), 9.3 dB(A), respectively; It has been observed that it reduces 2.5
dB(A), 2.8 dB(A), 5.3 dB(A) at 50 m distance and 2.4 dB(A), 3.3 dB(A), 5.7
dB(A) at 75 m distance. Ow and Ghosh, (2017) [97] in their study; They
investigated the effect of roadside vegetation on reducing traffic
noise under low, medium and heavy planting densities. As a result,
increasing low-density vegetation to medium planting density
reduced traffic noise by 50%. It has been observed that the noise
level, which is 78 dB(A) without a vegetative barrier, can be reduced
by an average of 9-11 dB(A) with vegetative barriers (medium and
intense). Doygun and Doygun, (2018) [98]; In his studies, he first
included the species alone in the plant curtains created for traffic
noise control, and then made some combinations between the
species and examined the effects of height and form change on
noise shielding. In the measurements made with plants, it was
determined that the noise level decreased in the range of 2.2 – 1.2
dB(A) as a result of the measurements performed separately for the
four species.
This study was carried out in order to reveal the importance of the
noise barrier and many studies on this subject were examined. In
all these studies, the importance of noise barriers has been clearly
demonstrated. Noise barrier applications have started to be
implemented in our country. However, these practices should be
expanded in problematic areas throughout the country and the
multifaceted benefits they provide should be utilized.
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With the development of sensors and Internet of Things (IoT) technology, intelligent systems
are rapidly introduced into our daily lives. Today, Intelligent Systems find applications in
very different areas with the advanced technology they use. In the field of civil engineering,
the importance of IoT for the impression of buildings and building health is increasing day
by day in order to achieve well-performing, long-lasting, sustainable buildings. In this study,
remote monitoring of concrete internal temperature measurements of an automated
wireless sensor monitoring system using IoT for Civil Engineering Structures was aimed.
The LM35 sensor is embedded in the concrete. According to the experimental results in this
case, the concrete temperature readings with wireless signal transmission measurement
technique has been developed that allows simultaneous measurements in reinforced
concrete structures. The development of new sensors, the parameters from an early age to
the monitoring of environmental conditions have been shown to play an important and
promising role.

1.Introduction
Ubiquitous detection systems provided by wireless sensor network
technologies cover many areas of modern life. This system offers the
ability to measure, subtract and understand environmental
indicators. Thus, with the development of sensors and IoT technology,
intelligent systems are rapidly increasing their popularity in our daily
lives. With the development of IoT, more smart devices are entering
people's lives and allowing them to develop applications aimed at
making human life easier [1,2]. Transferring information to the
internet and providing it to people real and simultaneously will make
a serious contribution to making systems more efficient, reliable and
comfortable. In the field of Civil Engineering, IoT is also widely used
for different purposes, especially smart buildings, smart cities, smart
homes, smart stops. In addition, integrated monitoring systems
(sensors) and procedures are recognized to play a promising role in
achieving long-lasting, sustainable buildings that perform well in
terms of structural health of concrete structures, and their
importance is growing day by day. Barroca et al. (2013) [3] these
systems will enable monitoring of deformations occurring in concrete
structures, planning maintenance programs and early warning of
new problems, thus minimizing the costs involved. Fan et al. (2020)
[4], realized the impression of corrosion of reinforced concrete
structures with fiber optic sensors in its application. Liao et al. (2020)
[5] has developed an intellectual system for monitoring concrete slab
exposed to external temperature fluctuations. Shemin et al. (2019) [6]
examined the early age compressive strength of concrete using the
IoT method and they found that the early compressive strength
matches well with the actual compressive strength using the maturity
relationship. Ghoorun (2018) [7] conducted a lower-cost study that
tracked environmental values by using the Internet of things instead
of smart buildings that were high in cost, performing instant
environment monitoring. Górriz et al. (2016) [8] used a new fiber optic
sensor based on regenerated Fiber Bragg grids specifically designed to
be embedded in concrete structures to monitor temperatures during
fire events in their work. Romero et al. (2016) [9] has developed a
Potentiometric sensor that uses thick film technology to monitor and

control the carbonation process. The installation of small sensors
inside or on the surface of concrete can be considered as one of the
most promising developments for monitoring the long-term behavior
of concrete structures. In this study, remote monitoring of internal
temperature measurements of concrete together with wireless sensor
monitoring system using IoT feature in concrete structures was
examined. The use of LM35 (temperature) sensor with Arduino
platform is discussed.

2.

Experimental program

2.1. Materials used
The cement used in the experiment is standard CEM I 42,5 R Portland
cement which is the production of the Afyonkarahisar Cement
Industry factory (TS EN 197-1, 2012) [10]. The chemical and physical
properties of CEM I 42,5 R cements used are shown in Table 1.
Table 1. Physical and chemical analysis of CEM I 42,5 R Portland
cement
Chemical Analysis
SiO2
Al2O3
Fe2O3
CaO
MgO
SO3
Other Features
Ignition Loss
Intensity (gr/cm3)
Blaine (cm2/gr)

Analysis Results
20,62
5,65
4,05
62,08
2,55
2,57
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In the production of concretes, two different aggregate sizes of thin
and medium sizes were used: 0/6 mm and 6/12 mm. Physical
properties of aggregates are given in Table 2. Afyonkarahisar
province, which complies with TS EN 1008 [11], used city mains water.
Table 2. Physical properties of aggregates
Grain Size
(mm)

Rate of
Humudity
(%)

Water
Absorption
(%)

Specific
Gravity
(kg/m3)

0/6

1.72

1.564

2.630

6/12

0.56

0.563

2.694

3.

RESULTS AND DISCUSSIONS

3.1. Receiving Data from Heated Sample
Data flows from heated samples can be seen in Figure 2. As the
temperature of the furnace increases depending on time, the graph
shows that the internal temperature of the measured samples usually
increases in a regular manner. The measured temperature is similar
to the ambient temperature, where small changes are also caused by
the drying process. The maximum internal temperature read in
heated samples is 93.84 oC.

9.3 Testing system and manufactured specimen
As a result of sieve analysis conducted in accordance with TS 3539 EN
933-1 standard [12], the amounts of 0/6 mm and 6/12 mm were
proportioned and blended to determine the amount of aggregate
before the concrete was prepared. In all mixtures, the amount of
cement as a binder and the ratio of water to cement were kept
constant. The materials and quantities used in the production of
concrete samples are given in Table 3. Mixtures are mixed in batches
in concrete for 5 min to be produced homogenously. Aggregates and
cement were put in the mixer and dry mixture was made for 1 minute.
Then, the mixture water was added to the mixer and the mixture
continued for another 4 minutes. Concrete is manufactured to be a
cube sample with a size of 150x150x150 mm. Sensors measuring LM35
temperature are embedded in the fresh concrete produced. In the
vibration machine, concrete was placed in molds and kept in a
laboratory environment for 24 hours. At the end of 24 hours, samples
that complete the socket in the mold are removed from their molds
and left in water at a temperature of 20±2 oC for 1 day until they
become saturated. IoT application was applied to concrete samples
produced in laboratory environment. In conjunction with the Arduino
platform shown in Figure 1, the use of the LM35 sensor was carried
out. The samples produced were placed in the study oven with the
experimental assembly and heated to 110 oC and data flow readings
were made. Finally, the heated samples were put back into water and
subjected to cooling process, and data reading through the samples
was monitored remotely along with the wireless sensor monitoring
system.

Figure 2. Values taken from the heated sample
a.

Obtaining Data from The Cooled Sample

Data flows obtained from cooled samples can be seen in Figure 3. In
this process, it is possible to read from the graph that the internal
temperature of the concrete decreases regularly over time, as
concrete samples are subjected to cooling. The minimum value read
during the experiment is 34.19 oC.

Table 3. Components and quantities of materials used in the
experiment
Quantities (kg/m3)

Components
Cement

300

Water
Thin Aggregates
Medium Aggregates
Total
W/C

180
896
908
2284
0.6

Figure 1. Together with the Arduino platform, LM35 (temperature)
sensors and IoT test assembly

Figure 3. Values taken from the cooled sample

4.

CONCLUSIONS

In this study, applications were made for remote monitoring of
concrete internal temperature measurements together with wireless
sensor monitoring system using IoT feature in concrete structures
and the following results were reached.

The internal temperature of heated samples increases over
time,

In cooled samples, the internal temperature decreases over
time,

A new measurement technique has been developed that
provides real and simultaneous measurements with
wireless signal transmission.

Instantaneous data was obtained successfully over the
internet from any place desired.

In the field of Civil Engineering, IoT technologies, especially
in the field of building health, have been seen to be used in
durability and building material applications.

The rapid development and implementation of intelligent
and IoT-based technologies allows for a variety of
possibilities in technological advances for different aspects
of life.
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It will offer practical solutions that perform well with IoT, long
life, monitor the deterioration process of structures, and
minimize associated maintenance costs. As a result of these
studies, it is seen that intelligent systems can be used effectively
in different applications in the field of civil engineering.
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At the end of 19th there was a short period of increasing popularity of wooden buildings.
Alpen Tyrol-like objects which local typology become visible in crow-dy locations.
Development of wood machining technology was a factor for evo-lution of decorative
architectural forms. Timber verandas turned to be a trademark on newly developed SPA
locations. Firstly, visible on guesthouses with a time found their place in villas and even on
tenement houses. In verandas there ware social meetings organized, it was a place for meals
serving and rain covered shelter. It worked as a buffer zone on windy conditions, during a
winter with large glazing surfaces it provided light and worm and during sum-mer it was
one of the cooling spaces. Thermal performance simulations showed that it was an example
of solar architecture a century before the definition was estabished. Historic verandas were
elements of modern designed building that are include solar gains and increase overall
energy performance of a building. Verandas are nowdays an established architectural form
of Sopot that is desired and proposed in city urban planning. With traditional building
materials like bricks and reinforced concrete or fully glazed it has lost proportions and
character of lightweight timber structure. With newly intoruced on our markets mass timber
technology – which EU is promoting in sustainability programs for buildings sector – it can
become a return to the roots of decorative, light and transparent historical forms of buildings
with eco-friendly and great energy performance that will support individual character of
unique traditional SPA cities like Sopot.
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Due to the increasing CO2 emission resulting from cement production in recent years,
researchs on the use of alternative binders to cement have increased and one of the most
important binders have become geopolymer binders. Many different natural or waste
materials are used as alumino-silicate sources in geopolymer production. In this study, the
production of geopolymer concrete with perlite (a natural source of alumino-silicate) and red
mud (a waste material) were investigated. Red mud was utilized at 10%, 20%, and 30% of the
total mass of binder. In the mixtures, the solution/binder and NaOH/Na2SO3 ratios were
selected as 0.50 and 1/1, and the produced samples were cured at 90°C for 72 hours. After
heat curing, 3, 7, 28, and 90 days’ compressive strengths of all mixtures were determined. In
addition, the samples from each mixture were exposed to 5% HCl and 5% MgSO4 solutions,
50 freeze-thaw cycles according to ASTM C666/C666M standard Procedure A, and three
different elevated temperatures (300°C, 500°C, and 700°C). After subjected to durability
effects, the compressive strengths and weight losses of mixtures were identified. As a result,
the compressive strengths of mixtures containing red mud are higher than those containing
100% perlite. However, in terms of durability, the compressive strength losses of mixtures
containing red mud are higher than pure perlite.

1.Introduction
Cement is the most widely used binder material today. Cement
production requires high energy consumption as it is basically
obtained as a result of mixing limestone and clay in homogeneous
and appropriate proportions and burning them at 1400-1600°C. In
addition, the calcination of limestone releases large amounts of
greenhouse gases, especially CO2 [1]. The energy consumption in
cement production constitutes more than 10% of the total industrial
energy consumption and approximately 0.9 tons of CO2 is released in
one ton of cement production [2, 3]. Therefore, in recent years, due to
problems such as global warming, environmental pollution, and
climate change, the need to reduce cement production and develop
alternative binding materials has arisen. For this reason, researchers
have turned to aluminosilicate-based materials, one of the more
sustainable alternative binder materials, instead of traditional
cement-based binders. Mostly, aluminosilicate-based source
materials are natural pozzolanic materials or industrial waste
materials such as fly ash, silica fume, blast furnace slag [1]. Therefore,
the use of waste materials encourages more sustainable practices in
the construction industry in terms of both cost (up to 30% reduction)
and greenhouse gas emissions (up to 80% reduction) [4].
Aluminosilicate-based materials generally contain high levels of SiO2
and Al2O3 and besides these, CaO, Na2O, Fe2O3, K2O, SO3, TiO2, etc. While
these materials can sometimes be in a natural amorphous structure,
sometimes they gain an amorphous structure as a result of heat
treatment.
Alkali based geopolymer binders have superior
performance characteristics such as chemical, abrasion and hightemperature resistance compared to cement-based materials. These
materials contribute to building a sustainable environment with their
low carbon production and high durability properties compared to
cement [5,6]. Geopolymers are inorganic polymeric materials that can
be synthesized from various aluminosilicate sources under alkaline
or acidic ambient conditions [6,7]. Geopolymerization is an exothermic

chemical reaction involving the dissolution, transport, orientation
and polycondensation of molecules of source materials contain SiO2
and Al2O3 in a highly alkaline environment and forming 3dimensional aluminosilicate networks [8]. In addition, geopolymers
have some attractive properties for special applications such as rapid
hardening, high early strength, stability under chemical attack,
elevated temperature resistance, and low permeability [9, 10].
Saavedra et al. [11] stated that the geopolymer based on fly ash and
blast furnace slag showed better resistance to sulfate attack than
concrete produced with Portland cement. Sagoe-Crentsil et al. [12]
stated that geopolymers have lower creep and drying shrinkage. The
geopolymers generally have good thermal-physical and mechanical
properties after exposure to high temperatures due to their ceramiclike microstructure and properties [13,14]. Perlite is one of the natural
materials that can be used as an aluminosilicate-based source
material in the production of geopolymer concrete due to its high
silica content. In addition, Turkey has rich perlite reserves and ranks
third among the world countries. Therefore, the use of perlite in the
production of geopolymer concrete will provide economic and
environmental benefits for our country.
In the study by Yadolahi et al (2018), Tabriz perlite was ground in
different sizes (3100, 3580 and 4300 m2/kg), and NaOH and Na2SiO3
activators were used to activate it [15]. Polypropylene fiber reinforced
mixtures have been produced. The produced samples were cured at
65°C for 48 hours and it was stated that the produced mixtures
increased by 16.29% in flexural strength and by 2.79% in compressive
strength. Furthermore, in the continuation of the same study, 2
different cure methods (48 hours 65°C+28 days ambient temperature
and 48 hours 65°C+3 hours autoclave cure+28 days ambient
temperature) have been applied for perlite-containing mixtures of
different fineness. The highest strength was obtained in the samples
produced with perlite has a thickness of 4300 m2/kg [16].
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Güzelküçük and Demir (2019) cured perlite-based geopolymer
composites activated with sodium hydroxide at 90 ºC and 110 ºC
temperatures for 24 and 48 hours [17]. As a result, the highest
compressive strength was obtained as 46.76 MPa for the group cured
at 110 ºC for 24 hours and using 15.15 molar NaOH. On the other hand,
Kozhukhova et.al.(2019) suggested that the composition of perlite,
which is a source of aluminosilicate, can be changed during the
technological process, especially during the fine grinding stage [18].
Also, in the same study, the geopolymerization of perlite with NaOH,
KOH, Na2SiO3, and Na2CO3 at 65°C for 24 hours was investigated.
Consequently, the highest compressive strength was determined as
14.3 MPa in the mixture contain only NaOH. The compressive strength
has not occurred in the samples produced with Na2SiO3 and Na2CO3
[19]. Tsaousi et al. (2016) activated perlite with NaOH solution at 2 M
and 5 M concentrations [20]. In the study, curing temperatures were
taken at 50°C, 70°C, 90°C, and 100°C, and the effect of solid/liquid ratio
on setting time was investigated. The optimum results were
determined in the mixture with a solid/liquid ratio of 1.2-1.4 g/mL for
90°C. In the study by Tsaousi et al (2018), perlite paste was prepared
with a solid/liquid ratio of 2 g/mL at 2, 4, 6, 8, and 10 Molar NaOH
solutions [21]. The setting time was observed at 70°C and 90°C and it
was stated that the setting time was shorter at 90°C. Ultimately, it has
been suggested that the fast setting of perlite paste is due to the high
SiO2/Na2O mass ratio [21]. Erdoğan (2015) activated perlite with three
different sodium hydroxide concentrations (4, 8 and 16 M) and
produced paste samples with a solution/binder ratio of 0.50 [22]. In the
study, the samples produced were cured at 100°C for 24 hours and it
was stated that the strength of the samples was adversely affected
when the temperature was below or above 100°C. In addition, while
no volume change was observed in the samples at 4 M concentrations,
the volume of the samples at 8 M and 16M concentrations increase
between 25% and 225%. Saglik and Erdogan (2010) investigated the
chemical and thermal activation of cement-based mortar containing
0-25-50-80-100% (by weight) perlite instead of cement [23]. In the
group containing 100% perlite, using both NaOH and sodium silicate,
thermal curing was applied at 65 °C for 10 hours and the 7-day
compressive strength was obtained as 25 MPa. They stated that
sodium hydroxide solution concentration, chemical activator ratio,
and thermal curing program significantly affect the compressive
strength [23]. Taxiarchou et al (2013) stated that the ideal curing time
of perlite is 72 hours, strength is not obtained at 50°C curing
temperature, strength is obtained in two-stage curing at 70°C for 5
days and early age strength is high at 90°C [24].
The study aims to develop an alternative binder to Portland cement
by using perlite and waste material red mud together. NaOH and
Na2SiO3 will be used as activators. For this purpose, after destructive
conditions (such as the temperatures at 300°C, 500°C and 700°C, 50
cycles of freeze-thaw effect between -18°C and +4°C, 5% concentration
HCl and 5% concentration MgSO4 effect) the mechanical properties of
the geopolymer concrete containing ground perlite (under 45 microns)
and red mud will be determined.

9.
a.

Experimental Program
Materials

Perlite and red mud used as source material in the study were
obtained from Kale Block Pumice A.Ş. and Konya Eti Seydişehir
Aluminum Plant, respectively. Both source materials were first dried
at 105°C for 24 hours and then ground until the grain size was below
45 μm. The appearance of both ground materials is given in Figure 1
and their chemical contents, ignition losses and specific gravities are
given in Table 1.
Table 1. The properties of perlite and red mud
Chemical Components Perlite Red Mud
SiO2

69,1

13,57

Al2O3

12,13

21,80

Na2O

4,55

6,47

K2 O

3,78

-

CaO

2.53

13,55

Fe2O3

1,58

27,39

MgO

0,25

-

SO3

0,05

-

Cl-

0,048

-

Ignition loss

4,15

11,95

Specific gravity

2,40

3,05

NaOH, which is 99% pure, is in pellet form and Na2SiO3 is in liquid
form, and the properties of both activators are given in Table 2.
Table 2. Initial geometries of test models
Phycsycal and Chemical

Na2SiO3

NaOH

Molecule mass (G/Mol)

122,06

40,00

Colour

Colourless liquid

white

pH

11‐12,5

13‐14

Density (g/cm3)

1,37‐1,41

2,13

Na2O (%)

11.0‐12,5

‐

SiO2 (%)

21,5‐24,5

‐

H2O (%)

62‐67,5

‐

The maximum aggregate particle size is 8 mm and aggregates are
divided into two classes as 0-4 mm (15%) and 4-8 mm (85%). The
saturated surface dry weight and water absorption rates of 0-4 mm
and 4-8 mm aggregate classes are 2.67-2.63% and 0.26%-1.66%,
respectively. The particle size distribution of the aggregate was made
according to TS EN 933-1 [25] and the specific gravity and water
absorption rates were determined according to TS EN 1097-6 [26]. The
sieve analysis was given in Figure 2.

Figure 1. The appearance of perlite and red mud
Figure 2. The sieve analysis of aggregate
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In addition, in accordance with TS EN 934-2 (2014) [27] standard, the
properties of the polycarboxylic ether-based superplasticizer supplied
by BASF Chemical Company are given in Table 3.
Table 3. The properties of superplasticizer

Colour

Brown-liquid

Specific gravity (20°C)

1,058-1,098

pH

5-7

Amount of alkali (%)

≤ 3,00 (by mass)

Cl¯ (%)

≤ 0,10 (by mass)

a.

Mix design

The binder dosage for geopolymer concrete mixtures has been
determined as 500 kg/m3. In the preliminary experiments, silicate
modulus of 2, Na2SiO3/NaOH ratio of 1, solution/binder ratio of 0.50
and the optimum concentration of NaOH solution was determined as
10 M were determined. A superplasticizer based on polycarboxylic
ether was used to ensure the workability of concrete. While the perlite
was the main binder and red mud was used as 10%, 20% and 30% of
the total binder. The curing temperature and time were identified to
be 90°C and 72 hours. The plastic oven bag was preferred under curing
conditions. The geopolymer concrete mixtures and material amounts
are shown in Table 4.

Figure 3. The samples were placed in steel molds and oven bags.
After the curing periods of 3, 7, 28, and 90 days, the compressive
strengths of the geopolymer concretes were made by TS EN 12390-3
(2019) [29] and ASTM C39/C39M [30] standards. In addition, at the end
of the 28-day curing period, 3 samples from each mixture were placed
in 5% concentrated acid (HCl) solution, 5% concentrated sulfate
(MgSO4) solution for 30 and 60 days according to ASTM C267 [31].
Furthermore, 3 samples from each mixture were subjected to elevated
temperatures at 300°C, 500°C and 700°C for 2 hours and 50 cycles of
freeze-thaw according to ASTM C666/C666M Procedure A [32,33,34,35].

Table 4. The mixture proportions for 1 m3 concrete (kg/m3)
3. Discussion

Mixtures codes P

RM10 RM20 RM30

3.1 Water absorption
Water absorption rates and unit weights of geopolymer concrete
samples are given in Table 5. According to the results obtained, the
highest water absorption result belongs to the RM10 group with a
value of 8.25%, and these results were supported by studies in the
literature [36,37]. Compared to P, 2%, 1%, and 2% reductions occurred
in the dry unit weights of RM10, RM20, and RM30 mixtures,
respectively. In the mixtures containing RM, it was observed that as
the water absorption rate increased, the compressive strength
decreased.

S/B ratio

0,50

0,50

0,50

0,50

Dosage

500

500

500

500

Perlite

500

450

400

350

Red Mud

-

50

100

150

Na2SiO3

125

125

125

125

125

125

10 M NaOH

125

125

0-4 mm

1258 1219

1180

1141

4-8 mm

222

208

201

215

Firstly, 10 M NaOH solution was prepared 24 hours before casting.
Since the temperature of the aggregate and binder materials and
ambient conditions affect the final strength [28], care was taken to
keep it at 25°C and preheated (25°C) if necessary. First, the binder
materials and NaOH solution were mixed for 3 minutes, and then
Na2SiO3 was added and mixed for another 3 minutes. In the last stage,
superplasticizer and aggregate were added and mixed for 2 more
minutes.
Prepared geopolymer concrete mixtures were placed in lubricated
50x50x50 mm steel molds in 3 stages and placing them on the
vibrating table. The mixtures, which were placed properly in the
molds, were covered with aluminum foil and placed in the oven bag
(Figure 3). The samples, which were taken out of the oven after 72
hours, were cured in a laboratory environment of 23±1°C until the
experiment day. The unit weight and water absorption rates of the
produced samples were determined. Furthermore, the compressive
strengths of samples were identified before and after elevated
temperature, freeze-thaw, acid, and sulfate effects.

Table 5. Unit weights and water absorption rates of mixtures

Mixtures

Dry unit

Water absorption

P

2,26

7,36

RM10

2,20

8,25

RM20

2,23

8,05

RM30

2,21

7,39

3.2 Compressive strength
3, 7, 28, and 90 days' compressive strengths of the geopolymer
concrete samples produced in the study were given in Table 6. When
the compressive strength results are examined, it was seen that the
compressive strength of the mixtures containing red mud is higher
than the P mixture containing 100% perlite. Compared to the P
mixture, in the mixtures containing red mud (RM10, RM20, RM30) the
3, 7, 28 and 90 days’ compressive strength increases were 1.5%, 15.9%
and 20.6%; 4.8%, 14.5% and 18.9%; 4.3%, 13.7% and 14.5%; and 5.5%,
23.2% and 15.8%, respectively. The high amount of Al2O3 in the
chemical composition of the red mud shortened the bond lengths
which formed as a result of the geopolymerization reaction, making it
difficult to break the bonds. It is seen that this situation positively
affects mechanical performance. In addition, it is seen that ferrisilicates formed as a result of the geopolymerization reaction of red
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mud with high Fe2O3 content contribute positively to the mechanical
performance of geopolymer composites by changing the
microstructure. [38,39].
Table 6. The compressive strengths results
Compressive strengths (MPa)
Mixtures codes
3 days

7 days

28 days

90 days

P

23.57

24.04

25.10

25.12

RM10

23.93

25.19

26.20

26.50

RM20

27.31

27.53

28.50

30.96

RM30

28.43

28.58

28.70

29.09

3.3 Elevated Temperatures

Figure 5. The views of the samples after elevated temperatures

The compressive strengths of all mixtures are shown in Figure 4. At
300°C, 500°C and 700°C, the strength losses of the P sample were
25.8%, 44.7% and 31.8%, while the strength losses of the RM10, RM20,
and RM30 samples were 11.5%, 20.1% and 20.4%; 37.7%, 39.2%, and
27.5%; and 33.1%, 40.0% and 42.5%, respectively. However, when the
samples were visually examined, as a result of the elevated
temperature effect, it was observed that the samples preserved their
structural integrity at 300°C. Capillary cracks and discoloration were
observed in the samples at 500°C. At 700°C, it was observed that the
cracks increased and the colors of the samples became darker (Figure
5).

Compressive strength (MPa)

35.0
30.0
25.0
20.0
15.0

18.6

17.0
13.9

28.7

28.5

26.2
23.2

25.1

22.9
20.8

22.8

16.317.5

17.317.1

16.5

10.0
5.0
0.0
P

RM10

28 Days

300℃

RM20
500℃

RM30

700℃

Figure 4. The compressive strengths of samples exposed to elevated
temperatures

500°C

3.4. Freeze-Thaw
Freeze-thaw cycles were performed according to ASTM C666/C666M
[32] standard Procedure A. It is seen that the weight losses in P, RM10,
RM20, and RM30 samples and are 2.9%, 2.8%, 2.5%, and 2.4%,
respectively. When the literature is examined, it is seen that the
weight losses of geopolymer concrete samples increase from 0.69% to
24.60% with the increase in the number of freeze-thaw cycles
[43,44,45].
The compressive strength results of the samples exposed to freezethaw are shown in Figure 6. After the 50 freeze-thaw cycles, while the
strength loss of the P mixture was 31.4%, the losses of RM10, RM20
and RM30 mixtures were 45.7%, 45.8%, and 49.3%, respectively. The
high strength loss of the RM10, RM20 and RM30 mixtures may have
resulted from the change in the pore characterization of the samples
due to the water contained in them [46].

700°C

Compressive strength (MPa)

23°C

The loss of traditional Portland cement concrete is between 70-80%
after elevated temperature. When the geopolymer concretes produced
in the study are compared with the concretes containing normal
portland cement, it is seen that the elevated temperature resistance
of the P, RM10, RM20, and RM30 mixtures are higher than traditional
concrete. At 700°C, geopolymer concretes do not decompose like
normal concretes, and it is seen that there are significant changes and
sintering in the internal structures of geopolymer concretes at 500°C
[40,41]. The highest weight losses at 300°C, 500°C, and 700°C were
observed in RM10 at the rate of 3.6%, 4.7%, 7.9%, respectively. In
geopolymer composites, dehydration reaction occurs due to
temperature increases. As a result of this reaction, weight loss is
observed due to water loss from fine pores in the geopolymer paste
and aggregates [42].

35.0
30.0
25.0
20.0
15.0
10.0
5.0
0.0

17.2

P

15.4

14.2

RM10
28 days

28.7

28.5

26.2

25.1

RM20

14.6

RM30

50 cycles

Figure 6. The compressive strengths of the samples exposed to
freeze-thaw (before and after)
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3.5. HCl ve MgSO4 Effects
After completing 28-day curing periods, geopolymer concrete samples
were exposed to 5% HCl solution for 30 and 60 days. The compressive
strengths of the mixtures after the effect of HCl and MgSO4 were
given in Figures 7-8. As the exposure time to HCl solution increased,
the weight loss ratio increased in all groups. The highest weight losses
were obtained as 3.8% in RM10 after 30 and as 5.0% in RM20 after 60
days of acid effect [47,48]. Furthermore, the lowest weight losses were
obtained as 0.8% in RM10 after 30 and as .0% in RM20 after 60 days
of the MgSO4 effect. The highest losses were obtained as 1.3% in RM20
after 30 and as 3.5% in RM320 after 60 days of the MgSO4 effect.

Compressive strength (MPa)

35.0
30.0
25.0
20.0

19.5

17.9

4. Results

18.9

13.5

13.1

15.0

28.7

28.5

26.2

25.1

13.4

15.2
12.3

10.0
5.0
0.0
P

RM10

28 days

RM20

30 days acid effect

Due to the low pH value of the sulfate solution, the geopolymer
structure deteriorates as a result of the alkalis passing from the N-AS-H structure to the solution. Also, low alkalinity causes the
geopolymer reaction to stop and the porosity to increase. In this case,
micro cracks begin to form, which reduces the mechanical
performance [51, 52, 53]. As a result, a decrease in strength occurs. Sata
et al. [51] investigated the 5% sodium sulfate resistance of bottom ash
geopolymer mortar in their study and found that bottom ash
geopolymer mortars were less susceptible to sulfate attack than
conventional Portland cement mortars. Moreover, Wallah and
Rangan [54] had studied the length change of geopolymers reported
that they have excellent durability properties, as they exhibit
extremely small changes and a small increase in their mass after one
year of exposure to sulfate solution.

In this study, it was investigated how the addition of red mud to
perlite-based geopolymer concrete affects the concrete properties and
the usability of perlite-based geopolymers produced with
NaOH+Na2SiO3 (1/1 ratio) as alkali activator. The following general
results were obtained:

RM30

Figure 7. The compressive strengths of all mixtures after the effect
of HCl
After 30 days of acid effect, while the loss of strength of the P mixture
was obtained as 28.8%, the losses of the RM10, RM20, and RM30
mixtures were 25.7%, 33.8%, and 47.1%, respectively. Furthermore, at
the end of the 60 days of acid effect, while strength loss of the P group
was obtained as 47.9%, the losses of the RM10, RM20, and RM30
mixtures were 48.3%, 53.0%, and 57.3%, respectively [47,48].
As the exposure time to HCl and MgSO4 solutions increased, the
strength loss ratio increased in all groups. In addition, the
compressive strength loss increased as the red mud replacement ratio
increased in the mixtures exposed to the acid effect. The reason for
the loss of compressive strength in geopolymer samples under the
effect of the acid may be the cracks in the microstructure and the
deterioration of the gel structure as a result of the breaking of Si–O–
Si and Si–O–Al bonds in the aluminosilicate structure [49].

Compressive strength (MPa)

35.0
30.0

26.2

25.1

28.7

28.5

25.0
20.0

15.0

15.0

10.2

12.8
10.7

13.3
11.5

0.0
28 days

30 days sulfate effect



A continuous strength increase occurred in all groups at all
curing times. After heat curing, at the laboratory
conditions, the 3, 7, 28, and 90 days' strengths of all
mixtures containing red mud are higher than the mixture
containing 100% perlite.



Weight loss ratios of all mixtures increased as a result of all
disruptive durability effects.



The samples were almost unaffected in terms of strength at
300°C. At 500°C and 700°C, it performed very well compared
to normal Portland cement concrete. Furthermore, at 300°C
and 500°C, the mixtures containing red mud have higher
performance than P mixture, but at 700°C the compressive
strength losses of RM10, RM20 and RM30 mixtures were
higher than P mixture.



After the 50 freeze-thaw cycles, the compressive strength
losses of mixtures containing red mud are higher than that
of the P mixture.



Generally, after acid and sulfate effects, the compressive
strength losses of mixtures containing red mud are higher
than that of the P mixture.
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In the current Covid-19 global epidemic process, the importance of access to nature and open
spaces for people's psychological, social and physical health has been felt once more. The
innate emotional attachment of human to nature and the living things in nature is called as
"biophilia". Biophilic design stands out as an approach that integrates nature into the
buildings in which people live in order not to break the human-nature relationship. In the
literature, the number and quality of studies on how biophilic design parameters can be
applied in the discipline of architecture are increasing. In this study, it has been investigated
how the design parameters developed for the application of biophilic design in the field of
architecture can be transferred to indoor-outdoor spaces in hospital buildings. Selected
hospitals from Turkey and foreign countries have been evaluated through six basic biophilic
parameters defined by Kellert (2008) and how these parameters have been used is
investigated. Results shows that with the successful application of biophilic design
principles, the potential to transform hospital buildings into healing spaces will increase.

6. Introduction
“Nature is a part of our humanity, and without some awareness and
experience of that divine mystery man ceases to be man. When the Pleiades
and the wind in the grass are no longer a part of the human spirit, a part of
very flesh and bone, man becomes, as it were, a cosmic outlaw, having
neither the completeness and integrity of the animal nor the birthright of a
true humanity.” Henry Beston [1]

The positive effects of nature on human health began to be
understood when the negative effects of the industrial revolution
on cities increased. In 1859, Florence Nightingale argued that the
positive effects of natural light, color and the effects of hospital
environment not only on the minds of the patients, but also on the
bodily disease of them. Similarly, an extensive scientific literature
demonstrates a very tight link between the environment and
increased efficacy of treatment (cited from Rosen 1993 by [2]. From
this point of view, the application of biophilic design criteria in
hospital buildings and connecting with nature are very important
in terms of human-nature integrity.
Studies have made important determinations that nature is good
for people [3]; [4]; [5]. For instance, a study led by researchers at the
University of Gothenburg and Chalmers University of Technology
showed that a well-designed hospital architecture can reduce
violence and aggression levels in psychiatric care [6]. In this
context, it is possible to claim that the concept of biophilic design
stands out as a design approach that aims to include nature in the
spaces where people spend their time.
With the application of the biophilic approach in built
environments such as health facilities, offices, spaces for
children's, its positive effects on human health and performance
have been confirmed by different scientific studies. [2]. It is a wellknown fact that, in hospitals, healthcare employees, patients and
their families are under stress. In this context, it will be vital to
apply the biophilic design principles that integrate the built

environments and nature and create healing environments in
hospitals. From this point of view, this study investigates the
existence of biophilic design parameters in hospital buildings on
samples. Selected hospitals have been evaluated within the scope
of biophilic design parameters to answer the question of this
research; How biophilic design parameters are applied in today's
hospitals? Within the scope of the reseach; Khoo Teck Puat
Hospital, Östra Psychiatry Hospital, Butaro Hospital, Memorial
Bahçelievler Hospital have been examined.
7.

Biophilic Architecture

Biophili can be defined as “a hypothetical human tendency to
interact or be closely associated with other forms of life in nature;
a desire or tendency to commune with nature”. The term was first
used by Erich Fromm in the 1960s to describe “people's tendency
to be interested in everything alive and vital” [7]. Dr. Edward O.
Wilson in 1980 argued that “the inherent human inclination to
affiliate with natural systems and processes, especially life and
life-like features of the nonhuman environment” [8].
The concept of biophilic design, which was developed by Stephen
Kellert and included in the architecture and design literature,
explores ways of maintaining human-nature interaction in the
built environment. When the difference of the approach from
sustainable design is considered, it is possible to say that, it is more
human-oriented in terms of providing the opportunity to
experience nature directly or indirectly by including the use of
natural elements in the architectural space. Furthermore,
sustainable design makes an indirect contribution to the humannature interaction in the space with the aim of minimizing the
damage to the environment caused by the building. Therefore,
biophilic design has been defined by Kellert as an important link
in sustainable design [9].
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In literature there are different classifications and biophilic
parameters defined by Marissa Yao [10], Kellert [9] and Browning
et.al., [11]. Within the scope of this study, the existence of biophilic
design elements created by Kellert in 2008 was investigated in
hospital buildings. Kellert [9] analyzed the biophilic design
elements in two basic dimensions as “Organic or Naturalist” and

“Spatial-based or Local”. The organic or naturalistic dimension,
questions direct and symbolic interaction with the elements
necessary for human survival. The spatial or local dimension deals
with the relationship of architecture with culture and ecology in a
geographical and local context. These two dimensions were
detailed in 70 features as shown in Table 1 under 6 main titles [9

Table 1. Biophilic design elements and properties [9]
Environmental features

Natural shapes and forms

Natural patterns and processes

Color
Water
Air
Sunlight
Plants
Animals
Natural materials
Views and vistas
Façade greening
Geology and landscape
Habitats and ecosystems
Fire

Botanical motifs
Tree and columnar supports
Animal motifs
Shells and spirals
Egg, oval and tubular forms
Arches, vaults, domes
Shapes resisting straight lines and right
angles
Simulation of natural features
Biomorphy
Geomorphology
Biomimicr

Sensory variability
Information richness
Age, change and the patina of time
Growth and efflorescence
Central focal point
Patterned wholes
Bounded spaces
Transitional spaces
Linked series and chains
Complementary contrasts
Dynamic balance and tension
Fractals
Hierarchically organized ratios and scales

Light and space

Place-based relationships

Evolved human-nature relationships

Natural light
Filtered and diffused light
Light and shadow
Reflected light
Light pools
Warn light
Light as shape and form
Spaciousness
Spatial variability
Space as shape and form
Spatial harmony
Inside-outside spaces

Geographic connection to place
Historic connection to place
Ecological connection to place
Cultural connection to place
Indigenous materials
Landscape orientation
Landscape features that
define building form
Landscape ecology
Integration of culture and ecology
Spirit of place
Avoiding placelessness

Prospect and refuge
Order and complexity
Curiosity and enticement
Change and metamorphosis
Security and protection
Mastery and control
Affection and attachment
Attraction and beauty
Exploration and discovery
Information and cognition
Fear and awe
Reverence and spirituality

Kellert and Calabrese [1] examined biophilic design systematics
under three categories according to the experience of nature. This
classification includes “direct experience of nature, indirect
experience of nature, and experience of space and place”. Direct
experience of nature refers to real contact with environmental
features such as landscape, natural light, air, animals, plants,
water in the built environment. Indirect experience of nature
refers to contact with the image or representation of nature, the

transformation of nature, or exposure to certain processes and
patterns in nature. These include natural materials, wooden
furniture, paintings, patterns inspired by forms and shapes that
occur in nature. The experience of space and place refers to the
characteristic spatial features of the natural environment that
promote human health and well-being. Landscapes are spatial
features such as shelter, integration of parts with the whole,
mobility and direction finding. These 24 biophilic design features
identified in three categories are listed in Table 2 [1].

Tablo 2. Experiences and attributes of biophilic design [1]
Direct Experience of Nature

Indirect Experience of Nature

Experience of Space and Place

Light
Air
Water
Plants
Animals
Weather
Natural landscape and
ecosystems
Fire

Images of nature
Natural materials
Natural colors
Simulating natural light and air
Naturalistic shapes and forms
Evoking nature
Information richness
Age, change and the patina of time
Natural geometries
Biomimicry

Prospect and refuge
Organized complexity
Integration of parts to whole
Transitional spaces
Mobility and wayfinding
Cultural and ecological attachment
to place

8. Method
Within the scope of this study, the biophilic design parameters
classified by Kellert [9] and Kellert and Calabrese [1] were examined
through “Khoo Teck Puat Hospital”, “Gold Coast University Hospital”,
“Östra Hospital”, “Memorial Bahçelievler Hospital”. Whether the
biophilic parameters have been applied in hospitals and how they
have been applied in which places have been presented in the analysis
tables, supported by visuals, and the obtained data have been
evaluated.
9. Analysis and Findings
In this section, selected examples, that biophilic design decisions was
adopted, were examined within the scope of the study. The table

shows how and in which places biophilic elements are used in the
examined hospitals.
“Khoo Teck Puat Hospital” designed in partnership with RMJM & CPG
Architects near Yishun Pond and Yishun Park in Singapore was
completed in 2010. A forest-like living space has been created in the
hospital where water sounds and bird chirping take place [12]. The aim
of the hospital, which consists of 4 different buildings connected to
each other; is to “create a healing environment within a hospital in a
garden and a garden in a hospital” as a patient-centered, seamless
service, inclusive, attractive, friendly, natural, public park that
supports healing [13]. The structure is placed in a V-Shaped Massing
to minimize energy use and maximize natural ventilation. Biophilic
design elements and attributes are considered not only as part of the
design process, but also as part of the healing process [14].
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Figure 1. Khoo Teck Puat Hospital an building shape and layout [13]
In 2007, a new psychiatric facility was designed within Östra Hospital
by White Architects in Sweden. It has created a caring and welcoming
environment to alleviate the suffering of psychiatric patients and
their families, accelerate mental health recovery, and increase the
effectiveness of patient care. Considering the positive effects of access
to nature and integration with nature on health, nature has had a
significant impact throughout the hospital [15]. The architects
carefully considered every aspect of the patient experience while

adhering to the strict safety and security standards required by a
psychiatric institution. It has the feature of being the first structure
designed considering the physical environment for the recovery
process in psychiatry in Sweden. It is aimed to support patients' sense
of ownership by considering order and complexity in the structure.
Similarly, biophilic design principles such as visual connection with
nature, shelter dynamic and diffused light were also considered to
create a healing and calming environment [16].

Figure 2. Module Detail [16]; [17]
Butaro Hospital, designed by MASS Design Group, was built in 2011 by
the Rwanda Ministry of Health and Partners in Health. It is thought to
have 140 beds for a population of 340,000 living in the Burera region,
a poor area of Rwanda. MASS office thought of a design that would
support psychological and physical recovery [18]. Butaro Hospital

consists of different blocks built on a hill. It is aimed to reduce energy
use in the hospital with the principles of passive solar and natural
ventilation design. The walls of the hospital building were made by
local craftsmen with local volcanic rock from the Virunga Mountain
Range [19].

Figure 3. Butaro Hospital, MASS Design Group [20]
The important components of the architectural design of the hospital
in Bahçelievler, Istanbul were designed with a "biophilic" design
approach in mind. In this context, it is aimed to support the recovery
processes of the patients, to positively affect the experiences in the
hospital spaces and to create an efficient working environment for
the employees.
Energy efficiency, sustainability and environmentally friendly
approaches were taken into consideration in the project, where
environmental health was also considered along with human health.
The architectural mass is shaped in line with the land data, daylight,
wind, climate, access to the view, heat effect and transportation
schemes. It is designed as a four-armed block to provide maximum

access to the view and daylight of all patient rooms. For natural
lighting, a double-skinned facade, in which performance glasses are
used, is considered. In the project, plant and animal figures were
included in order to strengthen the interaction with nature in the
interior, along with access to daylight, green and nature. Again, birdthemed photographs, paintings, nature colors such as green and
brown, wooden materials, texture and form imitating nature are used
in the interiors. The nature artworks in the hospital are designed to
create visual and auditory interaction with nature. In order to
increase the healing and therapeutic effect of nature on patients,
terrace gardens were built on the floors. Landscape areas, where
seasonal transitions and color changes are felt, have supported the
healing processes of patients by enabling the biorhythm of nature to
be carried into the hospital environment. While choosing the plants
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used in the landscape, it was aimed to create a resource for the birds
and natural life in the region [21] Terrace gardens and hospital
entrance were handled with an integrated design approach, and

access to the view, sunlight, climate, wind and heat effects were
considered [22].

Natural patterns and processes

Natural shapes and forms

Environmental features

Table 3. Evaluation of selected hospitals
Khoo Teck Puat Hospital

Östra Psychiatry Hospital

Butaro Hospital

Memorial Bahçelievler Hospital

Biophilic features such as water,
vegetation, landscape, ecosystem are
established between the Hospital and
Yishun Pond and the natural
ecosystem. Natural daylight lighting
is planned throughout the building.

Visual connection with nature,
daylight, landscape areas created
in inner courtyards are designed
with patient psychology in mind.
Natural materials such as wood
were preferred in the hospital
interior.

Biophilic criteria such as plants,
landscapes, natural ecosystems
and daylight were considered in
the hospital structure. The
building offers the opportunity to
experience directly with nature
both inside and outside.

Biophilic qualities such as water,
vegetation, landscape, landscape and
daylight are considered in the
hospital structure. The façade of the
building is designed as a glass façade
to allow natural daylight into the
interior spaces.

Hospital corridors and planted
terraces, trees, green walls, flat and
non-right-angled ground shapes and
natural materials, shapes and forms
are included in the building.

Natural shapes and forms were
included in the building with the
animal sculptures in the hospital
garden and the flat and nonright-angled ground shapes in the
landscape design.

Natural stone material was used
in the hospital corridors. Although
planting and natural shapes are
not included in the building
interiors, indirect experience with
nature is seen with natural
patterned materials.

By making natural patterns, shapes,
textures
and
geometric
arrangements within the building,
users are provided to connect with
nature. Nature images were used on
the walls and ceilings. Round-lined
corridors are designed.

Green walls and landscaping in the
indoor and outdoor areas of the
hospital are areas where natural
growth processes can be observed.

The hospital building was
designed in proportion to the
human scale in form. Natural
growth processes can be observed
with the plants and trees in the
inner gardens.

The hospital is located in the
natural
ecosystem.
Natural
growth processes can be easily
observed. Local stone material
was used in the building as a
natural texture.

Natural landscape images are placed
on the ceilings and walls of the
hospital.
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Evolved human-nature relationships

Place-based relationships

Light and space

Table 3. (Continuous) Evaluation of selected hospitals
Khoo Teck Puat Hospital

Östra Psychiatry Hospital

Butaro Hospital

Memorial
Hospital

Bahçelievler

Windows that go down to the floor
are used in patient rooms to
provide natural lighting and visual
communication with the outside
environment.

For visual comfort, dynamic and
diffused light is considered in the
space. Depending on the natural
conditions, shadow and light
intensities that change over time
are perceived from within the space.

Large
windows
have
been
considered for communicating with
the natural ecosystem and for
natural lighting.

Considering the facade of the
building as a completely glass
material
creates
a
visual
connection with nature. It also
provides the continuation of the
visual communication between
indoor and outdoor.

In the design of the hospital, the
natural
landscape
and
the
ecological connection with the
place are given importance. The
natural environment is directly
experienced.

The landscape design that defines
the building form and the placement
of the three central courtyards
between the sections provide the
nature relationship between the
rooms in the middle of the building.
Space-nature interaction occurs
through these courtyards.

The landscape design was designed
in harmony with the building form
and using local materials. The
building has been shaped in a way
that respects nature.

The building-nature relationship
is established with the glass
facade. Water and plant elements
are included in the landscape area
of the building.

There are gardens where patients
can take care of the garden. These
therapeutic gardens are also
resting places that allow patients to
integrate with nature.

In order to reduce the perceptual
and physiological stress responses
of the patients, it is aimed to create
order and complexity in the hospital
design. Shelter spaces have been
created within the hospital for
concentration
and
security
perception.

Human-nature
interaction
is
maintained with the use of local
stone materials, fresh air flow,
landscape design consisting of
terraces in the hospital interiors.

The human-nature relationship is
considered as landscape areas
located outside the hospital and
where wood is used as a natural
material.

Figure 4. Memorial Bahçelievler Hospital [23]
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Green Design. Yale School of Forestry and Environmental
Studies, 05.

10. Evaluation and Conclusion
Biophilic design aims to re-integrate with nature in the healing
process of humans, who are part of nature. Because nature has a
healing power on physiological and psychological health. This
approach also shows that nature is important for future generations.
In this context, it is important for human health to consider buildings
as a whole with the natural environment, to create natural experience
opportunities within the building, to use natural patterns and
geometries.
As a conclusion, it has been observed that 6 biophilic features revealed
by Kellert (2008) presents in the examined hospital structures. In
these hospitals, it is possible to say that the changing needs of
patients, health personnel and patient relatives are taken into
consideration.
As can be seen from the examples, with the successful application of
biophilic design principles, healthier environments will be created for
people. People who are alienated from the natural environment need
to transition to the eco-centric age in order to get rid of the
environmental crises created by the anthropocentric age. Biophilic
design is one of the important approaches that will accelerate this
transition.
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Throughout history different geometric patterns for ornamentation have been used and
developed in the Islamic art and architecture. By utilizing the mathematical methods of the
era they belong to, a rich variety of patterns were created. Based on repetition and symmetry,
Islamic geometric patterns shaped with different combinations of circular, triangular and
hexagonal patterns. Geometric-based relationships gained new characters thanks to the
computable rules. This study examines the question of how mathematical descriptions and
regeneration of Islamic geometric patterns (IGP) are possible. The paper focuses on the formal
features of Islamic geometric patterns, and evaluates the calculations of these patterns and
formation of shapes by using the digital tools and environments of today. For this purpose,
a research has been planned through the examples in Ankara where different periods of
Islamic architecture can be found in. Within the light of the selected examples, the
acquisition of form in the formation process of geometric compositions in Islamic
architecture and the adaptation of the changing process from past to the present are
discussed from a mathematical point of view. Results indicate that “a set of rules” obtained
through the design and regeneration of geometric patterns in Islamic architecture playing a
mediating role in understanding the compositions of the forms.

1.

pattern formation, repeating units, axes of symmetry and
material have been analyzed.

Introduction

It is known that ornaments in Islamic cultures have a rich
variety. These ornaments appeared in various shapes and
types as a common feature of architecture and islamic art [1].
However, when evaluated in general, it can be seen that the
ornaments are divided into two basic categories: floral motifs
and geometric patterns. Geometric patterns have become the
most remarkable ornamental element among these
ornaments, which have begun to be applied in architecture
and islamic art [2]. Geometric patterns are obtained by
mathematical division of a surface and an interconnected
system [3]. In general, four main features of IGP are defined as
symmetry, limitlessness, flow and interpenetration.
Symmetry is one of the outstanding features of IGP.
Limitlessness, refers to the continuity of repeated units. The
pattern has the ability to expand iteratively and endlessly [4].
The flow characteristic of IGP expresses the continuity of
geometric elements in harmony [11]. Within these features,
the collaboration between mathematics and design led to the
creation of complex geometric design in the early and
medieval Islamic world.[5] Geometric patterns were used
extensively in religious buildings as compositions that we
frequently encounter in the Seljuks. In this study, we try to
extract the geometric pattern structures of Aslanhane Mosque
and Sultan Alaeddin Mosque, which are rare Seljuk mosques
in Ankara. First of all, geometry, symmetry groups and
materials were mentioned in IGP. Then, in the analysis part,
geometric methods and varieties for the design of IGP were
evaluated through examples. As the design methods used in

2. Geometry in Islamic Patterns

In Islamic art, geometric elements have been part of the
Islamic tradition as the basic structure of the design process
[6]. Geometry is expressed as a sacred art because of its
relationship with the basic rules of creation and reveals the
inner dimension of "unity in multiplicity and multiplicity in
unity" [7]. Geometric patterns used to produce forms that serve
the design have various formations and rules. Most geometric
patterns are classified as square repeat units, hexagon repeat
units, and pentagon repeat units.
The square repeat unit includes all patterns produced by
dividing the circle by four and consisting of multiples of four
[8, 9] (Fig. 1 A). Hexagonal repeat unit; It contains all the
patterns created by dividing the circle by three or six and
produced from multiples of gold (Fig. 1 B). [9] Geometric
patterns based on pentagonal repeat unit; contains all
patterns produced by dividing the circle by five. [8] (Fig. 1 C).
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Figure 3. Rotation (a) translation (b), reflection (c), glidereflection (d) symmetries [15]

Figure 2. A) The square repeat unit, B) Hexagonal repeat unit,
C) Pentagon repeat unit [10] [11]
In the classification of patterns, most pattern designs can be
classified under these fold numbers. A twelve-pointed star can
be part of the family of six as well as the family of four.
However, not all geometric patterns fit perfectly into these
categories. There are patterns and compositions that are not
suitable for these fold numbers.
3.

Symmetry Groups in Islamic Geometric Patterns

While the traditional approach in IGD studies is more about
practical geometry and traditional design tools, the scientific
approach is focused on using mathematics and symmetry.
The diversity in Islamic geometric patterns indicates that
early pattern artists had superior knowledge of geometry and
symmetry. The use of these geometries allows the
development of various models, symmetric strategies and
generative methodologies. [12] [13]. Classification of a pattern
design in symmetric strategies is achieved by symmetry
groups that contain a combination of isometric
transformations in both two and three dimensions [14]. Visual
progress and stylistic diversity in geometric art is highly
dependent on the application of such rules. In a simple
descriptive way, symmetry is a kind of transformation that
maps a shape of an object onto itself and leaves that object
unchanged. In geometry, the pattern design formed by the
regular repetition of the unit is explained by some symmetry
operations. These are rotation, reflection, translation and
glide-reflection symmetries (Figure 2).

The most basic symmetries of a repeat pattern are
translational symmetries. It has translational symmetry if
moving in a particular direction does not change its initial
shape in size. In rotational symmetry, when a geometric
design is rotated at an angle of 360/n, the resulting image has
"n" fold symmetry [15]. Reflection symmetry is explained as a
type of symmetry where the process results in a mirror
reflection of the initial shape. Glide-reflection symmetry
includes both reflection and translation of the same object [15].
All regular patterns consist of 4 main types of symmetry
(rotation, reflection, glide-reflection and translation). These
are divided into 17 wallpaper groups. These are produced from
rectangles, rhombuses, squares or parallelograms called
lattices. These lattices represent primitive units. [16] ( Figure
3).

Figure 4. The unit lattices for the 17 wallpaper groups [16]
4. Grid Systems in Islamic Geometric Patterns

Broug says that rules are an integral part of geometric design
and creativity cannot develop without such strict rules [17]. In
arranging two-dimensional shapes in IGP, grids provide a
perfect infrastructure for creating compositions. Grids make
it easy to plan and change scale as needed; they also offer a
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way to create new designs. The grids used in the IGP design
process vary according to the pattern types. [18] The most
basic are circular grids of repeating interlocking circles
(Figure 4 b). Complex geometric patterns are descriptions of
simpler circle structures often used to describe grids. [8, 9].
Grids based on squares and multiples of four (Figure 4 a) ; grids
based on equilateral triangles and their multiples, and grids
based on pentagons and their multiples are classified. Grids
based on the combination of these categories are also used
(Figure 4 c).

Figure 4. Three methods for constructing the same 4-story
model: a square grid method; b circular grid method; and c
polygonal technique [19]
5. Material Use in IGD

Different building materials show themselves in the works of
Islamic architectural history . The application of patterns to
different materials contributes to the rich variety of textures
[10]. Material types vary according to civilizations and
regions. For example, brick material was used both as a
building and decoration material in Iran, Azerbaijan and Iraq
where the Great Seljuks ruled. In Anatolia, stone as a building
material took place as the main material in the period before
and after Islam. However, the brick building tradition has not
been completely abandoned, and although it is used less than
stone material, it has been replaced as a building material in
architectural works as a tradition transferred from eastern
civilizations [20]. Various materials such as mosaic, glass,
brass, wood, plaster, paper, brick. they can be found on. In
geometric compositions, whether it is stone material, brick,
wood or mosaic, the place of application of the compositions,
the forms and the systems in these decorations have similar
characteristics [21].

6. Analysis of Islamic Geometric Patterns

In this section, the analyzes of Aslanhane Mosque and
Alaeddin mosque patterns are presented in a table, and their
substructures and geometric methods are revealed.
XIII. The stone-walled mosque built at the beginning of the
century has a wooden pulpit. Also, its mihrab was made with
plaster and tile mosaic technique. In this aspect, Seljuk
influences are seen. The mosque is a good example as one of
the rare Seljuk works.[22]

Figure 5. Aslanhane Mosque mihrab and minbar [22]

Ankara Alaeddin Mosque, one of the oldest Seljuk mosques in
Ankara, was built at the end of the 12th century. Alâeddin
Mosque minbar is among the examples of kündekari, which
has an important place in Ankara style. The ornaments and
motifs on the pulpit are very similar to the Aslanhane mosque.
Since the mihrab did not remain as original, it is not possible
to say anything definite. The use of bricks and stones of
various sizes indicates that it may have been plastered or
mosaic.[23]
Geometric structures, repeating units and reproduction
methods of ornaments are examined and compared. We can
categorize the patterns according to the criteria shown in
Table 1 according to the analysis. In order to provide a more
comprehensive perception of the symmetries applied in the
creation of the patterns, the symmetry directions of the
motifs, the repeating units are shown. Here, 5 patterns from
the two selected structures were examined. Patterns have
symmetries p4m, p6m, pm, p4g. Repeating units are 6 and 4
floors. The applicability of patterns to different materials such
as wood and plaster increases the usage area.
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7.

Evaluation and Conclusion

In this paper, the geometric substructures of the decorations
of the Aslanhane Mosque and Alaeddin Mosque, which are
among the few Seljuk works in Ankara, were examined. As a
result of the research and evaluation, it is seen that different
patterns can be obtained with a similar infrastructure. It is
also seen that different reproduction methods are used. The
symmetry methods used in the patterns show the architects'
approach and creativity in design. In addition to the
geometric patterns, the analyzes also show the difference in
the materials used. It is seen that the use of plaster and wood
materials in decorations is a priority.
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Today energy consumption, which is seen as one of the essential factors of environmental
problems, has become one of the most important issues of all countries. Various strategies
are determined and policies are carried out at both international and national level to reduce
the energy consumption of buildings, which have a large share in the increase of excessive
resource use and many environmental problems. It is possible to claim that, as a building
group of 90,000 and consuming excessive energy in our country, efforts to increase
sustainability and reduce energy consumption in mosques are very few compared to other
building types. Therefore, in this study, it is aimed to examine the researches on energy
performance in mosque buildings and to determine the current situation in our country.
After conducting a systematic literature review, it is seen that mosques have an important
potential in energy saving, but studies on this subject are insufficient. In this context, there
is a need for research to determine the factors that cause excessive energy consumption in
mosques, to make improvements in existing mosques, and to make decisions regarding
energy efficiency in the design phase of new mosques.

1.

Introduction

Today, both the rapidly increasing population and industrialization
and the increase in living standards cause an increasing need for
energy, which is an integral part of life, more and more every day. This
increase in energy demand brings with it many economic,
environmental and social effects.
Energy consumption, which is seen as an important factor in the
problems surrounding our world, has become one of the most
important issues of all states today. While the current situation in
energy demand and the rapid depletion of natural resources are one
of the most important factors threatening the global industry, serious
environmental impacts such as global warming, ozone depletion and
climate change highlight the importance of promoting energy
efficiency efforts.
According to the International Energy Outlook 2017 (IEO2017) report
published by the US Energy Information Administration (EIA) in 2017,
it is predicted that world energy consumption will increase by 28%
between 2015-2040. Figure 1.1. It represents the sum of projected
world energy consumption [1].

Figure 1.1. World Energy Consumption Projection [1]
Emphasizing that global warming and climate change are mainly
caused by buildings as they consume about 48% of overall energy
consumption, Lechner states that about 40% of this is the energy
consumption of the building during the operational phase (cooling,
heating, lighting, equipment, etc.), and the remaining 8% is the energy
consumption during the construction phase (transport, material
creation and assembly) [2].
The building sector, which has a significant share in the final energy
consumption in Turkey, consumes the energy in question to provide
user comfort in terms of heating, cooling and lighting, while the share
of energy consumption from heating and cooling in total
consumption is around 70-80%. This situation necessitates more
efforts to reduce energy consumption in buildings [3].
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Muslim
Population

2021
Populati
on

Muslim % of
Total
Population

Muslim
% of
World
Populati
on

Indonesia

229.000.00
0

276.361.7
83

% 87.20

% 12.70

Pakistan

200.400.00
0

225.199.9
37

% 96.50

% 11.10

India

195.000.00
0

1.393.409
.038

% 14.20

% 10.90

Bangladesh

153.700.00
0

166.303.4
98

% 90.40

% 9.20

Nigeria

99.000.000

211.400.7
08

% 49.60

% 5.30

Egypt

87.500.000

104.258.3
27

% 92.35

% 4.90

Iranian

82.500.000

85.028.75
9

% 99.40

% 4.60

Turkey

79.850.000

85.042.73
8

% 99.20

% 4.60

Algeria

41.240.913

44.616.62
4

% 99.00

% 2.70

Sudan

39.585.777

44.909.35
3

% 97.00

% 1.90

Iraq

38.465.864

41.179.35
0

% 95.70

% 1.90

Morocco

37.930.989

37.344.79
5

% 99.00

% 2.00

Ethiopia

35.600.000

117.876.2
27

% 33.90

% 1.80

Afghanistan

34.836.014

39.835.42
8

% 99.60

% 1.80

Saudi Arabia

28.127.500

35.304.68
3

% 97.10

% 1.60

Country

Figure 1.2. Sectoral Breakdown of Final Energy Consumption [4].
The last counting to reveal the current state of the building stock in
Turkey was made in 2000. In this counting, while the total number of
buildings was 7,838,675, 6,735,813 of this number consisted of
residential buildings. According to the calculations based on the data
and the number of buildings before 2020, the total number of
buildings in 2020 is 11,598,446 and 9,858,679 (85%) of this is
residential buildings [5]. Although there is not yet a study evaluating
building and energy statistics together in Turkey, it is clear that most
of the energy in buildings is consumed in residences. Non-residential
buildings (education, trade, office, health, industry, etc.) are less in
number, but consume a significant amount of energy.
Mosques, which are one of the most important building types that
make up the fabric of our cities, and whose number has reached
89,259 as of 2019, have a very rapid growth rate with the addition of
approximately 1000 new mosques to this number annually. For this
reason, they have a serious energy saving potential. Ekmekçi
emphasized that within the framework of energy saving efforts in
residences, industry, workplaces and social buildings initiated by the
Ministry of Energy, 65% savings were achieved in energy
consumption in mosques with only the change of light bulbs. He noted
that if the studies carried out go one step further, a great deal of
savings will be achieved in both electrical energy and heat energy [6].
10. An Evaluation of Today's Mosques
There are approximately 1.9 billion Muslims in the world, making
Islam the second largest religion in the world after Christianity.
In the ranking of the countries with the highest percentage of
Muslims (Table 2.1), Turkey ranks 7th with 79.850.000 people with a
percentage of 99.20%.
Considering the number of mosques by country, Turkey is seen as the
5th country after Indonesia, India, Saudi Arabia and Egypt with 89,259
mosques.

Figure 2.2. Number of mosques in selected countries, 2020[8].
2.1. Studies on Energy Efficiency in Mosques

Figure 2.1. Muslim population by country 2021[7]
Table 2.1. Muslim population statistics by country [7]

As with all building types, the comfort of the users is one of the
important factors affecting the main function of a mosque. Mosques,
which are of great importance and unique function, where Muslims
come together five times a day, should be designed in such a way that
users can worship in a comfortable and peaceful environment. This
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situation necessitates research on many subjects such as the indoor
comfort and energy consumption of mosques and the effect on
sustainability. Despite this, worldwide research on the energy
efficient design and energy performance of mosques is quite limited.
In general, the most important energy consumption tools of a mosque
are: lighting, heating, ventilation and air conditioning (HVAC)
systems. However, each mosque has a varying energy consumption
depending on the climatic conditions, mosque architecture and
activities carried out in the mosque. For this reason, it is important to
determine the energy consumption of mosques in detail and to offer
solutions to reduce this consumption.
Another point to be considered at this point is that mosques are
accepted as an Islamic symbol in our country, as in all Muslim
societies. In this respect, these buindings also have a message and
instructive effect for their congregations, which number in the
millions. By making use of this feature of mosques, it may be possible
to raise awareness of the society about energy efficient built
environments. As symbolic buildings of a religion in which it is
strictly ordered to avoid waste, mosques should be more sensitive and
guiding in meeting responsibilities for the protection of both
resources and the environment compared to other building types.

(Bughrara,
2016) [11]

(Atmaca, 2017)

[12]

Thesis

Thesis

Although there are many researches in different areas related to
mosque buildings, important researches in terms of energy saving
such as energy efficiency, thermal performance, passive design is a
relatively new subject compared to other building types. Searches in
Science Direct, Springer and Web of Sciences, Proquest, Scopus and
Google Scholars databases show that research on the subject has
gained importance especially in the last two decades (Figure 2.3).

(AlMohammed,
2017) [13]

(Al-Homoud et
al., 2005) [14]

Thesis

Article

Figure 2.3. Number of publications by year
Among these researches, after filtering using the keywords "mosque”,

“energy consumption", "energy efficiency", "energy","sustainability",
"thermal performance", "retrofit (ing)”, there are 50 energy

consumption-oriented studies that published in English, scientific
journal articles and conference papers and 5 theses were reached.
As a result of the scanning made in Table 2.2., some of the theses,
scientific journal articles and conference papers focused on energy
consumption in mosques were selected and the researches on the
subject were evaluated.

(Al-Tassan &
Bahobail,
2006) [15]

Article

Table 2.2. Some studies and researches done between 2000-2021
Author - Year

(Akeel Noori,
2004) [9]

(Samiuddin,
2014) [10]

Document
Type

Thesis

Thesis

Description
The research, in which the definition of a
'model mosque', the identification of a
typical model mosque and its thermal
evaluation were made, also includes a
research on the design and construction
features and comfort levels of new
mosques, taking into account the city
planning, the existing material skills and
the other religious criteria.
This study focused on investigating the
effect of different air distribution schemes
on the thermal comfort of building
occupants while using different HVAC
operation strategies in a medium-sized
mosque with CFD (computational fluid
dynamics) technique.

(Asfour, 2009)

[16]

(Budaiwi et ,
2013) [17]

Article

Article

In this study, it is aimed to analyze the
thermal comfort conditions of historical
mosques throughout the year and to
perform
adaptive
thermal
comfort
analysis. Indoor thermal comfort for the
selected
Salepçioğlu
Mosque
was
monitored and evaluated according to the
ASHRAE 55 standard. In addition, the
benefit of using a low-energy heating
solution consisting of an electric
underfloor heating system with an
intermittent program to reduce thermal
discomfort during the winter season was
investigated.
Within the scope of this thesis, in order to
determine the comfort levels of the people
who come to the mosque, the thermal
comfort of the indoor environmental
conditions of the mosques that one with
natural ventilation and the other with
mechanical ventilation and also with
different heating and cooling systems were
measured and evaluated. The aim of the
study is to determine the thermal comfort
of mosques with different heating, cooling
and ventilation systems by determining
the user's perception and by the
measurements. In addition, it is the
creation of necessary recommendations in
order to keep the energy spent in the
creation of thermal comfort at the optimum
level.
The research examines how GSAS can
control its sustainable measures and
reduce 50% of the energy consumed in
order to design sustainable mosques in
Qatar. Case studies and comprehensive
analysis were carried out for GSAS Design
Certified Mosques and traditional (noncertified) Mosques in Qatar.
In this study, the energy usage data of 5
mosques with similar characteristics were
observed and analyzed for 2 years. The
analyzed data were compared with the
invoice data of the 5-year average electrical
energy consumption of the mosques.
Measurements were made to determine
when the energy consumption and the
problems related to the use of energy in
mosques reached its peak. There are
studies on how to determine design criteria
for the conservation of the existing energy
in mosques and for the correct way to use
of natural energy resources in mosques.
This article aims to shed light on two
different traditional approaches (passive
cooling and Adobe architecture) adapted as
sustainable
solutions
for
mosque
architecture. The research proceeded by
examining and outlining these solutions in
two mosques in Saudi Arabia, the Almadi
Mosque and the Alruhmaniah Mosque.
This study aims to discuss the rationale
and
characteristics
of
different
architectural styles in addition to their
effect on mosque thermal performance.
Ecotect program has been implemented to
compare four modelling cases that
represent different geometries and
geographical locations. The different
modelled
cases
showed
different
behaviours in terms of building occupants'
thermal comfort.
The aim of the study is to investigate the
effect of operational zoning and HVAC
system intermittent operation strategies
on the energy performance of mosques
while maintaining thermal comfort. Energy
simulation modeling was used to evaluate
alternative zoning and HVAC operating
strategies. As a result, it has been observed
that up to 23% reduction in annual cooling
energy can be achieved with proper HVAC
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operating strategy and system oversizing,
and up to 30% reduction is achieved with
proper operational zoning.

(Budaiwi et al.,
2018) [18]

(Mokhtar,2015)

[19]

(Abdullah et
al., 2016)

[20]

(Ahmad et al.,
2016) [21]

Article

Article

Article

Article

In this study, energy modeling and
simulation were used to identify potential
energy savings, including building
envelope retrofitting measures and air
conditioning (A/C) operation strategies, at
acceptable thermal conditions. It has been
observed that a total reduction of up to 48%
in cooling energy consumption can be
achieved
with
the
combined
air
conditioning
system
and
envelope
retrofitting measures. A number of
recommendations have been derived
regarding mosque design, retrofitting and
air conditioning operational strategies.
The article documents part of an ongoing
effort to determine the best allocation of
limited financial resources to achieve
optimum energy savings in mosques in the
United Arab Emirates. Energy modeling
was used to compare the effect on cooling
load of using various energy efficiency
strategies. The results show the importance
of controlling infiltration and insulating
the walls and roof. In addition, the mosque
is divided into two zones, resulting in a
significant reduction in cooling.
The aim of the study is to identify the
issues related to thermal comfort control
through mosque facade design to achieve
appropriate comfort conditions. The
methodology of the study is an analytical
review to define the theoretical framework
related to key areas. The results showed
that healthy indoor living, quality of life in
the
urban
environment,
energy
consumption and implementation of
passive design strategies are issues that
govern thermal comfort through facade
design for the urban mosque.
The effect of some stereotype elements such as symetry - of the mosque on the
three dimensions of sustainability was
investigated in detail and a case study
provided the quantification of the positive
and negative effects of these elements.

(Al Touma &
Ouahrani,
2017)

(Hussin et al.,
2018) [26]

(Nordin &
Misni,
2018)[27]

(Alomari et al.,
2019)

[28]

(Azmi &
Kandar, 2019)

[29]

(Alabdullatief
et al., 2016)

[22]

(Alabdullatief
& Omer, 2017)

[23]

(Mushtaha &
Helmy, 2017)

[24]

Article

Article

Article

Article

[25]

Article

Article

Article

Article

This research was evaluated a series of
mosque buildings with different climates in
different parts of the world and was
explored the strategies used to cool or heat
these buildings depending on the climate
and season. The effectiveness of building
features for each climate was carefully
analyzed and the potential for these
features to be replicated elsewhere was
examined. The ultimate goal is to create a
guide for architects in all climates to
achieve sustainable mosque construction.
In this research, the application of
sustainable technologies for mosque
buildings in the hot climate zone was
explored. A large number of mosque
buildings in different regions, time zones
and climates have been studied and the
application of passive techniques in these
cases has been evaluated. The performance
of these techniques on roofs, including
building insulation, shading and green
roofing, has been analyzed considering
climate and building characteristics.
This study includes an analytical review of
building forms and then testing the impact
of these forms on the thermal performance
of the building and indoor thermal comfort.
Tests using energy simulations have
shown that passive design techniques, as
well as mosque forms, have a significant
impact on the thermal comfort of buildings.

(Shohan &
Gadi, 2020)

[30]

Article

Since most of the mosque walls in Qatar are
already insulated, this study proposes to
install shading on the mosque roof, which
is expected to provide similar energy
savings compared to insulated roofs. By
simulating an existing mosque with a total
annual energy requirement of 619.55 kWh
/ m2, adding an insulation layer to its roof
provides 9.1% energy savings, while adding
a shading layer on top of this roof provides
6.2% energy savings. It has also been found
that new mosques with thin roof insulation
and shading tend to be more energy
efficient than mosques with thick roof
insulation.
Research examining the thermal comfort
performance of a large-scale mosque that
retrofitted in terms of ventilation in
Penang, Malaysia, showed that the
retrofitted central air conditioning system
produces an indoor thermal environment
within the range recommended by the
ASHRAE 55 Standard.
This study analyzes and evaluates the
building envelope, floor area, opening and
material used as factors that can affect the
indoor thermal performance of a mosque in
a tropical environment. In two mosques,
one historical and the other newly built,
verification was made with meteorological
data using thermal monitoring tests.
This article aims to determine the effect of
the geometric architecture of the domes on
the quality of the acoustic inside the
mosque. King Abullah Mosque was chosen
as a case study to address this issue. Many
parameters have been used to measure
acoustic performance, such as RT, clarity,
dome volume, dome shape, dome height,
and the material used to cover the dome
surfaces.
The study identifies the factors affecting
mosque sustainability in order to provide a
guideline for building environmentally
sustainable mosques. By comparing
established passive design techniques with
the characteristics of mosques and existing
research, four design factors, namely
spatial layout and volume, fixed
orientation of the prayer hall, occupancy
pattern and user activity level and clothing
type, were taken into account and these
factors researched appropriately and
comprehensively for energy efficient and
sustainable mosque design.
This study has been aimed to investigate
what level thermal comfort is achieved and
related issues in mosque buildings in Abha
city, which has a semi-arid moderate/cold
mountainous climate.
The main factors affecting thermal comfort
and PMV (predicted mean vote) were
investigated by comparing the simulation
results that done on the model produced
using Thermal Analysis Software (TAS) with
actual measurement data such as
temperature, relative humidity and energy
demand in mosque buildings. The results
showed that the main factors behind heat
gain or loss were the poor quality of the
investigated mosque buildings’ envelopes,
including walls, roofs, floors, windows, and
doors.

Although not enough, valuable studies have been carried out on
determining various solution techniques and strategies in order to
improve the thermal system, reduce energy consumption and
evaluate environmental conditions in mosque buildings. Studies such
as [14], [19],[24],[27], [29],have proposed different strategies and
architectural improvements such as PV systems, roof options,
building forms, envolope designs, building management and design
guidelines to reduce energy consumption in mosque buildings.
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On the other hand, some other studies such as [17],
[18],[23],[25],[26],[30]tested different alternatives using various
simulation tools to find the most suitable solutions and evaluated
them through case studies.
As a result of the literature review, it is seen that there is a limited
number of studies on determining various criteria with simulation
methods based on estimation models in order to reduce energy
consumption and provide energy efficiency on existing mosques and
proposing retrofitting strategies for their implementation.Therefore,
it is clear that there is a need to increase these studies as well as to
make pre-design researches and evaluate the obtained data at the
planning stage in order to provide energy saving and energy
efficiency optimization.
2.2. Current Situation of Mosques in Turkey
According to the table (Table 2.3) prepared by the Presidency of
Religious Affairs, showing the construction of mosques by years, the
total number of mosques as of the end of 2019 is 89,259 in
Turkey.Considering the number of mosques in the table, it can be said
that approximately 1000 new mosques are built every year. When we
look at the table of the Turkish Statistical Institute on “buildings built
on the basis of occupancy permits according to years”(Table 2.4), it is
seen that this number leaves other buildings behind and mosques are
the most public buildings constructed based on years.However, while
the construction of other public buildings continued under the
supervision and control of the relevant institution from the
beginning to the end, it was only possible for mosques to take their
place in the zoning law in 2003. Considering that the total number of
mosques in 2003 was 76,445, it appears to inevitable that one of the
problematic building groups in our country today is mosques.
Table 2.3 Mosque construction by years (DIB, 2021)
Year

Number of Mosque

2009

80.636

2010

81.984

2011

82.693

2012

84.684

2013

85.412

2014

86.101

2015

86.762

2016

87.381

2017

88.021

2018

88.681

2019

89.259

Table 2.4 Use of building and ratio of changes according to
construction permits and occupancy permits, January-March 20182020. (TUİK, 2021)

2.3. Energy Consumption in Mosques
Today, with the development of technology and the easy accessibility
of energy, the use of mechanical systems for heating, cooling and
ventilation has become widespread in mosques as in all building
groups. In this case, it is inevitable that energy consumption will
increase according to the intensity and size of use of mosques. When
planning mosques, meeting this consumption is often a problem since
it is not taken into account how and by whom the expenses will be
met.
In the 3rd paragraph of the temporary article 6 of the Electricity
Market Law dated 14.03.2013 and numbered 6446, there is the
provision that "... the lighting expenses related to the places of
worship that are opened for the worship of the community and that
are entered free of charge are covered from the appropriation to be
included in the budget of the Presidency of Religious
Affairs".Accordingly, the lighting expenses in mosques are covered by
the Presidency of Religious Affairs, if appropriate funds are available.
For this, mosques have separate meters for heating, cooling,
ventilation and sound systems, and a separate meter for lighting
systems. In this case, while mosques with regular income can meet
these expenses other than lighting, mosques that do not have such an
income, these problems are tried to be solved by the associations of
the mosques or the builder of the mosques or by donations collected
from the users. Looking at Table 2.5. It is seen that even mosques with
regular income cannot fully meet their expenses. The water expenses
in the mosques belong to the municipalities to which they are
affiliated.
Table 2.5 Heating and cooling systems and income-expenditure
status of some mosques (The table was created by using Yıldız's
studies.)
Cukurambar
Name of

Firdevs

Mosque

Mosque

Merkez
Tugba
Altınok
Mosque

Capacity of
Mosque

1500

600-700

Gürbüz
Opsin

Sebahattin

Kızılırmak
Mosque

2500
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Mahmut

Yıldız

Torun

Mosque

Mosque

1000

600

700
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Conclusion
Mosques, which serve as central buildings where people come
together for their daily and weekly worship and religious activities, as
well as an educational, cultural and social center for other activities
of the users, have a unique work program compared to other building
types. These buildings, which are used intensively in certain periods
of time, consume a significant amount of energy due to the need for
rapid cooling and heating due to their intermittent use, as well as
incorrect design, application and operation reasons. However, they
have significant energy saving potential.
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The buildings in the present scenario are consuming a lot of energy through electrical and
mechanical means to provide thermal comfort. The building façade plays an important role
in the whole building's energy performance. The energy demand is led by heating and
cooling and artificial lighting. This research aims to examine the performance of various
strategies on the building’s facade to limit solar radiation and reduce cooling loads by
different facade materials application. Four different modules, having different facade
material applications are hypothetically assumed in Indian climatic condition, for the
purpose of the study. The design strategies considered are; material properties, openings,
and daylight, solar loads, percentage of glazing factors. This research applies the simulation
method using Autodesk Revit with plugin FenestraPro, to investigate various building
model’s implications to calculate three building factors; glazing, solar loads and daylighting.
Simulation is done to explore better performative building’s facade and achieve the best
possible outcome. A comparative analysis of all four modules based on facade performance,
solar load, daylighting, and annual average solar radiation received by facades is presented
as an aid for decision making regarding facade selection.

1.

a)
b)
c)

Introduction

The world today is facing problems of global warming and climate
change. Without exception, the buildings in India contribute up to
30% of global annual greenhouse gas emissions and consumes up to
40% of all energy [15]. Building facade acts as a barrier layer between
the outdoor environment and the internal of a building and block the

external environmental effects and maintain the internal
environment condition with minimum energy consumption
and reduce the annual expenditure on electrical and
mechanical consumptions and maintenance. The modern
building design depends more on a mechanically controlled
environment to maintain the comfort of occupants, thereby
increasing energy consumption.
The building facade is one of the most significant contributors
to the energy consumption and comfort parameters of any
building. Building facade controls many physical external as
well as internal environmental factors like heat, light, sound,
weather conditions. Hence, it is an essential part that needs
consideration during the design process. Building facades
need to perform well in order to block the external
environmental effects, maintain internal thermal comfort,
reduce the energy consumption, and maintain the overall
thermal comfort of users.
The External skin of a building corresponds to the
architecture response i.e., style, identity, and allots character
to a building. Moderator between internal and external
environments are categorized as [7]

Weathering
Security
Energy Performance

This research aims to analyze the performance of different
facade materials to control or minimize thermal heat gain by
building through building facades. This study shall help to
reduce heat gain by careful selection of facade materials.
2.

Functions of facade

Facade plays an important role in the performance of any
building like, bearing different loads and performing various
tasks at the same time. Facade presents the building
aesthetically as well gives it stable appearance in any
condition. The facades of a building create a barrier between
internal space and outside climate conditions to maintain the
building's internal temperature.
There are various performance factors related to design of
building facades that play an important role in the decision
regarding the selection of suitable materials to be used in the
design of a building facade [12.]
The different factors which are considered while selecting the facade
material in buildings are:
Durability
The facade of a building should be durable and capable of resisting
any type of harsh condition. It is a very important that the material
of a facade should be durable, capable to hold, and perform various
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essential functions. The life span of facade material should be same
as the life span of a building and it should not require to be changed
or restored by new facade material [13].
Facade material tolerates various aggression that may be manmade
(like industrial pollution) or natural weather conditions (sun, rain,
snow, etc.) and hazards. In all these conditions, the facade material
should be strong enough to face challenges from cracking, punches,
holes, scratches, deteriorating.
Thermal performance
A crucial consideration is the facade's thermal performance.
Thermodynamic qualities of building facades are linked to a specific
location and materials, as well as material design and qualities [8].
During summers, the increase in temperature and high solar
intensive heat exposes the building facades to higher thermal heat
gain in the buildings.
Minimizing energy and enhancing the facades’ thermal performance
helps to reduce the energy consumption of a building. It provides the
thermal comfort, better thermal resistance, and improves the building
system to reduce the building cooling cost [4].
Functional performance
Functional performance is the operative performance of materials
and includes the capability of material to be repaired easily, within
minimum time, and also reduced the cost of maintenance [15].
Functional performance of facade material is important to check the
materials for the best capability outcome with the least flaws. It is
important to list down a record of various material performances and
choose appropriately so as to avoid using materials that have high
thermal heat gain capacity [2].
Weather resistance
Facade material should be weather resistant and act as a building
envelope that protects the building from various weather exposures.
It should also prevent unwanted sound produced by air pressure on
the surface of the facade i.e. air infiltration and exfiltration, should
be capable of blocking the seepage of water, and prevent unwanted
bacteria and insects’ growth.
Cleaning performance
The cleaning performance of materials is required for an aesthetical
and functional purpose, and it is the capability of material to be
cleaned easily [3].
The cleaning performance is a measure that emphasizes on different
type of materials maintenance and cleaning rate, and the techniques
of cleaning and maintenance, those are required to give long life span
and keep the building protective [16].
Acoustical performance
Nowadays, acoustic control is an important part of designing building
envelopes. In urban areas, noise pollution by road traffic and traffic
flow is a major issue and acoustically resistant building envelope is
required [8].
While designing facades, the materials should not be creating selfgenerated noises, such as those produced by wind movement and
internal or external aggressive forces [9].
Health and safety
Two main important aspects are health and safety in counting and
rating facade material parameters while selecting the material for
facades [6].
At present, the buildings materials contain chemicals as well as
harmful metals that may affect human health in terms of breathing
problems, headaches, irritation, etc., and several other related
problems. Britain Research observes that indoor air relative humidity
should be 40% and 60% for human health and this range is most
appropriate. The relative humidity of the air humidity is lower than
40%, it is measured as ‘sick buildings’ [7].

Maintenance
Low maintenance requirement of building material will increase the
building lifespan and also increase the building function.
Simultaneously, maintenance also reduces the future cost of
repairing, fixing, and replacement work [6]. Therefore, better
maintenance of the building reduces the cost of maintenance of the
building [10].
Daylighting
Designing of building facade includes the daylight factor that is very
important for considering and visual comfort. While designing any
space or building the designers should consider the illumination
levels, daylight factor distribution, and also protection from the direct
sunlight and glare, and allow more diffuse light that is good for
interior spaces. Combination of various building systems is also a very
important part of any building design. In facade design, its role as
protecting shield, artificial and natural lighting, shading devices,
HVAC systems, and building functionality need to be controlled
together to act as an Energy Efficient Building [1].
The building orientation and Window to wall ratio (WWR) of a building
provides the natural light for interior spaces. The basic use of
daylighting is to provide better natural daylight deep inside the
building spaces and the conservation of energy use. Some translucent
glazing facade materials provide the filtered and uniform glare-free
daylighting inside the interior spaces and provide good ambiance [14].
3.

Characteristics and properties of facades
a)
b)
c)
d)
e)
f)

Allowing daylight into a building through the facade
Preventing the building from extreme direct solar heat
gain
Wall mass store the heat
Improve the insulation property of a material to prevent
the heat transfer from outside to inside building
Facade material should be air or moisture-resistant to
prevent it from penetrating inside the building
Building facade should also allow to cool down the
interior spaces of the building by natural ventilation [11]

The above properties are extremely dependent on the type of climate,
as well as they also depend on function of building, occupancy load of
the building, the orientation of building, and the equipment loads like
heating and cooling loads, as well as the type of facade and facade
materials. On the basis of physical characteristics, there are two types
of facades:
Opaque facades
These are the basic layers in the construction of a building built by
solid material, such as masonry, brick, stone, cladding, precast
concrete paneling, and insulation material. Opaque facades also
include openings for windows and balcony, or any other openings.
Glazed facades
Glazed facades are glass paneling, curtain walls, or transparent or
translucent facade glazing materials, which are mainly used for
visibility and for maximizing daylighting in interior spaces of
buildings [1].
The physical behaviors, properties, the construction methods or
fixing of material are different for these two types of facades.
Opaque facades are usually more massive and bulkier and have
greater insulation properties, and poor in solar heat transfer from
outside to inside spaces as compared to glazed facades. On the other
hand, the building's glazed facades are mainly allowing maximum
natural daylight to the interior spaces, provide view to the users, are
structurally lightweight, and impose less dead load on the building
structure in comparison to the opaque facades [1].
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4.

Description of project

Building facades act as a barrier and help to reduce the building
energy consumption, as they play an important role in controlling the
solar heat gain from outside in a building. An attempt has been made
in this study to examine the response of different facade materials in
achieving maximum comfort and high performance.
The simulation is done on a hypothetical high-rise building located in
Delhi, India. Delhi faces an extremely high-temperature climate, and
many high-rise buildings take an extra cooling load to provide
thermal comfort inside the building. Climate responsive facade may
help reduce the cooling energy load consumption inside the building
with the help of facade.
a)
b)
c)

d)
e)
f)

Per floor area : 26895 ft2
Total floor area : 564815 ft2
Total facade area: 165311 ft2
Number of stories: G+20
Floor to floor height: 12 ft.
Total building height: 252 ft.

Following assumptions were made to analyze the thermal behavior of
facade throughout the year. Hypothetical high-rise office building
with G+20 floors, building occupancy pattern: from 7:30 am to
18:00(6:pm), building simulation months in use from 01 January 2021
to 31 December 2021.

Table 1. Comparative analysis of specification of module 1, module2,
module3, and module 4
S.n
o.

FenestraPro mainly calculates three-building factors [7]:
a)
b)
c)

Glazing
Solar loads
Daylighting

Simulation of high rise building of the thermal facade’s behavior
The building energy model is used for building facade material
analysis by fixing facade glazing as 95%, and the building orientation.
The methodology included creating four modules of the model using
four different types of facades glazing material to analyze the
different materials and examine how much building facades receive
solar heat, and calculate the facade performance.

MODULE
-2

MODUL
E-3

MODUL
E-4

1.

Glazing
specificatio
n material

Double
glazing
domest
ic
SC=0.4

6mm
Optiblue,1
/2”
Air,
6mm
Solarbar
67(3)

SunGuar
d,
DS
Bronze
30/23
Double
glaze

Double
Low-E
(argon)
with ext.
woven
shade.

2.

Façade
performanc
e

3.3sq.ft
Fhr/
BTU

3.7sq.ftFh
r/ BTU

3.7sq.ftF
hr/ BTU

3.3sq.ftF
hr/ BTU

3.

0.32

0.28

0.28

0.32

4.

U value of
glazing
BTU/(sqft.F
hr)
Glazing

95%

95%

95%

95%

5.

R- Value

6.

Solar Loads

3.59
sqft.hr/BT
U
13.9
BTU/sqft.
Hr
(Too high)

Daylighting

3.49
sqft.hr/B
TU
8.08
BTU/sqft
. Hr
(Too
high)
3.36

5.62
sqft.hr/B
TU
2.69
BTU/sqft
. Hr
(Too low)

7.

1.9
sqft.hr/
BTU
15.03
BTU/sq
ft. Hr
(Too
high)
6.6%

About simulation software
The simulation of the building facade is done on FenestraPro for Revit
with Autodesk Insight plug-in for Revit as this tool considers the
environmental factors on facades and buildings. This software gives
a more accurate result, gets more glazing specifications, and provides
more detailed results of the simulation. In this software there are
different material libraries with updated new building facade
materials and also specifies it with region type. In this experiment,
Delhi comes under Asia, the Asian material library is selected.

MODU
LE-1

4.37

0.78 (too
low)

Module-1
The first module presented in Table 1 means the facade material is
double glazing domestic SC=0.4, U-value of glazing is 0.32 BTU/(sqft.
Fhr), R-value 1.9 sqft.hr/BTU, solar loads on building facades 15.03
BTU/sqft.Hr(Too high), Daylighting received by internal space is 6.6%,
overall facade performance of the module-1 building is
3.3sq.ftFhr/BTU.

The study aims to analyze the four different types of glazing
specification building facade materials, facade performance, U-value
of material. It will measure the material insulator property (lower the
U-value more is the insulator), amount of solar load, and daylighting
inside the building. The higher the R-value better is the insulation of
material.
5.

Results and Discussion

Simulation is done on four different types of building facade material
to compare modules and examine heat transmission by the facades,
such as 95% building façade glazing, double glazing, daylight factor.
Fully glazed facades are widely used nowadays as they reduce the
dead load of building. The conceptual mass model is considering 95%
glazing and 5% frame and mullions, hence it is using 95% glazing to
simulate and analyze the maximum output of the facades.

Figure 61. Annual average solar heat in Module -1
Figure 1 represents that the building facades receive average solar
heat throughout the year on each facade. The north facade received
the minimum solar radiation and the west facade receives maximum
heat throughout the year.
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Table 2. Module-1, monthly and annual average solar loads per unit
floor area within the perimeter zone per facade (BTU/sq.ft.)

JAN
FEB
MAR
APR
MAY
JUN
JUL
AUG
SEP
OCT
NOV
DEC
ANNUAL
AVERAGE

FAÇADE-1
(N)
5.93
6.21
6.88
7.89
9.19
9.54
8.31
8.27
7.45
6.72
5.85
5.1

FAÇADE-2
(W)
18.83
24.47
28.5
26.12
25.55
22.13
17.24
18.77
24.82
24.25
24.31
22.38

FAÇADE-3
(S)
33.22
31.73
25.49
17.82
11.86
9.38
8.81
11.86
18.8
28.94
33.06
35.38

FAÇADE-4
(E)
7.77
8.43
8.84
9.32
9.26
8.97
8.21
8.84
8.65
8.02
6.82
6.63

7.39

23.05

21.33

8.37

*solar load per unit floor area within the perimeter zone per facade
(BTU/ft² hr)

Figure 4. Monthly and annual solar load received by each facade of
the building.
Module-2
In the second module, the façade material is double glazing 6mm
Optiblue,1/2” Air, 6mm Solarbar 67(3), U-value of glazing is 0.28
BTU/(sqft. Fhr), R-value 3.59 sqft.hr/BTU, solar loads on building
facades 13.9 BTU/sqft.Hr(Too high), Daylighting received by internal
space is 4.37%, overall facade performance of the module-2 building
is 3.7 sq. ft for/BTU (Table-1).
Table 3. Module-2, monthly and annual average solar loads per unit
floor area within the perimeter zone per façade (BTU/sq.ft.)

Figure 2. Module-1 building received peak solar heat.
Maximum solar heat is received by the south facade of the building
(Figure 2).

FACADE-1
(N)

FACADE-2
(W)

FACADE-3
(S)

FACADE-4
(E)

JAN
FEB
MAR
APR
MAY
JUN
JUL
AUG
SEP
OCT
NOV
DEC

5.17
5.42
5.99
6.88
8.02
8.31
7.26
7.2
6.5
5.83
4.88
4.47

16.42
21.33
24.85
22.79
22.28
19.27
15.03
16.36
21.65
21.14
21.21
20.07

28.97
27.67
22.22
15.53
10.33
8.18
7.7
10.33
16.39
25.23
28.82
30.84

6.75
7.35
7.7
8.12
8.05
7.8
7.16
7.7
7.54
6.97
5.96
5.77

ANNUAL
AVERAGE

6.44

20.07

18.58

7.29

*solar load per unit floor area within the perimeter zone per façade
(BTU/ft² hr)

Figure 3. Module-1, Daylighting chart
According to figure 3, the module-1 daylight factor received by the
different facades of a building can be analyzed as; maximum daylight
is received by the south facade (6.8%), and east facade (6.8%) of
building. East and south facades receive higher intensity of
daylighting into the interior spaces. It will help to reduce the artificial
lighting and electricity bills but solar radiation is much higher.

Table 3 represents the monthly amount of solar heat received by the
north, west, south, and east facades of the building. The maximum
annual solar radiation is received by the west facade (20.07) and the
minimum solar radiation received by the north facade i.e. 6.44.
Average solar heat received by building facades throughout the year
on each facade is shown in Figure 5, where the north facade received
the minimum solar radiation and maximum heat is received by the
west facade throughout the year.
According to Figure 6, the building's peak solar radiation, maximum
solar heat is received by the south facade of the building.

Table 2 and Figure 4 show the monthly amount of solar heat received
by different facades of the building. Maximum solar radiation is
received by the west facade in July.
Monthly and average annual solar radiation inside the building is
shown in figure 4. Peak solar radiation is received by the building
facades in May, June, and July.
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Module-3
In table-1, for the third module the facade material is SunGuard, DS
Bronze 30/23 Double glaze, U-value of glazing is 0.28 BTU/(sqft. Fhr),
R-value 3.49 sqft.hr/BTU, solar loads on building facades 8.08
BTU/sqft.Hr(Too high), Daylighting received by internal space is 3.36%,
overall façade performance of the module-3 building is 3.7
sq.ftFhr/BTU.
Table 4. Module-3, monthly and annual average solar loads per unit
floor area within the perimeter zone per façade (BTU/sq.ft.)

Figure 5. Annual average solar heat received by each facade
in Module-2

Figure 6. Peak solar heat received by building in Module‐2

FACADE-1
(N)
3.17
3.36
3.71
4.25
4.95
5.14
4.47
4.44
3.99
3.61
3.01
2.76
3.96

FACADE-2
(W)
10.14
13.19
15.34
14.07
13.76
11.92
9.29
10.11
13.38
13.06
13.09
12.05
12.39

FACADE-3
(S)
17.91
17.09
13.73
9.61
6.37
5.04
4.75
6.4
10.11
15.56
17.82
19.05
11.48

FACADE-4
(E)
4.18
4.53
4.75
5.01
4.98
4.82
4.44
4.75
4.66
4.31
3.68
3.58
4.5

JAN
FEB
MAR
APR
MAY
JUN
JUL
AUG
SEP
OCT
NOV
DEC
ANNUAL
AVERAGE
*Solar load per unit floor area within the perimeter zone per façade
(btu/ft² hr)
The monthly amount of solar heat received by the north, west, south,
and east facades of the building is shown in Table 4. The maximum
solar radiation received annually by the west facade is 12.39(BTU/ft²
hr) and the minimum solar radiation received by the north faade
3.96(BTU/ft² hr).

Figure 7. Daylight chart in Module-2
In figure 7, the module-2 daylight factor received by the different
facades of a building are shown. Maximum daylight is received by
south (4.5%) and east (4.5%) facades of a building, annual average
daylight received is 4.37%. East and south facades received a higher
intensity of daylighting into the interior spaces. It will help to reduce
the artificial lighting and electricity bills but solar radiation is much
higher.
Monthly amount of solar heat received by the different facades of the
building is shown in Figure 8. Maximum solar radiation is received by
the west facade in July.

Figure 8. Monthly and annual solar load received by each facade of
the building

Figure 9. Annual average solar heat received by each facade in
Module-3
Building facades receive average solar heat throughout the year on
each facade, the north facade received the minimum solar radiation
and maximum heat is received by the west facade throughout the
year (Figure 9).

Figure 10. Peak solar heat received in Module-3
As shown in Figure-10, maximum solar heat is received by the south
facade of the building, and minimum solar radiation is received by the
north facade of the building.
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Maximum solar radiation received annually by the west facade is 4.12
(BTU/ft² hr) and minimum solar radiation received by north façade is
1.33(BTU/ft² hr), as shown in Table 5.
Table 5. Module-4, monthly and annual average solar loads per unit
floor area within the perimeter zone per façade (BTU/sq.ft.)

Figure 11. Module-3, daylighting chart
Daylight factor received by the different facades of a building for
module-3 is shown in figure 11. Maximum daylight is received by the
south (3.4%) and east (3.4%) facades of a building, annual average
daylight received by 3.36%. East and south facades received a higher
intensity of daylighting into the interior spaces. It will help to reduce
the artificial lighting and electricity bills but solar radiation is much
higher.

FAÇADE-1
(N)

FAÇADE-2
(W)

FAÇADE-3
(S)

FAÇADE-4
(E)

JAN
FEB
MAR
APR
MAY
JUN
JUL
AUG
SEP
OCT
NOV
DEC

1.05
1.11
1.24
1.43
1.65
1.71
1.49
1.49
1.33
1.2
1.01
0.92

3.39
4.41
5.1
4.69
4.6
3.96
3.11
3.36
4.47
4.34
4.37
4.03

5.96
5.71
4.56
3.2
2.12
1.68
1.58
2.12
3.36
5.2
5.93
6.34

1.39
1.52
1.58
1.68
1.65
1.62
1.49
1.58
1.55
1.43
1.24
1.2

ANNUAL
AVERAGE

1.33

4.12

3.84

1.49

*solar load per unit floor area within the perimeter zone per facade
(BTU/ft² hr)
Figure 13 shows that the building facades receive under heating solar
radiation throughout the year on each facade. The façade material
blocks the maximum solar radiation and optimal heating is received
inside the building.

Figure 12. Monthly and annual solar load received by each facade of
the building
In figure 12, the chart shows the monthly amount of solar heat
received by the different facades of the building. Maximum solar
radiation is received by the west facade in July.
Module-4
As shown in Table-1, for the fourth module, the facade material is
Double Low-E (argon) with ext. woven shade, U-value of glazing is 0.32
BTU/(sqft. Fhr), R-value 5.62 sqft.hr/BTU, solar loads on building
facades 2.69 BTU/sqft.Hr(Too low), Daylighting received by internal
space is 0.78%, overall facade performance of the module-4 building
is 3.3 sq.ftFhr/BTU.

Figure 14. Peak solar heat in Module-4
Maximum solar heat is received by the south facade of the building,
and minimum solar radiation received by the north facade of the
building or optimal heating (Figure-14).

The monthly amount of solar heat received by the north, west, south,
and east facades of the building is shown in Table 5. Maximum solar
radiation received by the west facade in July is 9.29(BTU/ft² hr) and
minimum solar radiation received by north façade is 3.96(BTU/ft² hr).

Figure 15. Module-4, daylighting chart
Very low daylight is received by each facade of the building as shown
in Figure 15. Daylight received annually is 0.78%, which is very low. It
will increase the load of artificial lighting and electricity bills but solar
radiation is much lower.

Figure 13. Annual average under heating solar radiation received
by each facade in Module-4
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Figure 16. Monthly and annual solar load received by each facade of
the building
Maximum solar radiation is received by the west facade in July
(Figure 16).
6.

Results of the simulation

After the simulation and analysis, the results are obtained from
module-1, module-2, module-3, and module-4. The results show
annual facade receiving maximum solar radiation (from 01 January
2021 to 31 December 2021) which covers all the working hours of office
7:30 am to 18:00 (6 pm) in May, June, and July and annually western
facade receives maximum solar radiation throughout the year,
whereas minimum solar radiation is received by northern facades.
The main result is achieved by calculating three building factors;
glazing, solar loads, and daylighting.
The analysis and the comparison between the four simulated modules
highlight the importance of impact of materials. It also explores the
daylighting received by the various facade materials and its impact
on the results. Simulation is done on different facade materials and
their properties, and the direct solar radiation entering inside the
building through various facades. Simulation is done on various
facade materials and their different U-values, Module-1: Double
glazing domestic SC=0.4, its U value is 0.32 BTU/(sqft. F hr) and RValue 1.9 sqft.hr/BTU, Module-2: 6mm Optiblue,1/2” Air, 6mm Solarbar
67(3), its U-value is 0.28 BTU/(sqft.F hr) and R-Value 3.59 sqft.hr/BTU,
Module-3: SunGuard, DS Bronze 30/23 Double glaze, its U value is 0.28
BTU/(sqft. F hr) and R-Value 3.49 sqft.hr/BTU, Module-4: Double Low-E
(argon) with ext. woven shade, its U value is 0.32 BTU/(sqft. F hr) and
R-Value 5.62 sqft. hr/BTU. The lower U- value reflects better results as
the facade reduces the transfer of heat and the higher the R-value
means better is the insulation of the material.

Facade Performance
4

3.7

Solar Loads: All the building facades are receiving solar heat gain
throughout the year. Different modules received different solar loads
due to different materials used. Module-1 received 15.03BTU/sq.ft.hr
(too high), Module-2 received 13.9 BTU/sq.ft.hr (too high), Module-3
received 8.08 BTU/sq.ft.hr (too high), and Module-4 received 2.69
BTU/sq.ft.hr (too low) as shown in Figure 18.

Figure 19. Daylighting received by building facades in different
modules
Daylighting: Daylighting received by building interior spaces the
amount of natural light entering inside the building. The maximum
daylighting is received by module-1 6.60% and the minimum
daylighting is received by module-4 is 0.78% (too low), shown in Figure
19.

25

3.7

3.3

Figure 18: Solar loads received by building facades in different
modules

3.3

Annual average solar radiation by
different facades
20

3
Module‐1 Module‐2 Module‐3 Module‐4
Sq.ftFhr/BTU
Figure 17: Building facade performance of different modules
Facade Performance: The different facade materials are used in
modules with different properties and have an impact on facades
performance. Performance of facade materials are, module-1 is 3.3
sq.ftFhr/BTU, module-2 is 3.7 sq.ftFhr/BTU,module-3 is 3.7
sq.ftFhr/BTU, module-4 3.3 sq.ftFhr/BTU (Figure 17).

North
South

15

West
East

10
5
0

Module‐1

Module‐2

Module‐3

Module‐4

North

7.39

6.44

3.96

1.33

West

23.05

20.07

12.39

4.12

South

21.33

18.58

11.48

3.84

East

8.37

7.29

4.5

1.49

Figure 20. Annual average solar radiation received by different
facades of different modules
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Comparative analysis of different modules that received solar loads
annually is presented in Figure 20. Maximum solar radiation is
received by module-1 and the minimum by module-4.
7.

Conclusion

The facade is one of the most significant contributors for the energy
consumption, economical, and comfort parameters of any building.
From the different simulation analyses, it has become clear that
facade materials and different strategies help to reduce the power
consumption of building from artificial cooling and provide thermal
comfort inside the buildings. The primary purpose of climate
responsive facades is to provide a barrier between the interior and
exterior environment and consider the commonly considered facade
materials of the building directly affected by the solar radiation and
transfer heat from outside to inside areas.
From the simulation and analysis result, it is clear facade materials
contribute in reducing the solar radiation with the help of facade
materials. This research shows that the maximum solar heat gains
and poor facade performance are achieved by module-1, as it receives
maximum solar radiation transfer by material and facade
performance is 3.3 sq.ftFhr/BTU. Module-4 received minimum solar
load, daylighting too low and facade performance is minimum of 3.3
sq.ftFhr/BTU. In Module-2 and module-3, facade performance is
similar i.e. 3.7 sq.ftFhr/BTU, but the solar load is quite high in module2 and daylighting is better (4.37%). In module-3 solar load is less than
module-2 but daylighting is also quite lower than module-2. If the
office space requires good daylighting and better solar load, then
module-2 is good for it. If the office space requires medium
daylighting, then lower solar load and better thermal comfort are
achieved by module-3, instead of module-2. Facade performace is
found to be minimum in module-4.
The better results of module-2 and module-3 are based on facade
performance, solar loads, and daylighting. If the office space requires
maximum daylighting in the workplace, the solar load is higher in
module-2. In module-3, if the office space receives better daylighting
performance and solar load on facades are much lower than module2.
Research aims to develop better understanding related to climateresponsive facade and facade materials and incorporate climatebased facades to reduce the penetration of heat inside the building.
Such facades not only help in reducing the cooling load but also
reduce the power consumption of building. The architects and
designers need to incorporate different building facade, those will
produce more climate-responsive building to make them sustainable
and eco-friendly.
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