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SUMMARY

In recent years, the increasing destructive earthquake risk has led to the need to
question the earthquake reliability of the vulnerable existing building stock which
consists of buildings that are insufficient in strength and ductility. Therefore, it is of
critical importance to determine the seismic performance of the existing buildings to
reduce the structural damages in a possible future earthquake and to retrofit the
buildings that do not satisfy the minimum performance criteria. Among the
conventional strengthening techniques, steel braces can be considered as one of the
most efficient solutions for seismic performance upgrading of RC buildings. In this
study the seismic behavior of an existing RC frame building strengthened with
different types of steel braces is investigated. The bracing systems are considered as
X-braced frames, diagonal braced frames, inverted V braced frames. Nonlinear static
pushover analyses have been conducted to investigate the structural capacities.
Seismic performance level of the buildings has been determined by examining the base
shear force — top story displacement behavior obtained from the analysis results and a
comparative study has been performed. Finally, it is found that adding braces enhances
the global capacity of the buildings in terms of strength, deformation and ductility and
significantly contributes to the lateral stiffness of the RC building when compared to

X bracing system was the most irresistible compared with the others.

Keywords: Existing RC buildings, Seismic performance, Steel bracing,

Strengthening.



OZET

Son yillarda artan tahribatli deprem riski, dayanim ve siineklik ac¢isindan yetersiz
yapilardan olusan mevcut yap1 stogunun depreme karsi giivenirliginin sorgulanmasi
ithtiyacin1 dogurmustur. Bu nedenle, gelecekteki olasi bir depremde yapisal hasarlar
azaltmak ve minimum performans kriterlerini saglamayan binalarin gii¢lendirilmesi
icin mevcut binalarin deprem performansinin belirlenmesi kritik 6nem tagimaktadir.
Geleneksel giiclendirme teknikleri arasinda c¢elik c¢aprazlar, betonarme binalarin
sismik performansinin yiikseltilmesi i¢in en verimli ¢oziimlerden biri olarak kabul
edilmektedir. Bu ¢alismada, farkli tipte gelik caprazlarla giiclendirilmis betonarme
gerceve tasiyici sisteme sahip mevcut bir binanin deprem performansi incelenmistir.
Caprazlama sistemleri X ¢aprazli ¢ergeveler, capraz ¢aprazli ¢ergeveler, ters V caprazli
cerceveler olarak goz oniine alinmiltir. Yapisal kapasiteleri arastirmak i¢in dogrusal
olmayan statik itme analizleri yapilmistir. Analiz sonuglarindan elde edilen taban
kesme kuvveti — st kat yer degistirme davranigi incelenerek binalarin deprem
performans diizeyi belirlenmis ve karsilastirmali bir ¢calisma yapilmistir. Son olarak,
caprazlarin eklenmesinin binalarin kiiresel kapasitesini dayanim, deformasyon ve
stineklik agisindan  gelistirdigi ve geleneksel gliglendirme yoOntemleriyle

bulundugu bulunmustur.

Anahtar Kelimeler: Mevcut Betonarme Binalar, Sismik Performans, Celik

Caprazlama, Gugclendirme.
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1. INTRODUCTION

Earthquakes are one of the most catastrophic natural disasters and effective
natural disasters that cause great loss of life and property all over the world. It is known
that many major earthquakes have occurred in the world in the last century. The fact
that Turkey is located on active earthquake zones due to its geographical location and
most of the people live close to these regions means that it is at high risk in terms of
earthquakes and causes significant amount of loss of life and property after the
earthquakes.

In order to reduce the earthquake risk, it has become a necessity to make the
necessary arrangements after the 1999 earthquakes in the earthquake regulations for
the evaluation and strengthening of existing buildings in terms of earthquake safety.
Many existing structures built according to previous regulations that do not comply
with current standards and current regulations. In addition, structures that are not
constructed in accordance with the design projects may be insufficient in terms of
earthquake performance.

Among the most significant issues of earthquake engineering are improving the
earthquake behavior of structures and increasing their performance levels. Post-
earthquake damage has been emphasized in terms of earthquake engineering and
increasing the earthquake resistance and performance levels of structures. Today, more
attention is paid to earthquake resistant building design in countries that are generally
located in earthquake zones. Since Turkey is located in an earthquake zone, it is of
great importance that the buildings are built resistant to earthquakes and designed
according to the standards.

The concept of earthquake resistant structure design reveals a structure designed,
analyzed and applied in accordance with the current earthquake regulations and
specifications. However, it does not provide the security of the building against
earthquakes in all cases. The main principle of earthquake resistant structure design is
to allow certain levels of damage that may occur in structures to prevent loss of life
and property according to the intensity of the earthquake.

The purpose of earthquake regulations is not to prevent damage to structures for
any situation, but to ensure life safety. In the event of an earthquake, the structure may



suffer structural and non-structural damage, but as long as the structure does not
collapse, the regulations achieve their purpose. Since the earthquake regulations issued
to make the buildings resistant to earthquakes cannot meet the requirements over time,
they need to be constantly developed and renewed.

Turkish earthquake regulation foresees a design based on earthquake resistance
in new buildings to be built. First of all, the safety of the buildings to be used after the
earthquake and their performance during the earthquake should be known. In order to
increase the earthquake safety of existing structures to the targeted level, repairs and

reinforcement are required.

1.1. Scope

The significance of this study, the seismic behavior of an existing RC frame
building strengthened with different types of steel braces is investigated. The bracing
systems are regarded as X-braced frames, diagonal braced frames, and inverted V
braced frames. The performance of various types of concentrically bracing systems
with respect to un-braced buildings are investigated in depth in this study.

In the scope of the study, the selection of the exact type and size of columns and
beams are taken into account in order to consider the equivalent qualities in the
comparison of various bracing systems. The reason of the comparison is to understand
which is the most affectable and resistible bracing and protectible during the seismic

activities as well.

1.2. Thesis Outline

The present report begins by introducing the general purpose for the thesis work
and the motivations that lead to explore the intended topic. The scope of this work is
clearly stated in the first chapter to convey the essential concept of work. That has been
accomplished in this study.

The second chapter addresses an overview about the retrofitting techniques
considering on steel bracing system.

In the third chapter, describes design stages of the existing reinforced concrete

structures that were employed in this study.



In the fourth chapter, the concept of performance-based design of retrofitting an
existing RC building is explained. It provides the analysis methodology, which design
is based on the nonlinear static pushover analysis.

The context of this research is described in the fifth chapter, along with the key
aspects of numerical modeling in the ETABSs software. This chapter also highlights a
numerical example to clarify the stages pursued in the modelling process and the
numerical results that followed

This study concludes with chapter six, which covers the significant closing

statements gathered from this research study.



2. STRENGTHENING OF EXISTING RC
BUILDINGS

The prevention of unexpected earthquake hazards has become more vital in
recent centuries. Earthquake hazards protection involves the decreasing seismic
possibility through the rehabilitation and retrofitting of the remaining buildings to
enhance the safety of the seismic problems. There are various standard seismic
retrofitting approaches for RC structures. These approaches can be classed primarily
into two categories; (a) conventional techniques that focus on enhancing the structure's
ductility, stiffness, and strength, and (b) innovative techniques for response
modification which aim to diminish the impact of seismic forces on structures.

The conventional approach involves procedures like adding RC shear walls to
the structure and jacketing RC columns. The essential advantage of these strategies is
that they can be quickly designed and executed utilizing the conventional construction
process. However, there are significant technical and practical drawbacks to
conventional approaches. Strengthening the RC columns or adding shear walls may
result in increases in the structure's weight, which generate more powerful earthquake
forces. Furthermore, these approaches need extensive demolition and building work,
limiting the structure's usage throughout the rehabilitation phase.

Innovative techniques for response modification include establishing seismic
isolation devices at the building's base or hysteretic, frictional, and fluid viscous
dampers in the building's structural frame system are examples of techniques. These
devices are designed to adjust a structure's seismic response to mitigate the effects of
seismic forces occurring on the structure. Response modification-based retrofitting
technologies have substantial benefits compared to conventional techniques of seismic
retrofitting. Response modification approaches are quite successful in mitigating the
negative impacts of earthquakes.

The require for strengthening, repair of buildings and civil engineering works
may emerge when they have been harmed in such a way that they are no longer fit for
their ordinary utilize. In such situation, the structure cannot meet the next order of the
same action with the accepted reliability or other accidental acts and consequently, the

risk of loss of lives, as well as further structural and content damage, would be



unacceptable. Retrofitting refers to a strengthening intervention capable of restoring
an appropriate level of safety against such events [1].

There may also be a need for strengthening or retrofitting for buildings or
structures that have not been damaged previously. In most cases, the level of risk to be
accepted for future damage is limited primarily by the need to reduce the risk of loss
of life. However, when the structure is of considerable importance due to its function,
the acceptance of damage is lower. Therefore, advanced techniques for strengthening
and retrofitting are most commonly adopted for strategic buildings.

Seismic evaluation and retrofitting of existing structures are a complicated and
tough topic that is constantly evolving in social, political, economic, technical, and

scientific aspects [2].

2.1. Techniques for Innovative Seismic Retrofitting

Techniques for innovative seismic retrofitting include those that modify the
seismic response of the structure as well as those based on enhancing ductility and
strength of the RC members. In general, response modification devices mitigate the
effects of seismic forces acting on structures. Examples of techniques for seismic
retrofitting based upon response modification are seismic base isolation and damping
devices employed within the building's structural method. Carbon fiber reinforced
polymer (CFRP) and glass fiber reinforced polymer (GFRP) applications are two
examples of innovative seismic retrofitting approaches focused on increasing RC
member strength and ductility. Techniques for innovative seismic retrofitting are more
successful than conventional techniques of seismic retrofitting for improving building
structural performance. Overall, these procedures will be most useful for the
rehabilitation of structures whose owners want to be improved seismic performance
and can afford the additional expenses involved in the manufacture and
implementation of seismic isolators, energy dissipation devices and also, CFRP or
GFRP material. Seismic isolation and energy dissipation techniques are more
sophisticated concepts that need more extensive design and comprehensive research

than conventional techniques rehabilitation options [3].



2.1.1. Techniques for Seismic Base Isolation

Seismic isolation is a response modification approach based upon the
deployment of devices known as isolators, which are often positioned between
columns and foundations at the building's base. The building is dissociated from
horizontal elements of the ground motion by placing seismic isolators, which have
extremely low horizontal stiffness, at the building's base. Therefore, when the building
is due to seismic forces, most of the deformation happens in the isolators instead of in
the building, as illustrated in Figure 2.1 which minimizes the seismic stress and
displacement demand on the building's structural elements [4].

G— I

(&) Conventional (b) Base-Isolated

Figure 2.1: Behavior of base isolated and fixed base buildings.

2.1.2. Fiber Reinforced Polymer

Advanced compound materials such as carbon fiber reinforced polymer (CFRP)
is a significantly stronger and lighter material than steel. Analytical and experimental
outcomes have displayed that wrapping structural elements (beams, columns, and
walls) with CFRP sheets enhance their ductility and strength without adding stiffness
to the components [5]. CFRP's high modulus of elasticity and strength make it perfect
for use as confinement for RC columns to improve their axial strength and ductility.
Figure 2.2 illustrates a close-up view of CFRP.



Figure 2.2: Close up picture of CFRP.

2.2. Techniques for Conventional Retrofitting

The conventional seismic design technique attempts to dissipate energy during
earthquake excitations through the inelastic cyclic deformation of a building's
structural components. In this technique, the energy dissipation is usually focused on
the beam ends where the weak beam strong columns approach is applied [6]. Buildings
with an insufficient seismic capability are usually unable to dissipate such energy.
Thus, conventional seismic rehabilitation approaches primarily aim to increase the
ductility and strength of a building's structural system. conventional rehabilitation of
structures can be provided by local and global retrofitting of the lateral load conveying
system [7]. Global retrofitting methods are typically utilized when retrofitting a few
elements of the building that may not be suitable stand-alone solutions, especially
when the structure lacks the stiffness required to meet code-imposed drift
requirements. Local retrofitting is often employed when the number of elements to be
retrofitted is restricted, and the drift criteria of the structure are delighted. In such
circumstances, enhancing the structure's lateral stiffness by presenting shear walls or
steel braces in the structural system provides a realistic solution [8]. In particular cases,
both global and local retrofitting procedures are employed in parallel to improve a

building's seismic performance.



2.2.1. Techniques for Local Retrofitting

Strengthening of insufficient columns is one of the commonly accepted
approaches utilized to improve the seismic performance of moment-resisting RC
frames [9]. The conventional techniques for strengthening columns, like concrete
jacketing and steel jacketing are obtainable in the literature. Figure 2.3 illustrates the
authentic and RC jacketed column section. Jacketing with RC layers enhances the
columns' axial and shear load capability. This approach can also enhance flexural
capacity, but it's not an easy procedure due to the requirement of ensuring continuity
of the longitudinal bars. Forming a sufficient connection between the old and renewed

concrete is an essential aspect of column retrofitting with concrete jacketing [10].

S
3 i s
(a) Original (b) jacketed column

Figure 2.3: R.C. jacketed column sections.

In summary, construction long periods during seismic retrofitting, the
complexity of building procedures, and increasing member sizes through column

jacketing are some of the major drawbacks of local seismic retrofitting approaches [2].

2.2.2. Techniques for Global Retrofitting

Generally, global standard retrofitting is often applied when the overall structural
lateral load resisting mechanism is deemed to be inadequate [11]. In addition to steel
bracings, shear walls, infill walls, and wall-thickening are examples of global
conventional seismic retrofitting procedures [7], [11]. RC shear walls are employed to
mitigate stiffness eccentricities in the building or to improve a building's capacity to

carry lateral loads. The newly added shear walls are often positioned on the structure's
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outside perimeter, minimizing inner interference [7]. However, in some circumstances,
the existence of numerous windows surrounding the structure may be a challenge when

retrofitting shear wall installations.

2.2.3. Techniques for Steel Bracing

Steel bracing is one of the ways that utilized the protection against seismic
hazards due to lateral loads caused by the earthquake loads. So, lateral loads might be
wind loads or seismic loads. Bracing members typically carry axial loads as a result of
seismic activity, with internal compression and tension. Steel braces are amongst the
most often used and potentially beneficial technical methods for enhancing the seismic
safety of existing RC structures. Steel bracing methods are widely employed in steel
structures, and numerous models exist to characterize their response to cyclic actions
caused by seismic excitations. Steel braced frames are those that mainly develop
earthquake resistance through axial forces in their components. Also, it's used to rescue
steel or RC structures from seismic loads.

However, the usage of steel bracing systems in the seismic retrofitting of existing
RC buildings is likewise an appealing technology, as it is generally characterized by
excellent architectural and functional compatibility concerning the original purpose of
the existing structure. Thus, a recent series of research targeted developing design
criteria for reinforcing RC frames using viscous dissipation steel bracings. In principle,
steel bracing in RC frames can be designed using the well-established capacity design
philosophy originally formulated for designing new structures. So far, followed two
fundamental alternative approaches are formulating design standards for steel bracing
systems in existing RC frames. They are generally known as force-based and
displacement-based techniques [12].

Steel bracing systems are divided into two categories: a) eccentric braced frame
(EBFs); and b) concentric braced frame (CBFs). Thus, this study is concerned with
CBFs system. The bracing systems are considered as X-braced frames, diagonal
braced frames, and inverted V braced frames.



2.2.3.1. Eccentric Braced Frame

Eccentric braced frame (EBFs) are widely utilized as a lateral load resistant
system, especially in high seismic provinces, due to their high ductility, stable and
dependable yield mechanisms. Bending and shear in an active link are used to transfer
the actions to the braces. This link prevents the bracing from buckling. One of the most
significant members of this bracing system is the active link, and this member must be
designed to be elastic at low loads and inelastic when the structure is overloaded. Thus,
the system consumes a large amount of energy. EBFs can be employed in a variety of
forms, depending on the location of the link beam. They have four major components:

a link beam, a non-link beam, bracing, and a column [13].
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Figure 2.4: Eccentric Braced Frame.

2.2.3.2. Concentric Braced Frame

Concentric braced frame (CBFs) are a type of bracing employed to preserve the
structure from the lateral loads. Since they have high strength and stiffness, making
them effective in resisting lateral loads. When subjected to less favorable seismic
response, they have a low drift capacity and a high acceleration. In order to enhance
inelastic drift capacity a unique class of CBFs is proportioned and detailed. The usage
of CBFs as structural seismic-force-resisting systems has a long history. Based on
research performed during the last twenty years or so, modern seismic codes now
include provisions to design ductile concentric braced frames called special
concentrically bracing (SCBF). CBFs come in a variety of shapes and sizes, including
Chevron, diametric, and cross [14], [15].
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Figure 2.5: Concentric Braced Frame.

2.3. Assessment and Retrofitting

Seismic assessment of an existing structure is the detailed examination to
establish the features of the structure as it stands. It attempts to identify specific
construction weaknesses and inadequacies. Ersoy (1998) reminds data gathered during
the evaluation step is utilized to analyze the structure's seismic performance. As a
consequence of this assessment, the structural engineer determines whether to repair
or strengthen the structure [2].

Structural retrofitting can be described as the procedure to bring the structural
system or particular of the structural members to a set level of performance. Depending
on the condition of the structure and the intended use, rehabilitation can be categorized
as: (1) strengthening; or (I1) repair. Structural strengthening is the process of enhancing
the existing capacity (in terms of strength, ductility, or stiffness) of an undamaged
structure or to a certain high-performance level of a structural member. Structural
repair is the rehabilitation of a damaged structure or of a structural member with the

objective of improving capability back to its pre-damage state [1], [2], [16].
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Figure 2.6: Bracing Procedure.
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2.3.1. Braces Modeling

Braces must be modelled as columns with a potential plastic hinge located in the
middle of the brace to account for both primary axial effects and secondary flexural
effects. It is necessary to model the nonlinear axial load—axial deformation behavior
of braces at the plastic hinge. Braces loaded in compression, the parameter shall
represent total elastic and plastic axial deformation. If rigid plastic hinges are used,
only plastic axial deformation may be considered. The reduction in strength of a brace
after buckling shall be included in the model. For braces in tension, the parameters
shall be the axial deformation at development of the expected tensile yield load in the
brace.

Modern seismic regulations for steel place a focus on section compactness,
component slenderness, and seismic specifying of connections to guarantee ductile
behavior and acceptable performance. Thus, when modeling inelastic deformation
capacities for non-ductile connections and components of older existing frames, the
modeling parameters that are applicable to ductile detailing and compact sections as

presented in this section should be used with caution [17].

2.3.2. Bracing Layout

The influence of retrofitting on the flow of forces through the structure must be
considered when laying out the bracing system. During the process, it is critical to
avoid the creation of new unfavorable weak connections. From a structural
perspective, it may be preferable to brace as many bays of the frame as necessary. So
that improvements in strength and stiffness are distributed equally. However, financial
and functional reasons may limit the number of braced bays [16].

The designer must choose a bracing pattern while laying out the bracing system.
Three possible patterns are presented during this study are:- (I) Diagonal Bracing
System: this type of bracing consists of just one component connecting two diagonal
joints. (I1) X-Bracing System: this is a type of bracing occurs when two bracing
members cross towards the middle of their length. (I11) Inverted V Bracing System:

entails the two members meeting at the upper horizontal member's center point.
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2.3.3. Cross Section Conditions

Head width/thickness, body height/thickness and diameter/wall thickness

ratios of the cross-sections of the elements in systems to be designed with high and

limited ductility levels should not exceed the values given in Figure 2.7 [18].
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Figure 2.7: Cross Section Conditions.
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2.4. Performance Analysis with Regard to Nonlinear
Analysis Methods

The definition of performance analysis considering nonlinear analysis methods
is regulated in TBDY-2018. The purpose of the nonlinear analysis methods to be used
for the determination of the structural performance of existing or reinforced buildings
under the influence of earthquakes and for the strengthening calculations is to calculate
the plastic deformation and plastic rotation demands for ductile behavior and the
internal force demands for brittle behavior for a given earthquake. Following that,
these demand sizes will be compared to strain and internal force capabilities, and

structural performance will be evaluated at the section and building levels.

2.4.1. Nonlinear Static Pushover Analysis

The nonlinear analysis method for buildings by gradually increasing the
horizontal loads under constant vertical loads is called the "Static Pushover Analysis
Method". Since this method more realistically represents the behavior of the building
during an earthquake, it allows for more accurate calculations. In the static pushing
method, the deformation behavior of all the elements of the building is defined. In this
calculation method, the plasticity capacity of the material outside the elasticity limits
is also used.

The nonlinear analysis can't be regarded apart from plastic hinges. Plastic hinges
can be described as a form of the cross-section that represents the performance after
elastic limits. The plastic hinges occur when an element reaches the elastic limit, and
it can continue to resist against exposed load with another formation (plastic form).
For example, if a beam (having sufficient strength against the shear) that influenced
larger cases of the moment, the cross-section continues to lengthen up to the moment
carrying capacity is reached. If the moment continues to be increased from this
boundary condition, the cross-section continues to rotate (shape changes continue),
provided that the moment carried by the section is still constant. In this case, the
material remains elastic close to the neutral axis, plasticization’s occur on the outer
parts which are away from the neutral axis (the most elongation and shortening

occurred in outer parts).
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In other words, plasticization means that the deformations in the outer fibers
occur as elasto-plastic. It is useful to remind that, in the elastic behavior the material
returned to its original state when force is removed, in elasto-plastic behavior the
material does not return to its original state, permanent shape changes occur when
force is removed. It can be said that the plasticization is formed intensively on the
beam support region and at the lower ends of the columns. One thing to keep in mind

is that if a plastic joint is formed, the damage is also caused in that part.

2.5. Method of Internal Steel Bracing

The internal steel bracing method is provided for the unfilled position
surrounding the beams and columns of the RC model structure. The aim of steel
bracing trusses is to enhance structural strength and stiffness examined by several
previous researchers. Following the investigation, they obtain more strategies for
improving seismic resistance of the existing building. The testing machine's geometric
capacity, which is 58 x 58 cm, placed a size restriction on the model frames that were
chosen. The models were designed with a square cross-section with a side length of
10cm [19].
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Figure 2.8: RC test model.

Researchers recommend using steel bracing in internal membership with bracing
trusses. Figure 2.8 depicts the examination software used to assess the degree of

benefit of the steel bracing diagonal in preparation for enhancing the lateral load's
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influence on the existing RC building model and detecting the comparative
performance of the steel bracing expansion and compressions. This study has chosen
the most frequent technique of bracing, which becomes the X bracing system. The
chosen frame is regarded as an RC building without steel braces and with steel trusses
diagonal for tension. RC structure with steel bracing trusses for compression to
decrease failure structure in both tension and compression for the X bracing system.
The two trusses are joined together by an iron bolt at the place where they intersect.
After attaching the model's components, the welding of the steel-bracing of the edges
where column and beam'’s related each other to the same location both sides precast in
the model's joints begins. Following connecting the model's components, it is the
welding of the steel-bracing of the edges where column and beam related each other
to the identical place both sides precast in the model's joints [19].

T

AlN
=

A

(a) Steel Brace to RC frame (b) Steel cross Bracing to one another

Figure 2.9: Detail of Connections.

The researcher investigated shear capacity and building strength employing
cyclic applied to the model. According to the analysis, the greatest load that the modal
can sustain without bracing is 4 ton. The model with the diagonal tension braced has
carried 9 ton. The diagonal compression braced model was 10 ton, whereas the x
braced model was 12.5 ton [20].

The essential findings during this X bracing investigation, the amount of loading
in each cable or truss supported is not identical. The fundamental performance of
expansion bracing was observed when compared to compression bracing.
Consequently, the tension brace carries a greater load than compression bracing. The
model increased the shear capacity through one bracing 2.5 times. The rigidity of the

16



steel bracing (X bracing) was assessed four times higher than the model without
bracing [20].

These researchers also investigated the applications of internal bracing, with the
intention of studying the seismic behavior of the RC structure model. This researcher
has tested and evaluated the methods of the concentric bracing system when used
internally for new building construction. There is sample of RC construction-sized 2:5
frames illustrated in the Figure 3.0 [20].

Following the test, they found that the bracing model can withstand a higher
lateral load than the moment-resisted model. Therefore, the braced model has a higher
load carrying capacity than the moment resist model. Before the bracing member
buckled, it had a higher lateral rigidity than the moment-resisting frame. Eventually
compression of the lateral-load model's bracing buckling released [20].

- Steel
Frame

Steel

Steel
Column

Column

Figure 2.10: Test Setup Drawing.

According to a new study on the drift story, the braced model had less drift than
the moment resisted model, and the objectives of this were the earlier rigidity of the
bracing model. The evaluation of the story drift, the higher energy reduced through the
braced model, was more than the moment resists model [20].

2.6. Rectangular Hollow Sections' Seismic Behavior (RHS)

The RHS, either hot-rolled or fabricated by welding four plates, are utilized in
bridge piers and buildings. The RHS are formed by welding four plates or hot rolling,
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and they are utilized in constructions with a small width to thickness ratio of element
plates [21]. RHS's ultimate strengths are excellent, as well as its post-local buckling
performance.

Some tests are done for instance RHS and I-section considering with similar the
hysteretic loop [22], [23].
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(a) I-section ' (b) Rectangular Hollow Section

Figure 2.11: Hysteretic Loop Behavior.

Failure phases in I sections of steel structures begin with cracks in the web-flange
connection in welded sections and welded components in built-up sections and end
failing with local buckling in the flanges. | sections, on the other hand, are excellent
sections with great ductility and energy dissipation capacities [23]. The degradation
owing to local buckling and the gradual stabilization is the response ranges that can be
noticed. Whenever | sections get more compact, the middle range will be decreased,
and the tendency of cracking will rise. So, highly compact sections and rigid
connections will not provide the required rotations. The damage in | sections may be
modeled using a specialized method known as low cycle fatigue [22].

The RHS degradation strength with cycling is significant in the case of high
width to thickness ratios under rising amplitudes. Thus, this necessitates damage
accumulation estimations that take into account deformation and low cycle fatigue
damage [22]. For that reason, this study emphasizes the significance of the RHS Figure
5.18.
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3. DESIGN STAGES OF THE REINFORCED
CONCRETE BUILDING

The sample building to be designed and analyzed is located in Gebze. The
numerical model is a three-dimensional reinforced concrete dormitory building with a
frame structural system. The structure is symmetrical in both X and Y axis direction.

Figure 3.1: 3D View of the Building.
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Figure 3.2: Normal Floor Plan of the Building.
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3.1. Material Information

The concrete is assumed to perform elastic linear. The concrete grade used for
structural members in the study is C20 with a cylindrical pressure resistance of 20MPa
was chosen for 28 days, and the steel grade is S420 with minimum characteristic yield

strength of 420MPa.
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Figure 3.3: Confined Unconfined concrete models.
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Figure 3.4: Steel model.

3.2. Load Information

The fixed load values used in the calculations are as follows. Self-weight of
reinforced concrete element: y = 25.0kN / m3. Cover load: g = 2.50kN /m2. Interior

walls: g = 4.5 kN / m?. Exterior walls: g = 5.5 kN / m?. Roofing load: g = 2.0kN / m?.
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According to TS498, live loads are defined to the structure as follows. Dormitory:

g =3.0 kN / m2. Roof Floor: q=1.5 kN / m?.

3.3. Earthquake Ground Motion Spectrum

The designed dormitory building is located in Gebze. In order to obtain the
horizontal elastic spectra at the DD-2 ground motion level, the map spectral
acceleration coefficient Ss and the map spectral acceleration coefficient S; values for

the 1.0 second period were examined on the AFAD site.

Rapor Baghgi: Location
Deprem Yer Hareketi Duzeyi DD-2 50 yilda asiima olasiligi %10 (tekrarlanma periyodu 475 yil) olan deprem yer hareketi diizeyi
Yerel Zemin Sinifi ZC Cok siki kum, cakil ve sert kil tabakalan veya ayrismis, cok catlakli zayif kayalar
Enlem: 40.789965°
Boylam 29.492587°
Ciktilar
Ss =1.361 5, =0.373 PGA=0.562 PGV=42.657

Figure 3.5: Site Selection.

Map spectral acceleration coefficients based on the DD-2 earthquake ground
motion level, the short period spectral acceleration coefficient Sg and 1.0 spectral
acceleration coefficient S; are taken from the earthquake hazard map and the values

of (TBDY 2.3.1) are given below.

S, = 1.361
S, = 0.373

TBDY 2018 Local for the period shorter than Table 2.1 and for the period of 1.0

second from Table 2.2 Soil effect coefficients were taken and given below.

F, = 1.200
F, = 1.200
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Map spectral acceleration coefficients Ss and S1 were converted into design
spectral acceleration coefficients S¢s and Sq1 according to TABLE 2.1. The horizontal

elastic design spectrum was created according to article 2.3.4 of TBDY (2018).

Sas = SsFs (3.1)
Sa1 = S1F4
Horizontal design spectrum corner periods are calculated as follows;
S
TA=02-%
Sds
(3.2)
Sa1
TB =—
Sds

Horizontal elastic design spectral acceleration values (Sae (T)) according to the

natural vibration period of the structure exchange is expressed below.

Table 3.1: Ground impact coefficients, (Fs).

Ground Impact Coefficient for short period zone, (Fs).

Soil Class
Ss<0.25  Ss=0.50 | Ss=0.75 | Ss=1.00 | Ss=1.25 Ss>1.50

ZA 0.8 0.8 0.8 0.8 0.8 0.8

ZB 0.9 0.9 0.9 0.9 0.9 0.9

ZC 1.3 1.3 1.2 1.2 1.2 1.2

ZD 16 14 12 1.1 1.0 1.0

ZE 2.4 1.7 1.3 1.1 0.9 0.8

ZF Site-specific ground behavior analysis will be carried out

Table 3.2: Ground impact coefficients, (F1).
Ground Impact Coefficient for the 1.0 second period, (F1).
Soil Class
$1<0.10 | S1=0.20 S1=030  S1=040  S1=050 | Si=0.60

ZA 0.8 0.8 0.8 0.8 0.8 0.8
ZB 0.8 0.8 0.8 0.8 0.8 0.8
ZC 15 1.5 1.5 15 15 14
ZD 2.4 2.2 2.0 1.9 1.8 1.7
ZE 4.2 3.3 2.8 2.4 2.2 2.0
ZF Site-specific ground behavior analysis will be carried out
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3.4. Pre-dimensioning of Building Structural System

Dimensioning of slabs; Article 7.11.2 of TBDY (2018) states that the requirements
given in TS 500 for floor thicknesses apply. In the design principles section 11.4.2 of
TS 500, the minimum value for the slab thickness working in two directions is given

as follows. Laying thickness 12 cm was selected.

lSn aS
"2 em
» 33

h = 80mm

Beam Sizing; In accordance with Article 7.4.1 of TBDY (2018), the frame width
of the moment-transmitting beams shall be at least 25cm. Beam height should not be
less than 3 times the floor thickness. In the current project, 30cm / 50cm, 30cm /45¢cm
beams were used.

Column Sizing; Since the Earthquake Loads were not in the pre-dimensioning
phase, the following verification was performed. The maximum normal force
condition that the columns can bear under increased loads according to the description
in 7.4.1 of TS 500 is given below.

Ny < 0.9f.4A, (3.4)
According to TBDY (2018) clause 7.3.1.1, the minimum cross-sectional size of
rectangular columns shall not be less than 300mm. According to TBDY (2018) clause
7.3.1.2, the axial compressive force in the columns shall be the following condition
considering the G, Q vertical loads and E earthquake load. must provide.

Ngm < 0911 Ac (3.5)
35cm / 60cm, 60cm / 30cm columns were used in the project. Under vertical loads,

including the earthquake effect, the axial force level remains between 21% and 3%.
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3.5. General Principles for Design Under Earthquake Effect

The completed building will be used as a residence. TBDY (2018) Figure 3.6

shows the Building Use Class and Building Importance Coefficient. (Building Use

Class, BKS = 3 and Building Importance Coefficient, | = 1).
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bulundugu binalar, degerli esyamin saklandigu
binalar ve tehlikeli madde iceren binalar

a) Deprem sonrasinda hemen kullanilmasi gerekli
binalar (Hastaneler, dispanserler, saglik ocaklari,
itfaiye bina ve tesisleri, PTT ve diger haberlesme
tesisleri, ulagim istasyonlari ve terminaller1, enerj1
iretim ve dagitim tesisleri, vilayet, kaymakamlik
ve belediye ybnetim binalari, ilk yardim ve afet
planlama istasyonlar1)

b) Okullar, diger egitim bina ve tesisleri, yurt ve
yatakhaneler, askeri kislalar, cezaevleri, vb.
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d) Toksik, patlayici, parlayici, vb. ozellikleri olan
maddelerin bulundugu veya depolandigi binalar
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bulundugu binalar
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Figure 3.6: Building Utilization Classes and Building Coefficients.

Short Period Design Spectral Acceleration Coefficient of Building DD-2

Earthquake Ground Motion Level S;; = 1.633. According to the data of building

usage class BKS =3 TBDY Figure 3.7 is used, earthquake design class DTS = 1.

DD-2 Deprem Yer Hareketi Diizeyinde Kisa Bina Kullanim Simfi
Periyot Tasarim Spektral Ivme Katsayisi ( Spg) BKS =1 BES=2 3
Sps<0.33 DTS=4a DTS =4
033<5,,<0.50 DTS =3a DTS=3
0.50< Sp<0.75 DTS =2a DTs=2
075 < Sps DTS =1a DTS=1

Figure 3.7: Earthquake Design Classes.
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Building Height and Building Height Classes, TBDY (2018) According to
Figure 3.8, when DTS = 1 and building height H = 3.2M; Building Height Class is

. Bina Yiikseklik Smuflari ve Deprem Tasarim Simflarina Gore
Bina Tammlanan Bina Yiikseklik Araliklan [m)]
Yiikseklik Sumfi
DTS=11a22a DTS= 3, 3a DTS= 4,4a
BYS=1 H}->:"U H_\->91 HN>105
BYS= 2 56<H, <70 T0<H, <91 | 91<H, <105
BYS= 3 42 < Hy <56 56<Hy, =70 56 < Hy =91
BYS= 4 28< H, =42 42 <H, =36
BYS= 5 17.5«<H, <28 28<H,<42
BYS= 6 105<H, <175 175<H, <28
BYS= 7 T<H, =105 105<H, €175
BYS= 8§ H, =7 H, =105

Figure 3.8: Building height ranges are defined according to building height classes
and earthquake design classes.

Building Performance Target; Building Height Classes Defined by Building
Height Classes and Earthquake Design Classes (Figure 3.8). TBDY (2018) In-situ cast
reinforced concrete for DD-2 Earthquake Ground Movement Level according to
Figure 3.7 buildings must meet the Performance Controlled Damage Performance
Target and Approach should be designed with Performance Targets and Assessment /
Design Approaches for New Buildings or Existing Buildings According to Earthquake
Design Classes (Figure 3.9) New On-Site Bulk Reinforced Concrete, Precast Concrete
and Steel Buildings (Except Tall Buildings -BMS > 2).

Deprem DTS=1.1a".2,2a% 3. 3a. 4. 4a DTS =1a® 2a®)

Y?r H Normal Performans | Degerlendirme/Tasarim | fleri Performans | Degerlendirme/Tasarim
Duzey1 Hedefi Yaklagimi Hedefi Yaklagimi

DD-3 — — SH SGDT

DD-2 EKH DGT® KH DGTG4

DD-1 — — KH SGDT

Figure 3.9: New On-Site Bulk Reinforced Concrete, Precast Concrete and Steel
Buildings (Except Tall Buildings -BMS > 2).

Accounting and Design of the Building Under the Effect of Earthquake;
Determination of R and D Coefficients According to Structural System Type TBDY
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(2018) According to Figure 3.10, the model is a cast-in-situ concrete building and
belongs to the class of buildings where all earthquake effects are met with high-
ductility reinforced concrete frames. Therefore, the Structural System Behavior
Coefficient R = 8, the strength coefficient D = 3.

Tasgiyici izin Verilen
Sistem | Dayamm Bina
Bina Tagiyic: Sistemi Davrams | Fazlahg Yitkseldik
Katsayis1 | Katsayisi Simflar
R D BYS

A. YERINDE DOKME BETONARME BINA TASIYICI SISTEMLERI
Al. Siineklik Diizeyi Yiiksek Tasiyic Sistemler

All. Deprem etkilerinin tamamimin moment aktaran sineklik diizeyi

viiksek betonarme cergevelerle karsilandi@ binalar 8 3 BYS=3
Al2. Deprem etkilerinin tamaminin siin ek."_:'ir r.l’.ﬁ:e_]'r'_)'a'a'ksek bag kirigh 7 35 BYS=2
(bosluklu) betonarme perdelerle karsilandi@ binalar

Al3. Deprem etkilerinin Famam_mm. siineklik diizeyi yiiksek bogluksuz P 35 BYS=2
betonarme perdelerle karsilandif binalar

Al4. Deprem etkilerinin moment aktaran simeklik diizeyi yiiksek

betonarme gergeveler ile siineklik diizeyi yiiksek bag kirigl (bogluklu) 8 25 BYS=2
betonarme  perdeler tarafindan  birlikte karsilandim - binalar - =
(Bkz.4.3.4.5)

AlS. Deprem etkilerinin moment aktaran simeklik diizeyi yiiksek

betonarme cergeveler ile simeklik diizeyi yitksek bosluksuz betonarme 7 25 BYS=2

perdeler tarafindan birlikte karsilandigi binalar (Bkz.4.3.4.5)

Al6. Deprem etkilerinin tamaminin gati diizeyindeki baglantilan
mafsalli olan ve yiksekligi 12 m'yi gegmeyen siimeklik diizeyi yiiksek 3
betonarme kolonlar tarafindan karsilandig tek kath binalar
A2, Siineklik Diizeyi Karma Tasiyicn Sistemler (Bkz. 4.3.4.1, 4.3.4.6)

All. Deprem etkilerinin moment aktaran sineklik diizevi somrl
betonarme ¢erceveler ile siimeklik diizeyi yiiksek bag kirisli (bosluklu)
betonarme perdeler tarafindan  birlikte kargilandim  binalar

(Bkz4.3.1.3)

(]

6 25 BYS=4

A2l. Deprem etkilerinin moment aktaran sineklik dizevi simirlt
betonarme gergeveler ile siineklik diizeyi yiiksek bogluksuz betonarme 5 25 BYS=4
perdeler tarafindan birlikte karsilandig binalar (Bkz 4.3.1.2)

Figure 3.10: Carrier System Behavior Coefficient, Strength Excess Coefficient and
Allowed Building Height Classes for Building Carrier Systems.

Earthquake Load Reduction Coefficient and Reduced Design Acceleration
Spectrum; TBDY (2018) 4.2.1.2 Earthquake Load Reduction Coefficient Ra (T) is

defined as follows.

R
R.(T) = T
T>T,
R T
Ra(M) =D +(7-D) 7 r<T, 36)
Soo(T
Sar(T) = W(T))
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Building Important Factor, I=1; Coefficient of excess strength, R=8; Coefficient

of excess strength, D=3.

3.6. Modeling of Structural System and Calculations

The mathematical model of the building will be constructed in three dimensions
and the earthquake effect in two horizontal directions perpendicular to each other will
be considered (TBDY4.5.1.1 and 4.51.2). Columns will be modeled as rod-finite
elements (TBDY4.5.2.1). Rigid diaphragm will be assigned to the slabs.
(TBDY4.5.6.3). Live load participation coefficient n = 0.3 is taken.

Binamn Kullamim Amaci n

Depo, antrepo, vb. 0.80

Okul, dfrenci yurdu, spor tesisi, sinema, tivatro, konser

: , 0.60
salonu, ibadethane, lokanta, magaza, vb.

Konut, isyeri, otel, hastane, otopark, vh. 0.30

Figure 3.11: Live Load Mass Participation Coefficient.

The building floor masses were calculated by adding the coefficient of moving
load to the live load and adding it with self-loading. In the table, masses of 4 floors are

given.

Table 3.3: Building Floor Masses.

Floor | Floor Mass [kg] | Floor Weight [Wi (kN)] | Floor Mass [mi (ton)]

Floor4 567845.01 5678.4501 578.8430275
Floor3 626364.99 6263.6499 638.496422
Floor2 626364.99 6263.6499 638.496422
Floorl 626365.03 6263.6503 638.4964628

TOTAL 24469.4002 2494.332334

Effective cross-sectional stiffness of building carrier elements is taken from Table
4.2 of TBDY (2018). Table 3.5. Effective Section Stiffness Factors of Reinforced

Concrete Bearing System Components.
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Table 3.4: Effective section stiffness multipliers.

Betonarme Tagiyici Sistem Etkin Kesit Rijitligi
Elemamn Carpani

Perde — Doseme (Diizlem I¢i) | Eksenel = Kayma

Perde 0.5 0.5
Bodrum perdesi 0.8 0.5
Doseme 0.3 0.3
Perde — Diseme (Diizlem Disy) | Egilme Kesme
Perde 0.3 1.0
Bodrum perdesi 0.5 1.0
Doseme 0.3 1.0
Cubuk eleman Egilme | Kesme
Bag kirisi 0.2 1.0
Cergeve kirisi 0.4 1.0
Cerceve kolonu 0.7 1.0
Perde (esdeger cubuk) 0.5 0.5

3.7. Selecting the Analysis Method

TBDY (2018) Figure 3.12 describes the buildings where the equivalent
Earthquake Load method can be used. Since the building's building height class isBYS
= 6, the earthquake design class is DTS = 1, the calculation with the equivalent

earthquake load is suitable.

Bina Tiirii izin Verilen Bina Yiikseklik Simufi

DTS=1.1a.2,2a | DTS=3 3a. 4, 4a

Her bir katta burulma diizensizligi katsayisinin

Sz S=5
ne: < 2.0 kosulunu sagladii ve ayrica B2 tiiri BY5=24 BY5=23
diizensizliinin olmadigi binalar
Diger tiim binalar BYSz5 BY5z6

Figure 3.12: Buildings where Equivalent Earthquake Load Method can be Applied.

Earthquake Calculation with Equal Earthquake Load Method; The base shear
force formula TBDY (2018) is specified.

Vi = mS,r(T,) = 0.04mliSysg (3.7)
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TBDY (2018) The natural vibration period Tp(x) of the building, calculated according
to 4.7.3.2, shall not be more than 1.4 times the Tpa period given in Article 4.7.3.4 of
TBDY. Ct = 0.1 should be taken only in the model with reinforced concrete building

system.
Tpa = CtHSM (3.8)
Design and Calculation for R = 8; After determining the building vibration

periods, the reduced design spectral accelerations of the structure were calculated

during these periods.

DETERMINATION OF FORCES BY THE EQUIVALENT EARTHQUAKE LOAD METHOD

Floor | Floor Mass [kg] ' Floor Weight [Wi (kN)] | Floor Mass [mi (ton)] PARAMETRELER
Floor4 567845.01 5678.4501 578.8430275 X-AXIS Y-AXIS
Floor3 626364.99 6263.6499 638.496422 T 1.278 1.056
Floor2 626364.99 6263.6499 638.496422 SD1 0.559 0.559
Floorl 626365.03 6263.6503 638.4964628 Sae 0.43740 0.52936
TOPLAM 24469.4002 2494.332334 Ra 5.33333 5.33333
SaR 0.08201 0.09925
Vit 2006.807 2428.692

X Y6ni - Son kat Fiktif Yik
Vix 621.1718496 Delta FN 18.63515549

Y Yonii - Son kat Fiktif Yuk

Vty 833.3353544 Delta FN 25.00006063
Floor hi(m) Hi(m) Floor Mass [mi (ton)]  mi*Hi  mi*Hi/ Y mi*Hi X Y
Fte(kN) Fte(kN)

Floor4 33 13.2 578.843 7640.728 0.376706802 | 245.6148266 | 329.5054641

Floor3 33 [ 9.9 638.496 6321.1146  0.311646596 | 187.7785095 | 251.9149425

Floor2 3.3 f 6.6 638.496 4214.0764 | 0.207764397 125.185673 | 167.943295

Floorl 33 33 638.496 2107.0383 0.103882205 | 62.59284049 | 83.97165285
TOPLAM 20282.957 1 621.1718496 | 833.3353544

Figure 3.13: Determination of Forces by the Equivalent Earthquake Load Method.

According to Article 4.7.2 of TBDY (2018), equivalent earthquake loads were
effected to floors in proportion to the mass and height of the building in X and Y
direction. + 5% additional eccentricity was considered. The forces acting on the plies

are indicated in the Figure 3.12 below.

. X Y
KAT Hi(m) Fte(kN) Fte(kN)
KAT4 132 245.6148266 329.5054641
KAT3 9.9 187.7785005 251.9149425
KAT2 6.6 125.185673 167.943295
KAT1 3.3 62.59284049 83.97165285

Figure 3.14:Forces Affecting the Floors According to Equivalent Earthquake Load
Method.
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3.8. Regular Building Under Earthquake Effect

Definition of Irregular Buildings due to the negativity in the behavior of
earthquake design and construction regarding the identification of irregular buildings
that should be avoided with considering related conditions of article 3.6.2.1 in TBDY
(2018).

3.8.1. Al - Torsional irregularity

Torsional irregularity Al in TBDY (2018) 3.6.1 is explained in Figure 3.15.

(Al(X))max

4 s ow B
i+1" inci kat
dosemesi

u} u} o u]
Deprem i’ inci kat
Dogrultusu (X) dosemesi

Daésemelerin kendi diizlemleri i¢inde rijit divafiam olarak ¢alismalart durumunda
(A= 112 [(A) i+ (AP iizal
Burulma diizensizligi katsayist: Noi = (A max / (Ao
Burulma diizensizligi durumu: ne: > 1.2

Figure 3.15: Al - Torsional irregularity.

In the case of buildings, the torsional irregularity value does not exceed the limit
of 1.2. Itis indicated that the type of Al irregularity does not exist in the building. The
torsion coefficients in the X and Y directions were calculated as 1.05 for the maximum
floor. Since the values founded are less than the limit of nbi >1,4 there are no torsional

in both X and Y directions.
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3.8.2. B2 — Stiffness Irregularity Between Neighboring Floor (Soft
Floors)

B2-KOMSU KATLAR ARASI RiJITLIK DUZENSIZLIGI (YUMUSAK KAT)

ki = (Ai/hi)ort / (Aiv1/hiv1)ore > 2.0 -
veya NEEREER| R

Nwi = (Ai/hi)ort / (Ai-1/hi-1)ore > 2.0

N 2 i'inci katta tanimlanan rijitlik ! ‘ ‘ ‘ ‘
dizensizligi katsayisi 1 2 L it - LA

(Ai)ort : Binanin i‘inci katindaki ortalama h
azaltilmis goreli kat 6telemesi J

Figure 3.16: B2 — Stiffness Irregularity.

B2 - Stiffness Irregularity Factor is characterized as the ratio of the average
relative story drift at any i"" floor to the intermediate relative story drift at the floor
adjacently above or below, which is greater than 2.0. Since the ratio for direction X,

and Y are not greater than 2, B2 type irregularity was not observed.

3.8.3. Evaluation of Relative Floor Transfer

Control of Relative Float Ratios, in addition to the capacity of the carrier
elements under earthquake loads to be sufficient to meet the forces acting on the
section; It is stated that the relative displacements of the floors should be limited in
modern earthquake codes in order to ensure that the damage to the non-bearing
elements is kept at a minimum level and to ensure that the second-order effects are
limited.

In TBDY 2018 4.9.1, the determination of the effective relative story drift for
any earthquake direction is shown mathematically.

) _ & €9)
A7 =w = ut

R (3.9)
8§x) — TAEx)

For the earthquake direction X and Y, the reduced relative floor shifts at the

column ends under the increased additional eccentricity were calculated and the
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effective relative floor shifts were calculated. The maximum value of the effective
relative floor offset must meet the requirement of TBDY (2018) 4.9.1.3.a and TBDY
(2018) 4.9.1.3.b on each floor.

)
A% < 0.008K (3.10)

L

A = 0.40, k = 1, this condition was checked on the basis of the corner end

columns marked in the Figure 3.17 and it was found to be met.

@© @

O~ ©

Figure 3.17: Columns for Controlling Relative Floor Shifts.

The coefficient defined in TBDY 4.9.1.4 was calculated as 0.360 for the X
direction and 0.358 for the Y direction, and the k coefficient was taken as 1 since it is
a reinforced concrete building. the largest effective relative story drift ratio was
calculated with the (Y) earthquake direction as approximately 0.40%. It has been

shown that it satisfies the boundary condition given in the TBDY (4.34a) equation.
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3.8.4. Second Order Control

TBDY (2018) was used to control the second order effects in the building by
using following equation. Reduced relative offsets were calculated taking into account
the additional e-eccentricity in the X and Y directions, which met second order control

the required limits.

() N
™ — (Ai )ort L= Wi
m -

)
Vi h (3.11)

D
)
Bimax < 0127

3.9. Design of Reinforced Concrete Element

Beam Design; For the calculation of transverse and longitudinal reinforcement
of beams with high ductility level conditions are found in article 7.4 of the TBDY
(2018) 1. On the floor B / 3-4 B35X50cm dimension B15 beam is calculated.
Envelope; The results of the combination. Combinations within the envelope
combination are formed.

(1.4G+1.6Q); (G+Q); (G+Q+0.3EX+EY); (G+Q+EX+0.3EY).

Figure 3.18: Analysis Model Beam.

Beam force Details; The moment values for beam B23 are values of design
moment in the opening (Md =128.74kN.m), and Design moment at support:
(Md = -187.28kN.m) founded using the envelope combination to design.
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240 ‘ 1

‘4 624 1146

626 6

Figure 3.19: Longitudinal Bars in Beam B31.

Table 3.5: Longitudinal Bars in Beam B31 Arrangement.

Left Middle | Right
B31 | 4922 4012 | 4922
4016 4020 | 4016

Column Design; Ground floor C18 column 350mmX600mm is designed
according to item 7.3 of TBDY (2018). Column design is based on TS500 principles.

N
dm_ — < 0.40(TBDY 7.3.1.2)

Acfek

(3.12)

The result of the vertical combinations was the result of the axial force in the

column, the axial force level was checked according to TBDY (2018) item 7.3.1.2.

12 @22 longitudinal reinforcement is placed on the column as in the Figure 3.20,

@10/100 mm transverse reinforcement is also added to the cross section below is the

reinforcement details of the column.

422 |

450 mm

@10 100 mm

86000
4016

300 mm

e EX-BEAM: Section

7300 mm|

m 126322
g of ©10@ 100

M EX-COLUMNS: Section
A

500 mm

500 mm
—m

@10 100 mm
pooe

300 mm

4016

IN-BI

AM: Section

600 mm

120322

A0 100

VIN-COLUMNS: Section
S

Figure 3.20:Reinforcement details.
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4. PERFORMANCE ANALYSIS ACCORDING TO
TBDY-2018 EARTHQUAKE CODE
REGULATIONS

Performance-based earthquake engineering is the process of designing and
evaluating structures to meet specific performance criteria. The notion behind this
approach is based on anticipating the performance of structures with measurable
dependability under usual and extraordinary loading. This performance is debated with
the client in order to arrive at acceptable trade-offs based on life-cycle costs rather than
building expenses alone [19].

PBEE is an admirable concept with a long way to go in terms of implementation.
PBEE is restricted by legal and professional constraints, but whether it can fulfill on
its promises or not remains an open question. It will be a losing cause if it is targeted

at predicting structural performance in quantifiable formats [19].

4.1. Performance Evaluation of Existing Buildings
According to TBDY-2018

4.1.1. Section Damage Conditions

Three damage states and damage limits are defined for ductile elements at the
section level. These are Immediate Occupancy (SH), Life Safety (KH) and Pre-
Collapse Prevention (GO) states and their limit values. Immediate occupancy defines
a limited amount of inelastic behavior in the relevant section, life safety defines
inelastic behavior in which the section strength can be achieved safely, and collapse
prevention describes an advanced inelastic behavior in the section. This classification

is not valid for brittle damaged elements.

4.1.2. Section Damage Areas

Elements whose critical sections do not reach SH are in the Limited Damage

Zone. Elements between SH and KH are located in the Significant Damage Zone,
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elements between KH and GO are located in the Advanced Damage Zone, and

elements exceeding GO are located in the Collapse Zone.

i¢ Kuvvet
SH i
Sinirl i Belirgin ' lleri |
Hasar Hasar + Hasar | Gogme
Bolgesi i Bolgesi 1 Bolgesi | Bolgesi
Sekildegistirme

Figure 4.1: Sectional Damage Areas.

4.2. Horizontal Elastic Design Spectrum

The horizontal elastic design spectrum determined according to the soil
conditions is used while defining the earthquake effect. When calculating this value,
the building's period (T), Horizontal Design Corner Periods (TA, TB) and Design
Spectral Acceleration Coefficients (SDS, SD1) taken from the Updated Earthquake

Hazard Map is used.

T
S, (T) = (0.4 + 06 T—) X Sps 0<T<T,
A
Sae(T) = SDS TA < T < TB
(4.1)
SDS
Sae(T):T TB STSTL
Sp1 X T;,
Sae(T) = 222 T,<T

Horizontal Design Spectrum Corner Periods (TA, TB) are determined by the
values taken from the earthquake hazard map. These values form the plateau in the

spectrum graph.
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Ty=02x 2 Ty = 2L (4.2)

DS Sps

It is obtained by multiplying the Design Spectral Acceleration Coefficients
(Spb1, Spbs), Map Spectral Acceleration Coefficients (Ss, S1), and Local Ground Effect
Coefficients (Fs, F1). Along with the help of the coordinate values entered in the
Turkey Earthquake Hazard Map, which was updated with TBDY-2018 [2], the short-
period map spectral acceleration coefficient (Ss) and the map spectral acceleration
coefficient (S1) for the 1.0 second period is obtained. Local soil effect coefficients (Fs,

F1) were given depending on the local soil class. (Table 3.1, 2.2)

Table 4.1: Knowledge Level Coefficient for Buildings.

Knowledge level = Knowledge level
coefficient
Limited 0.75

comprehensive 1.00

In order to find the pre-failure stiffness of the section close to reality, the
effective section stiffness assignment has been introduced. In this regulation, only the
axial load is taken into account for the calculation of the effective section stiffness.
Along with TBDY-2018 [18], this situation has been found with a calculation that also
takes into account the amount of axial load and reinforcement, as suggested in [11].
The effective section stiffnesses of the cracked section of the reinforced concrete
elements under the effect of bending are used [18]. These values will be taken from
the table below for linearly modeled elements. For elements that are not linearly
modeled, these values are calculated with the help of the formulas given in (4.3) and
(4.4).

My, L
(El)e = B_y X 3 (43)
y
_ oyl Y 4 ByXdn e
6, =22 +0.0015 x 7 (1+157) + e (4.4)
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Stacked Plastic Behavior (Plastic Joint) Model is defined in order to obtain the
plastic rotation and stress values formed in the columns and beams. This definition is
for the ends of clear openings in columns and beams [18].

In the fixed single-mode push method, the earthquake load increments acting
on the floors in the (k)™ push step in the earthquake direction (X) are considered, and
the floor modal effective masses are calculated according to the constant mode shape
determined in the first step after the non-earthquake loadings and never changed during
the push calculation expressed in terms [18].

X,k Xk X,k . X,k Xk X,k
BE0 = m 0 xaa ; af0 =m0 xaal0 @9
Modal acceleration increment (Aal(x'k)), It is calculated from the yield

condition of a new plastic hinge formed at the end of each pushing step. The obtained

modal acceleration increment is added to the modal acceleration value found at the end

of the previous step to obtain the cumulative modal acceleration (al(X'k)) at the end of

(X.k)
Vtxl )

the (K)th step. Alternatively, it can be found by dividing the base shear force (

in the earthquake direction by the base shear force modal effective mass (mt(x 1)) [18].

X,k 1 X,1) . Xk 1 X,1
ma’ =m; x @, x i, Ym0 =m x @, P x & (4.6)

Modal acceleration increment (aa, *™)

, It is calculated from the vyield
condition of a new plastic hinge formed at the end of each pushing step. The obtained

modal acceleration increment is added to the modal acceleration value found at the end

of the previous step to obtain the cumulative modal acceleration (al(X'k)) at the end of

the (K)™ step. Alternatively, it can be found by dividing the base shear force (Vtg "))

in the earthquake direction by the base shear force modal effective mass (mw(ffl)) [18].

V. (X.k)

(x.k) _ Vtx1
A T (x) (4.7)

tx1
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Modal displacement (dl(X"‘)), It can be calculated from the horizontal
displacement obtained in the x-direction at any (i)* floor in the push calculation.
Generally, the peak displacement at the (N)" floor can be taken in the push calculation
[18].

@
4.0 _ uxlm (4.8)
! Dynt X Txq

The push curve is drawn as a relationship between the base shear force and the
peak displacement in the push calculation. Then, by making the above transformations
of this curve, the modal capacity diagram is obtained as the modal acceleration and
modal displacement relationship [18]. (Figure 4.2).

> X > d(X]
» t‘f >
(a) Nx| (b) 1

Figure 4.2: Coordinate Change.

The enormous displacement obtained from the modal capacitance diagram is

defined as nonlinear spectral displacement [18].

dl(,)r(rgax = Sdi(Tl) (49)
Sai(Ty) = Cr X Sqe(Ty) (4.10)
R,,T
Cp = KRy, T1) (4.11)
Ry
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The spectral displacement ratio (CR) is found by dividing the earthquake's
ductility demand (u(R,, T;)) by the Yield Strength Reduction Coefficient ( R,) [18].
i) When the period (T;) of the building is greater than the corner period (Tg), the

ductility demand of the earthquake is taken equal to the yield strength reduction

coefficient ( R,) according to the equal displacement rule. (T; = Tp)

w(Ry,T1) = Ry (4.12)
R,,T 4.13
CR — U( y 1) -1 ( )
Ry
1 (X) {9 )
a7 & Sge Noi=2uT,)

Sae (Tl ) ..f"f.

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
[}
st

f’f 1142
Y/ ((D= )

B
>

At

d® =8 (T)=S,.(T (X)
1,max t|!( I) (h.( 1) dl &Sdt

Figure 4.3: Case T1 > TB.

ii) In case the period (T;) of the building is smaller than the corner period (TB),
the ductility demand of the earthquake is calculated with the following

equation. (T, < Tg).

T
A) W(Ry, ) = 1+ (R, — 1) x - (4.14)
T
B 1+(Ry—1)><T—B1
Cp=—p — =1 (4.15)
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Figure 4.4: Case T1 <TB.

Sae (Tl )

[

I

I

I

I

I

I

I

]
it
—

S diu=S4(T) V&S,

-

Figure 4.5: Case T1 < TB.

Plastic deformation and plastic rotation requests are received from the joints
after the building is pushed as much as the displacement (UNx1x) demand found. These
values are compared with the plastic rotation and deformation limit values [18].
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4.2.1. Collapse Prevention (GO) performance Level

The allowable limit value for concrete unit shortening calculated based on the
distributed plastic behavior model is expressed in TBDY 2018 5.8.1.1 with a relation
for rectangular columns and beams. This relation is shown in Equation 4.18.

For concrete — sC(GO) = 0.0035 + 0.04 X ,/w,,, < 0.018 (4.16)

While w,,, in Equation 4.18 represents the ratio of effective wrapping
reinforcement to mechanical reinforcement, the value of 0.0035 indicates unit
shortening of unwrapped concrete, also called shell concrete. The mechanical
reinforcement ratio w,,. of the effective winding reinforcement is calculated as shown

in equation 4.19.

fywe (4.17)

Wye = Ase Pshmin f
ce

In Equation 4.19, f. corresponds to the average (expected) compressive strength
of concrete, f,,,. corresponds to the average (expected) yield strength of transverse
reinforcement, pgp, min COrresponds to the smaller of the volumetric transverse
reinforcement ratios in two horizontal directions for a rectangular section, and ag,
corresponds to the efficiency coefficient of the dressing reinforcement. The calculation
of the volumetric reinforcement ratio in two horizontal directions for a rectangular

section is shown in equation 4.21.

) - 755) (-5
_(+_ _ _ 4.18
@se <1 6 X b, X h, 1 2 X b, 1 2 X h, (4.18)
Ash
= 4.19

If the symbols in Equation 4.20 and 4.21 are examined; a; is the distance between
the axes of the longitudinal reinforcements wrapped by a cross tie or a stirrup, the
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wrapped concrete dimensions measured from the b, and h, winding reinforcement
axes, s the transverse reinforcement spacing, b, the distance between the outermost
transverse reinforcement axes, in other words the core size in the vertical direction,
and Ag, is taken into account. represents the transverse reinforcement area in the
received direction.

For reinforcing steel, the unit strain limit value at the performance level for the
prevention of migration is defined in TBDY 2018 5.8.1.1, depending on the unit
elongation corresponding to the tensile strength of the reinforcing steel. This relation

is given in equation 4.22.

for steel - ES(GO) =04 X &g, (4.20)

For plastic hinge rotations calculated based on the stacked plastic behavior model,
the limit value allowed in the prevention of moving performance level is shown in

equation 4.23.

e,gG°> _ % X [(qf)u —¢,) L, (1 — 0.52—’:) + 4.5¢>udb] (4.21)

Here, ¢, represents the pre-failure curvature, ¢, the yield curvature, Lp the
plastic hinge length, Ls the shear opening, and d;, the mean diameter of the reinforcing

steels clamped at the joint.

4.2.2. Life Safety (KH) Performance Level

In TBDY 2018 5.8.1.3, the concrete and reinforcing steel total unit strain limit
values and plastic rotation limit values allowed for the controlled damage performance
level are defined depending on the permissible limit values for the prevention of

migration. These definitions are expressed in the following Equations 3.24, 3.25, 3.26.

For concrete - sC(KH) =0.75 X SC(GO)
For Steel - g =075 x £{0 (4.22)
Plastic Hinge Rotation - 0, KM = 0.75 x (0
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4.2.3. Immediate Occupancy (SH) Performance Level

In TBDY 2018 5.8.1.4, the concrete and reinforcing steel total strain limit values
and plastic rotation limit values allowed for limited damage performance level are

defined as shown in the following Equations 3.25.

For concrete — SC(SH) = 0.0025
For Steel — £ = 0.0075 (4.23)
Plastic Hinge Rotation — 0,51 =0

4.3. Flow Chart of Analysis

The flow chart of the analysis performed (Figure 4.6, Figure 4.7, Figure 4.8,
Figure 4.9) is illustrated on the following pages.
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NONLINEAR CALCULATION

METHODS. (ARTICLE 5.5.1)

EARTHQUAKE ACCOUNT WITH
NONLINEAR ACCOUNT
METHOD IN THE TIME DOMAIN,
(ARTICLE 5.7)

EARTHQUAKE ACCOUNT WITH
NONLINEAR PUSHING
METHODS. (ARTICLE 5.6)

¥

|
)’

SINGLE MODE PUSHING
METHODS. (ARTICLE 5.6.3)

MULTI-MODE PUSHING
METHODS. (ARTICLE 5.6.6)

COLUMNS AND BEAMS ARE MODELED

AS BAR ELEMENTS. (ARTICLE 5.4.2)

J

EFFECTIVE CROSS-SECTIONAL STIFFNESSES OF COLUMNS
AND BEAMS MODELED ACCORDING TO THE STACKED
PLASTIC BEHAVIOR. (ARTICLE 5.4.5.2) (EQUATION 5.2 & 5.3)

Ls

=My
(ED. = gy x5

By L. h
J/ 6, = 2=+0.00157 (1+157) +

‘?’y dp fye
8 fee

-BYS =5 (TABLE 3.3)

-TORSIONAL IRREGULARITY < 1.4 (TABLE 3.5)
- MASS PARTICIPATION = (.70

— YES

BUILDING PUSHED A
CERTAIN VALUE.

PEAK DISPLACEMENT (V%% BASE S

txl

(uNx1%+%)) GRAPH IS OBTAINED. (ARTICLE 5B.1.1)

IEAR FORCE

{

THIS PUSH CURVE MODAL TRANSFORMED IN THE CAPACITY
DIAGRAMS. (ARTICLE 5B.1.2) / (ARTICLE 5B.1.3)

\

A

al(x.k) —v, (Xk)

x1 / m

tx1

(x.1)

d® = 4@

xN1 / (‘Dle 1—‘xl

Figure 4.6: Flow Chart of Analysis 1.

45



Soil Class

ZA
ZB
zc
bl
ZE
£ZF

HORIZONTAL ELASTIC DESIGN SPECTRUM

DRAWN. (ARTICLE 2.3.4)

N

DD-2 (10% IN 50 YEARS) VALUES ARE CALCULATED FOR THE LEVEL OF

EARTHQUAKE MOVEMENT. (ARTICLE 2.3.4.1)

Sge(T) = (0.4 + 0.6 %) X Sps | 0ST<T,
Sae(T) = Sps TWsT<Ty
S
Sae(T) =2 Ty<T<T,
Spy X T
Sge(T) = % T, <T

Ty = 0.2 x 2L
Sps

s B_S

Sp1
DS

MAP SPECTRAL ACCELERATION VALUES (S5, S;) FROM TDTH ARE MULTIPLIED
BY GROUND PARAMETERS (Fg, Fy) VALUES TO FIND Sp5 AND 5p; VALUES.

(ARTICLE 2.3.2.2)

S5<0
0.8
0.9
13
L6
24

Ground impact coefficients, (Fs)

Ground Impact Coefficient for short period zone, (Fs)

Ground impact coefficients, (F1)

8=0.350

0.8
L5
L8

Ground Impact Coefficient for the 1.0 second period, (F1).

82 0.60

0.8
14
1.7
20

_ N ~ ~ - Soil Class
25 §=0350  S;=075 | §=100 §=125 S§5>150 Si=20.10 ) 8;=020 $,=-030 $;-040
0.8 08 0.8 0.8 08 ZA 08 08 03 08
0.9 0.9 0.9 0.9 0.9 7B 08 0.8 038 08
13 1.2 12 12 1.2 c L5 L5 15 L5
1.4 1.2 L1 1.0 1.0 ZD 24 2.2 20 19
L7 L3 L1 0.9 08 ZE 4.2 33 28 24
Site-specific ground behavior analysis will be carried out 2F Site-specific ground behavior analysis will be carried out

HORIZONTAL ELASTIC DESIGN SPECTRUM COORDINATES (Sge, T)

ARE CONVERTED TO (Sge, Sge).

Figure 4.7: Flow Chart of Analysis 2.
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Aoy

THE MODAL CAPACITY DIAGRAM AND
THE S, - Sze CHART ARE SUPERIMPOSED.

(ARTICLE 5B.3)

7P =T,

X ! s N
a'& s, N2 =(n/T,)

X =@ TA=§ (] 0
Ay = S5 (1) = 53 (1) “l:'\’&,g'lk

ELASTIC DESIGN SPECTRAL
DISPLACEMENT (S54¢)

dl,max

Cr = (EQUATION 5B.17a)

Y = §44(Ty) = CaSue(T1)

a |
(f.“_ k=

(G !

ST =Sy (T) AV &S,

ELASTIC DESIGN SPECTRAL
DISPLACEMENT (S4.)

dl,ma.(xX) = Sai(Th) = CrSae(T1)

Cy = (EQUATION 5B.17a)

PEAK DISPLACEMENT PROMPT (uNx1¥4))

ulNx

XK = g %K) g (D [ (KK
l( )= dl l1:)2(1'\#]. rl

(EQUATION 5B.1.3)

PEAK DISPLACEMENT PROMPT (uNx1X))
_ (k) g (D) [ (XK
ulNx1®0 = g*¥ q L)

(EQUATION 5B.1.3)

Figure 4.8: Flow Chart of Analysis 3.
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JOINTS ARE ATTACHED TO THE ENDS OF COLUMNS
AND BEAMS NET SPAN. (ARTICLE 5.3)

d

PLASTIC HINGE

(ARTICLE 5.3.1)

JOINT.

y

PLASTIC HINGE JOINT.

(ARTICLE 5.3.1)

THE BUILDING IS PUSHED TO THE FOUND PEAK DISPLACEMENT PROMPT

(uNx155),

AS THE OUTPUT DATA OF THE PUSH ANALYSIS, PLASTIC ROTATION (0,) SPREAD
FROM THE STACKED HINGES, THE UNIT STRAIN VALUES FROM THE HINGES ARE

TAKEN. (g, £;)

THE PLASTIC ROTATION AND DEFORMATION VALUES FOUND ARE
COMPARED WITH THE LIMIT VALUES IN THE REGULATION.

(EQUATION 5.8a-b)

(EQUATION 5.7a-b)

|

(EQUATION 5.4a)/ (EQUATION 5.6)

IMMEDIATE
OCCUPANCY (SH)

£ = 0,0025
5" = 0.0075

(5H) _
05 =0

LIFE SAFETY
(KH)
Ec(rm) =075 Eg(‘-m

ss“m) =0.75 ss(':é)

¥ — 0.75 0/

COLLAPSE PREVENTION (GO)
£59 = 0.0035 + 0.04(w,,,) " < 0.018
ESEGO) =0.4gg,

05" = 2/3[(¢u — dy) Lp(1 = 05(Ly /L) + 45¢,dy]

Figure 4.9: Flow Chart of Analysis 4.
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5. NUMERICAL MODELING AND RESULTS

5.1. Elevation of Structural Model

In The frame system illustrated in figure 5.1. (a) represents an existing structure
with four story and four bays. There is no irregularity in the structure. This structure
was strengthened in three different ways by using different types of braced frames and
applying reinforcement shapes are given in figure 5.1. The study's goal is to determine
the most appropriate braced frame from (b) diagonal braced frames, (c) inverted braced

frames, (d) X-braced frames according to (a) existing building.

N /ABEA

(a) existing building (b) Diagonal bracing (c) Inverted bracing (d) X bracing

Figure 5.1: Elevation of Structural Model in X direction for Numerical Study.

All braced frames strengthened at edge bays, but the only difference is how was
the set bracing. Nonlinear analysis was used to compare the results of these three
alternative strengthening frames and the existing building. The capacity values

obtained from the results were used for comparison.

5.2. ldentification of Column, Beam and Braces Plastic
Hinges

After the properties of C20 concrete and S420 reinforcing steels are defined in

the analysis model, plastic hinges will be assigned to columns, beams and braces.
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1.0 {75

0

Figure 5.2: Typical moment-rotation relationship for a RC section.

In the graph in Figure 5.2, it can be said that linear behavior occurs in the cross-
section between point A and point B, permanent deformations occur in the section
between point B and point C, and the section reaches the moment of power depletion
at point C. After this point, the capacity of the section can be reduced a little more and
the amount of permanent deformation can be increased. Moment and rotation values
at points A, B and C were obtained by moment-curvature analysis for column and
beam sections, and FEMA - 356 was used for points D and E. Data entry cannot be
made at point A for columns and beams to be modeled with the stacked plastic
behavior in the ETABS environment. At point B, the moment value is taken into
account as the yield moment value of the section, and the plastic rotation value as zero.
Therefore, permanent deformation will not occur at point B. The winding effect on the

beams is not taken into account.

o & o o

JT

° o o ¢

Figure 5.3: Beam Section (B30X50).
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Section top reinforcements: 4¢p22, Section sub-reinforcements: 4¢16. The values
obtained as a result of the moment curvature analysis performed in the SAP2000

environment of the beam section with type B30X50 are given in Table 5.1.

Table 5.1: Moment Curvature Analysis for Beam Section B30X50.

Interaction
Surface

0° 0.007288 0.1088 226.2419 262.146 0.101512 0.25 0.025378 1.158698

Qu
(rad/m)

My Lp 0p

(4]
@y (rad/m) (KNm) (rad7m) (m) (rad)

My (KNm) Mu/ My

The graphical representation of the values given in Table 5.3 on the points A, B

and C defined in Figure 5.2 are given in Figures 5.4.

300 A

250 -
~ 200 9
£

g 150 -
= 100 4

50 -

O T T T T T 1
0 0.02 0.04 0.06 0.08 0.1 0.12

oy (rad/m)

Figure 5.4: Beam Section (B30X50) moment curvature diagram (0° interaction
surface).

These processes were also carried out for all beam types and the necessary
moment-rotation data for plastic hinge definition were obtained in ETABS
environment. The selection of the joint type for beams in the ETABS environment is

shown in figure 5.5.
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E Hinge Property Data X

Hinge Property Name

BM30x50

Hinge Type
(O Force Controlied (Brittie)
(®) Deformation Controlied (Ductile)

Moment M3 v

Modify/Show Hinge Property...

conc

Figure 5.5: Selection of M3 type plastic joint for the beam.

The definition of moment-rotation values obtained for beam types in ETABS

environment is shown in Figure 5.6.

G Hinge Property Data for BM30X50 - Moment M3 X
Displacement Control Parameters
Type
Point Moment/SF Rotation/SF @® Moment - Rotation
02 -0.035 (O Moment - Curvature
02 -0.02
-1.1 -0.02 I
-1 0 -
A 0 0
i o Load Carrying Capacity Beyond Point E
11 0.02 ] @ Drops To Zero
|
02 0.02 i O Is Extrapolated
0.2 0.035
Symmetric Hysteresis Type and Parameters
Additional Backbone Curve Points Hysteresis Isotropic v
[[] BC - Between Points B and C No Parameters Are Required For This
[] cD - Between Points C and D Hysteresis Type

Scaling for Moment and Rotation
Positive Negative

D Use Yield Moment Moment SF 247.56 kN-m
[] use Yield Rotation Rotation SF |1

(Steel Objects Only)

Acceptance Criteria (Plastic Rotation/SF)
Posttive Negative

- Immediate Occupancy 0.003

Life Safety 0.012
Cancel
B colapse Prevention 0.015 I

[[] Show Acceptance Criteria on Plot

Figure 5.6: Identification of beam plastic joint information in ETABS environment.

The assignment of the stacked plastic hinges at the ends of the beams with

defined plastic hinge information to both ends of the beams is shown in Figure 5.7.
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E Frame Assignment - Hinges x
Frame Hinge Assignment Data
Hinge Property Location Type Relative Distance  Distance from End
m

BW30X50 v | Distance from l-end offset v 0.05 G

BM30X50 Distance from l-end offset I oos ]

BM30X50 Distance from J-end offset 0.95
Modify
Delete

Concel

Figure 5.7: Assignment of plastic hinges to the beam ends.

Column sections were also defined in the SAP2000 environment and moment
curvature analyzes were performed. As an example, obtaining the plastic hinge data of
the C30X50 rectangular column and its definition in the ETABS environment will be

shown.

Figure 5.8: Column Section C30X50.

Column longitudinal  reinforcements:  12¢20, Column transverse
reinforcements: 2¢10/100 both directions. The winding effect for the columns is taken

into account in the SAP2000 environment as shown in figure 5.9.
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Concrete Model - Mander-Confined(R)
Concrete Material
Ecu=0.05
=cc=0.0079 Name | C20
foc=38.5
Fou=26.75
0
Zu
o % fact
fo
\ fu 379
T Th e
Main Bar
Number of Bars
Reinforcement
Eec Ecu
Confinement Material
Name 5420 ~
-0.05,-26.7527 Reinforcement
Confinement Layout @® Bar Size =it e
Type Tie & Cross Tie ~ Longit. Spacing 100 O BarArea e
Height (CL-CL of outer cont.) 5261916 # of Ties in Height fyh
Width (CL-CL of outer conf.) 2261916 % of Ties in Width |2 | Bay
View Values or Print... oK Cancel

Figure 5.9: Consideration of the confined effect.

These processes were also performed for all column types and the necessary
moment-rotation data for plastic hinge identification were obtained in ETABS
environment. The selection of the hinge type for the columns in ETABS environment
is shown in figure 5.10.

E Hinge Property Data X

Hinge Property Name

|c30x60

Hinge Type
(O Force Controlled (Brittle)
(® Deformation Controlled (Ductile)

Interacting P-M2-M3 v

Modify/Show Hinge Property...

Cancel

Figure 5.10: P-M2-M3 type plastic joint selection for the column.
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Identification of the plastic hinge information of the column types in the

ETABS environment is shown in figure 5.11.

E Frame Hinge Property Data for C30X60 - Interacting P-M2-M3

Hinge Specification Type Scale Factor for Rotation (SF)

@ Moment - Rotation O SFis Yield Rotation per ASCE 41-13 Eqn. 9-2
(Steel Objects Only)

@ usersF [1 rad

O Moment - Curvature

Additional Backbone Curve Points

Load Carrying Capacity Beyond Point E [ BC - Between Points B and C

(@ Drops To Zero O Is Extrapolated [] cD - Between Points C and D

Symmetry Condition

(O Moment Rotation Dependence is Circular M3/ %0°
(® Moment Rotation Dependence is Doubly Symmetric about M2 and M3 w2
180
(O Moment Rotation Dependence has No Symmetry \
for y Condition 270

1. Specify curves at angles of 0° and 90°

2. If desired, specify additional intermediate curves where: 0° < curve angle < 90°

Axial Forces for Moment Rotation Curves Curve Angles for Moment Rotation Curves

Number of Axial Forces 2 Number of Angles 3

Modify/Show Axial Force Values. Modify/Show Angles...

Modify/Show Moment Rotation Curve Data.

Modify/Show P-M2-M3 Interaction Surface Data..

OK Cancel

Figure 5.11: Defining column joint properties.

The definition of the number of axial forces and the number values to be

considered in order to define the plastic joint information of the column types is shown

in Figure 5.12.

Figure 5.12: Axial forces based on the definition of column joint properties.

A Axial Forces for C30X60 - Interacting P-M2-M3 X

This Number of Axial Force Values Is Specified

Number of Axial Forces 2

Axial Force Data

Force
kN
-1640.7 Order Rows.

2 2978.5

oK

Cancel
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The angles and number of column cross-section interaction surfaces to be

considered for defining the plastic hinge information of the column types are defined
as shown in Figure 5.13.

A Angles for C30X60 - Interacting P-M2-M3 x

This Number of Angles Is Specified

Number of Angles .3
Angle Data
Angle
deg
0 Order Rows
2 45
90

oK

Cancel

Figure 5.13: The number and angles of interaction surfaces based on the definition of
column joint properties.

Data entry of moment-rotation values for column section interaction surface

and axial force values in ETABS environment is given in Figure 5.14.

[ Moment Rotation Data for C30X60 - Interacting P-M2-M3 X
Select Curve
Axial Force | -1640.7 v Angle 0 v curve#t |4 4 0 M
Moment Rotation Data for Selected Curve
Point  Moment/Yieid om Rotation/SF H
0 (] B
1
5 1 0
11 0.015
D 02 0.015
02 0.025 P E
—_—
"
Current Curve - Curve #1 3.0 Surface
Copy Curve Data e —T Force #1; Angle #1 Axial Force=-1640.7 kN
Acceptance Criteria (Plastic Deformation / SF) 30 View
B immediate Occupancy 0.003 Plan 5315 deg AxilForce [ -16407 KN
.
Life Safety 0.012 Elevation 38 deg [] Hide Backbone Lines
-
Collapse Prevention 0015 | Aperture 50 | deg [J Show Acceptance Crteria
[] show Thickened Lines.
[ Show Acceptance Points on Current Curve 30 | RR || MR3 || MR2 Highlight Current Curve
Moment Rotation Information Angle Is Moment About
Symmetry Condtion Double Odegrees = About Postive M2 Axis
Number of Axial Force Values 2 SOdegrees = About Postive M3 Axis oK
Number of Angles 3 180 degrees = About Negative M2 Axis g
ancel
Total Number of Curves 0 270 degrees = About Negative M3 Axis

Figure 5.14: Column joint definition for different axial load and interaction surfaces.
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As mentioned, section 5.2.1 braces must be modelled as columns with a
potential plastic hinge located in the middle of the brace to account for both primary
axial effects and secondary flexural effects. These processes were also performed for
all column types and the necessary moment-rotation data for plastic hinge
identification were obtained in ETABS environment. The selection of the hinge type

for the brace in ETABS environment is shown in figure 5.15.

G Hinge Property Data X

Hinge Property Name

[Hss 203.2x50.8x4.8

Hinge Type
(O Force Controlled (Brittie)
@' Deformation Controlied (Ductile)

Interacting P-M2 v
Modify/Show Hinge Property... I
oK Cancel

Figure 5.15: P-M2 type plastic joint selection for the column.

Data entry of moment-rotation values for column section interaction surface

and axial force values in ETABS environment is given in Figure 5.16.

I3 Moment Rotation Data for HSS 203.2X50.8X4.8 - Interacting P-M3 X
Select Curve
Axial Force |0 v Angle |90 v cuve#t M 4 M

Moment Rotation Data for Selected Curve

Point  Moment/Yield Mom Rotation/SF
0 0
B
8 1 0 e
125 9 D E
D 06 9 —e
06 1
A

Current Curve - Curve #1
Force #1; Angle #1

Copy Curve Data

Acceptance Criteria (Plastic Deformation / SF) 30 View
B mmediate Occupancy 2 Plan =0 deg  AxialForce 1[0 KN
N
Life Safety 4 Elevation 0 deg [ Hide Backbone Lines
Collapse Prevention 5 ] Aperture : 0 | deg [ show Acceptance Crieria
[ 'Show Acceptance Points on Current Curve 30 RR MRZ  MR2 Highlight Current Curve
Moment Rotation Information Angle Is Moment About
Symmetry Condition Symmetric Odegrees = About Positive M2 Axis
Number of Axial Force Values 1 90 degrees = About Positive M3 Axis oK
Number of Angles 1 180 degrees = About Negative M2 Axis o
ance
Total Number of Curves 1 270 degrees = About Negative M3 Axis

Figure 5.16: Brace joint definition for different axial load and interaction surfaces.
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The assignment of the stacked plastic hinges at the ends of the braces with

defined plastic hinge information to middle is shown in Figure 5.17.

H Frame Assignment - Hinges
Frame Hinge Assignment Data
Hinge Property Location Type Relative Distance  Distance from End
m
HSS 203 2X50.8X4.8 « | Relative to clear length v
g
HSS 203.2X50.8X4.8 Relative io clear length os |
Modify
Delete
OK Cancel

Figure 5.17: Assignment of plastic hinges middle.

5.3. Brace Design for CBF

Steel Concentrically Braced Frames are excellent for seismic frame systems

since they are strong, stiff, and ductile. The performance of the brace improves the

level of the seismic response of Concentrically Braced Frames. To gain optimum

performance from a CBF, the brace must fail before any other component of the frame.

This is important because although the frame may sustain significant damage during

an earthquake, it is expected to remain stable, and the building must be capable of

resisting gravity loads and of withstanding aftershocks without collapse. Braces are

the frame's weakest link of all other frame elements (columns, beams, and connections)

are stronger than braces. The bracing was tested to ensure it meets members with good

energy dissipation capability and fracture life in Table 5.2.
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shou[All_v] enries Search. HSS203.20152.414.8
mperislRefrence MetricRefrence NominalWeight  DeplhofSecton  DephofFlatWal  WithofSecton  Widthof FiatWall Noninal Thickness
h b
S S blaa) i fgom) i o i
HSS B0 18T5 HSS 2032112448 1708259 800209 748(1%0) 600(1%) 548(139) 01875476

Figure 5.18: Brace Section.

Table 5.2: Brace Design for CBF

Brace Design for CBF
n ; . on P mou | e .

oy | emesan | M bW gy | e | B | Q0 pr T R N T S Y SR STV R

uss
Roof 2032X50.8X48 2110 664 48104 7244586 oK 85 24561 17367591 19.25 55 2064339 3760093174 2631827162 555.3155 499.784 OK

HSS
S eSS | o wa | ses | s o o5 | wsw | weesw | 1 | ss | wwas | seowsne | amsmme | sesss | s | ok
00| e | a0 e | aeo | e o o5 | swem | swemn | was | ss | s | swowsne | memme | sesss | s | ok
1st 2032X508X48 2110 664 48104 7244586 oK 85 62117 49352502 19.25 55 5262839 3760093174 2631827162 555.3155 499.784 ok

5.4. Performance Analysis According to TBDY-2018

5.4.1. Existing building

The building has a three-dimensional model. The building has four floors with a

rigid diaphragm, and columns and beams are described as rod elements.

Figure 5.19: 3D Perspective View.
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The effective section stiffness factors are applied to the bar, and shell members
under bending effect. These values are taken from Table 3.4. According to Equation
4.5 and Equation 4.6, effective section stiffnesses are calculated.

After defining the effective section stiffness factors for the elements in the
established model, the boundary conditions in the regulation were validated in order
to execute the pushover analysis. The construction has been observed to meet the
boundary conditions. The ratio of the effective mass of the first (dominant) vibration
mode, calculated by assuming linear elastic behavior in both earthquake directions, to
the mass participation of the whole building corresponds to the value of 0.70 (Table
5.3).

Table 5.3: Mass Participation Rate.

Modal Mass Participation Rate
Mod ' Period UX Uy
1 1.3 1 0.8434
2 1.1 0.7981

The torsional irregularity coefficient calculated by assuming linear elastic

behavior in both earthquake directions satisfies the condition nbi < 1.4. (Table 5.4,
Table 5.5)

Table 5.4: X- Direction Torsional Irregularity.

Y - Direction
Load Case/Combo  Maximum Drift Average Drift  Ratio
Story KONTROL
DIRECTION m m nbi>1,4
Floor4 EQX 0.0038 0.0036 1.0554 OK
Floor3 EQX 0.0059 0.0056 1.0536 OK
Floor2 EQX 0.0069 0.0066 1.0520 OK
Floorl EQX 0.0045 0.0043 1.0499 OK

60



Table 5.5: Y- Direction Torsional Irregularity.

X- Direction
Load Case/Combo  Maximum Drift Average Drift  Ratio
Story KONTROL
DIRECTION m m nbi>1,4
Floor4 EQY 0.0034 0.0030 1.1456 OK
Floor3 EQY 0.0050 0.0044 1.1479 OK
Floor2 EQY 0.0057 0.0049 1.1504 OK
Floorl EQY 0.0035 0.0030 1.1537 OK

After it is comprehended that the building meets the requirements of the
pushover analysis, the building is pushed up to a particular value, and a pushover curve
is obtained as the base shear force-peak displacement (Vix-unx) relationship for both

earthquake directions. (Figure 5.20, Figure 5.21)

X - Direction
6000 -
5000 -
4000 A
4
X 3000 -
> i — Existing
2000 Building
1000 ~
0 T T T !
0 0.1 0.2 0.3 0.4
um)

Figure 5.20: X - Direction Base Shear Force-peak Displacement Graph.

Y - Direction

5000 -

4000 -

= 3000 -
X

<’ 2000 -

Existing Building
1000

0 0005 001 0015 002 0025
u(M)

Figure 5.21: Y - Direction Base Shear Force-peak Displacement Graph.
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After pushing the building up to a certain point, the pushover curve was obtained.
In order to find the pushover demanded by the earthquake by placing this curve inside
the linear earthquake spectrum, which is the spectral displacement-spectral
acceleration (Sde-Sae) graph, the base shear force-peak displacement (Vtx-uNXx) is
converted, and its coordinates are modal displacement-modal acceleration (d1, al)

modal capacity diagram with has been created.

Table 5.6: Values from the Modal Analysis.

Direction X Y
Ty 23 23.5
D1 3.50E-02 3.10E-02
YM(t) 5542 5542
Modal mass 0.84 0.79
My 2512 2506
X- Direction
1.2 -
1.0 -
@0.8 .
EO.G -
< 0.4 A — Existing Building
0.2
0.0 T T T T S
0.000 0.050 0.100 0.150 0.200 0.250

d(m)

Figure 5.22: X - Direction Modal Capacitance Diagram.

Y- Direction
0.8 A
0.6 A
¥
£04 1
< .. P
0 | Existing Building
0.0 T T T T T 1
0.000 0.005 0.010 0.015 0.020 0.025 0.030
d(m)

Figure 5.23: Y - Direction Modal Capacitance Diagram.
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Sps (short-period design spectral acceleration coefficient) and Sp1 (map spectral

acceleration coefficient for 1.0 second period) were found depending on the ground

group and earthquake ground level on the "Turkey Earthquake Hazard Map", which

was put into practice with TBDY-2018 [18]. By using these values, the horizontal

elastic design spectrum is formed. (Figure 5.24)

Rapor Basligi: Location
Deprem Yer Hareketi Dizeyi DD-2 50 yilda asilma olasiligi %10 (tekrarlanma periyodu 475 yil) olan deprem yer hareketi diizeyi
Yerel Zemin Sinifi ZC Cok siki kum, cakil ve sert kil tabakalan veya ayrismis, cok catlakl zayif kayalar
Enlem: 40.789965°
Boylam 29.492587°
Ciktilar
Ss=1.361 5, =0.373 PGA=0.562 PGV=42.657
Figure 5.24: TDTH output.
Horizontal Elastic Design Spectrum
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©
5 _ 14.0
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= E 8.0
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=
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I 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0
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The gen

Figure 5.25: Elastic Acceleration Spectrum Graph.

erated horizontal elastic design spectrum and the modal capacity

diagram are superimposed, and the linear elastic spectral displacement value of the

building is fou

nd. These elastic displacement demands were found using the Sae-Sde

(Sae-Sde curve) values corresponding to the period of the building. It is 12 cm for the
X direction and 7.5 cm for the Y direction. (Figure 5.26, Figure 5.27)
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X - Direction

18.00
16.00
14.00
12.00
10.00

8.00

6.00

4.00

2.00 i

0.00 A

0 0.1 0.2 0.3 0.4 0.5
d & Sde

a & Sae (m/s2)

Sae(a)-Sde(d) a-d (w1)*2 =-#»--Demand displacement

Figure 5.26: X - Direction Modal Displacement Request.

Y - Direction

18.00

16.00
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10.00
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4.00 i
2.00 i
0.00 A

0 0.05 0.1 0.15 0.2

d & Sde
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Sae(a)-Sde(d) a-d --»--Demand displacement (1)"2

Figure 5.27: Y - Direction Modal Displacement Request.

The linear elastic spectral displacement value of the building was converted into
nonlinear spectral displacement value with the help of the spectral displacement ratio
CR. The period of the building is 1.3 s and 1.10 s in the X and Y directions,
respectively. Since these values are greater than the TB value, which is the corner
period found depending on the ground where the building is located, the CR value is

taken as 1 in accordance with the equal displacement rule [18]
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The nonlinear spectral displacement value of the building was calculated. The
demand displacement value of the building is calculated by multiplying this value by
the amplitude of the constant mode shape and the modal contribution factor, which did
not change at all during the pushover calculation. These values were calculated as 20
cm for the X direction and 2.6 cm for the Y direction. (Table 5.7)

Table 5.7: X-Y direction nonlinear demand displacement values.

X Direction Y Direction
Tx>Ts Ty>Ts

a 0.78 m/s2 a 1.2 m/s2
d 0.12 m d 0.12 m
w 22.51 - w 19.46 --
w 451 rad/s w 6.21 rad/s
T 1.3 S T 1.1 S
Sae 3.3 m/s2 | Sae 45 m/s2
Sde 0.12 m Sde 0.075 m
CR 1 -- CR 1 --
Sdi 0.12 m Sdi 0.075 m
di 0.20 m di 0.026 m

At this stage, the elements in the existing state of the building have been examined.
Plastic hinges are used to detect damage in the elements. The distributed plastic hinge
model is employed in columns. For beams, the stacked plastic hinge model is
employed. Plastic hinges are used in columns and beams just outside the connection
locations.

The boundary plastic rotation values of the sections were calculated according
to each performance level. Pre-failure curvature (¢u), the section from concrete or steel
materials is the maximum strain curvature one can achieve. The yield curvature (¢y)
is the yield curvature of the reinforcement in the section. The plastic hinge length (Lp)
is equal to half the height of the section in the running direction. The shear span (Ls)
is taken as half of the net span in the column beams. The mean longitudinal bar
diameter (db) is the mean longitudinal bar diameter in the section [18]. With the help
of these values, the “Before Collapse” plastic rotation limit value was calculated.

Multiplying the plastic rotation limit value before collapse by 0.75 gave the
“Controlled Damage” plastic rotation limit value. The plastic rotation limit value
section of “Limited Damage”, which is the first damage limit, is taken into account as

0 (zero).
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60 % « [(qbu — )L, (1 - 0.52—’5’) + 4.5¢ud,,]

KM = 0.75 x 9 (5.1)

SH) _—
6 5H) =0

Pre-failure curvature in the X and Y direction of the columns are calculated,
when the demand displacement value of the earthquake is applied to the building, the
plastic rotation values formed in the elements are taken. These values were compared
with the limit values and the damage status of the building was checked.

Since the spacing of stirrups in columns and beams is much higher than the range
specified in the regulations, the uncoated concrete model is used as the material
behavior. Plastic rotation limit values are calculated for each element according to
material capacity. Unit deformation “Limited Damage” limit value is 0.0035,
“Controlled Damage Limit” limit value is 0.0026, “Prevention of Migration” limit
value is 0.0025, which is the same for each element.

While evaluating the existing buildings, it is aimed to ensure that people leave
the building alive after the earthquake. In the regulation, this requirement is referred
to as "Controlled Damage Performance Level". According to the Controlled Damage
performance level, the contribution of the columns to the shear force carried by the
columns at each floor should be less than 20% [18].

Table 5.8: Damage Values in the X- Direction on the Columns.

6Lower 6uppr Damage  Damage
Story  Column Section 60 g0 G;GD’ (K (K G;,K") £S5 £S5 8,(,5"’

hinges hinges status status
4stry C1l C-60/35 0.004 0.032 0.0037 0.003 0.024 0.00278 0.0025 0.008 0 4.49E-03 3.47E-03 GH IH
4stry C5 C-60/35 0.004 0.032 0.005 0.003 0.024 0.00375 0.0025 0.008 0 2.54E-04 4.64E-04 BH GH
4stry Cé C-60/35 0.004 0.032 0.0037 0.003 0.024 0.00278 0.0025 0.008 0 8.03E-04 3.62E-03 GO GO
4stry Cc7 C-60/35 0.004 0.032 0.0058 0.003 0.024 0.00435 0.0025 0.008 0 3.00E-04 3.57E-04 IH BH
4stry Cc2 C-60/35 0.004 0.032 0.0044 0.003 0.024 0.0033 0.0025 0.008 0 7.32E-04 1.95E-03 BH BH
4stry C13 C-60/35 0.004 0.032 0.004 0.003 0.024 0.003 0.0025 0.008 0 1.15E-03 1.61E-03 BH IH
4stry C16 C-60/30 0.004 0.032 0.004 0.003 0.024 0.003 0.0025 0.008 0 9.86E-03 1.37E-03 GH IH
4stry C19 C-60/30 0.004 0.032 0.0044 0.003 0.024 0.0033 0.0025 0.008 0 4.13E-04 3.14E-03 GO IH
4stry Cc22 C-60/30 0.004 0.032 0.005 0.003 0.024 0.00375 0.0025 0.008 0 1.70E-04 2.01E-04 BH BH
4stry C25 C-60/35 0.004 0.032 0.0046 0.003 0.024 0.00345 0.0025 0.008 0 3.21E-04 5.72E-03 IH GH
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Table 5.9: Damage Values in the Y- Direction on the Columns.

6Lower Quppr Damage  Damage
Story  Column Section £60 gﬁ”o’ B;GO) K sk B;KH) £ £ 9;,5")

hinges hinges status status
4stry C1 C-60/35 0.004 0.032 0.0036 0.003 0.024 0.002692 0.0025 0.008 0 5.49E-03 4.47E-3 GH IH
4stry C5 C-60/35 0.004 0.032 0.0049 0.003 0.024 0.003638 0.0025 0.008 0 4.97E-03 3.47E-02 GO IH
4stry C6 C-60/35 0.004 0.032 0.0036 0.003 0.024 0.002692 0.0025 0.008 0 8.03E-04 3.62E-03 BH GO
4stry c7 C-60/35 0.004 0.032 0.0056 0.003 0.024 0.00422 0.0025 0.008 0 3.00E-04 3.57E-04 IH BH
4stry c2 C-60/35 0.004 0.032 0.0043 0.003 0.024 0.003201 0.0025 0.008 0 7.32E-04 1.95E-03 BH BH
4stry C13 C-60/35 0.004 0.032 0.0039 0.003 0.024 0.00291 0.0025 0.008 0 1.15E-03 1.61E-03 GO IH
4stry C16 C-60/30 0.004 0.032 0.0039 0.003 0.024 0.00291 0.0025 0.008 0 9.86E-04 1.37E-03 BH BH
4stry C19 C-60/30 0.004 0.032 0.0043 0.003 0.024 0.003201 0.0025 0.008 0 4.13E-04 3.14E-04 GO IH
4stry Cc22 C-60/30 0.004 0.032 0.0049 0.003 0.024 0.003638 0.0025 0.008 0 1.70E-04 2.01E-04 BH BH
4stry C25 C-60/35 0.004 0.032 0.0045 0.003 0.024 0.003347 0.0025 0.008 0 3.21E-04 3.72E-04 BH BH

The shear force corresponding to brittle fracture in columns and beams was
compared with the capacities of these load-bearing elements and it was checked
whether the elements were “ductile” or “brittle”. The shear force is determined

according to the calculation in TS500 [9]. (Table 5.10, Table 5.11, Table 5.12)

Table 5.10: X - Direction Shear Control on Columns.

X - Direction
Column Information Concrete Contribution Stirrup Contribution Check
Fracture
sory | Comn g8 B fmo oo Aeem | e | N e e | | e | T
4stry c1 600 350 28 22 01 160207 210000 142 114 79 150 365 67 181 32 DUCTILE
4stry cs 600 350 28 22 01 304197 210000 142 114 79 150 365 67 181 14 DUCTILE
astry [ 600 350 28 22 01 301900 210000 142 114 79 150 365 67 181 21 DUCTILE
astry c1 600 350 28 22 01 304107 210000 142 114 79 150 365 67 181 30 DUCTILE
astry c2 600 350 28 22 01 160207 210000 142 114 79 150 365 67 181 21 DUCTILE
4stry c13 600 350 28 22 01 203 210000 142 114 79 150 365 67 181 53 DUCTILE
4stry c16 600 300 28 22 01 54609 180000 122 98 79 150 365 57 155 51 DUCTILE
4stry c19 600 300 28 22 01 542 180000 122 98 79 150 365 57 155 38 DUCTILE
astry c22 600 300 28 22 01 546 180000 122 98 79 150 365 57 155 32 DUCTILE
4stry c25 600 300 28 22 01 203 180000 122 98 79 150 365 57 155 14 DUCTILE
4stry c12 600 350 28 22 01 284 210000 142 114 79 150 365 67 181 21 DUCTILE
4stry cis 600 300 28 22 01 227 180000 122 98 79 150 365 57 155 30 DUCTILE
Table 5.11: Y - Direction Shear Control on Columns
Y - Direction
Column Information Concrete Contribution Stirrup Contribution Check Eracture
Sory | Comn | 0N m | wdh e T i3 e R S - R S I
astry c1 600 350 28 22 01 162301 210000 142 114 79 150 365 66 182 53 DUCTILE
astry cs 600 350 28 22 01 302157 210000 142 114 79 150 365 66 182 51 DUCTILE
astry [ 600 350 28 22 01 302358 210000 142 114 79 150 365 66 182 38 DUCTILE
astry c7 600 350 28 22 01 304078 210000 142 114 79 150 365 66 182 32 DUCTILE
astry c2 600 350 28 22 01 246207 210000 142 114 79 150 365 66 182 14 DUCTILE
astry c13 600 350 28 22 01 271 210000 142 114 79 150 365 66 182 21 DUCTILE
astry c16 600 300 28 22 01 53278 180000 122 98 79 150 365 56 156 30 DUCTILE
astry c19 600 300 28 22 01 456 180000 122 98 79 150 365 56 156 38 DUCTILE
astry c22 600 300 28 22 01 456 180000 122 98 79 150 365 56 156 32 DUCTILE
astry c25 600 300 28 22 01 237 180000 122 98 79 150 365 56 156 14 DUCTILE
astry c12 600 350 28 22 01 248 210000 142 114 79 150 365 66 182 21 DUCTILE
astry c1s 600 300 28 22 01 273 180000 122 98 79 150 365 56 156 30 DUCTILE
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Table 5.12: Shear Control in Beams.

X-Y Direction
Beam Information Concrete Contribution Stirrup Contribution Check

b d fun fun Ac Ve Ve Aw s fo Ve Vv, e
Story Beam (o) (mm)  (MPa)  (MPa)  (mm2)  (kN)  (N)  (mm2)  (mm)  (MPa)  (kN)  (kN)  (kN) Type
stry B1 450 300 28 2.2 135000 102 82 79 150 365 21 103 89 DUCTILE
4stry B2 450 300 28 2.2 135000 102 82 79 150 365 21 103 120 DUCTILE
4stry B3 450 300 28 22 135000 114 91 79 150 365 21 112 142 DUCTILE
4stry B4 450 300 28 2.2 135000 114 91 79 150 365 21 112 174 DUCTILE
4stry B5 450 300 28 22 135000 38 30 79 150 365 35 65 42 DUCTILE
4stry B6 500 300 28 2.2 150000 38 30 79 150 365 35 65 42 DUCTILE
4stry B7 500 300 28 2.2 150000 79 64 79 150 365 21 84 31 DUCTILE
4stry B8 500 300 28 22 150000 79 64 79 150 365 21 84 36 DUCTILE
4stry B9 500 300 28 22 150000 38 30 79 150 365 35 65 37 DUCTILE
4stry B10 500 300 28 22 150000 38 30 79 150 365 35 65 24 DUCTILE
4stry B11 450 300 28 2.2 135000 40 32 79 150 365 21 53 12 DUCTILE

5.4.2. Diagonal bracing building

The building has a three-dimensional model. The building has four floors with

a rigid diaphragm, and columns and beams are described as rod elements.

Figure 5.28: 3D Perspective View.

Table 5.13: Mass Participation Rate.

Modal Mass Participation Rate
Mod ' Period UX Uy
1 0.73  0.8613
2 0.69 0.8328

The torsional irregularity coefficient calculated by assuming linear elastic
behavior in both earthquake directions satisfies the condition nbi < 1.4. (Table 5.14,
Table 5.15).
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Story

Floor4
Floor3
Floor2
Floorl

Story

Floor4
Floor3
Floor2
Floorl

Table 5.14: X - Direction Torsional Irregularity.

Load Case/Combo

DIRECTION

EQX
EQX
EQX
EQX

Y - Direction
Average Drift

Maximum Drift

m
0.003749
0.005819
0.006895
0.004516

m

0.0032220
0.0054429
0.0065740
0.0043445

Ratio
nbi>1,4
1.163563004
1.069099193
1.048828719
1.039475199

Table 5.15: - Direction Torsional Irregularity.

Load Case/Combo
DIRECTION

EQY
EQY
EQY
EQY

X- Direction
Average Drift

Maximum Drift
m
0.003359
0.004998
0.005671
0.003488

m

0.0029715
0.0043935
0.0049690
0.0030625

Ratio
nbi>1,4
1.130405519
1.137589621
1.141275911
1.138938776

KONTROL

OK
OK
OK
OK

KONTROL

OK
OK
OK
OK

After it is comprehended that the building meets the requirements of the

pushover analysis, the building is pushed up to a particular value, and a pushover curve

is obtained as the base shear force-peak displacement (Vix-unx) relationship for both

earthquake directions. (Figure 5.29, Figure 5.30)

1
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0.3

Figure 5.29: X - Direction base Shear Force-peak Displacement Graph.
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Y - Direction
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Figure 5.30: Y - Direction base Shear Force-peak Displacement Graph.

Table 5.16: Values from the Modal Analysis.

Direction X Y
Ty 21 24
D1 3.50E-02 3.10E-02
Y M(t) 5542 5542
Modal mass 0.86 0.83
M, 2512 2506
X- Direction
2.0
1.8
1.6
1.4
Q12
210
T 0.8 i ;
06 Diagonal Bracing
0.4
0.2
0.0
0.00 0.05 0.10 0.15 0.20
d(m)

Figure 5.31: X-direction Modal Capacitance Diagram.
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Figure 5.32: Y-direction Modal Capacitance Diagram.

The generated horizontal elastic design spectrum and the modal capacity
diagram are superimposed, and the linear elastic spectral displacement value of the
building is found. These elastic displacement demands were found using the Sae-Sde
(Sae-Sde curve) values corresponding to the period of the building. It is 11 cm for the
X direction and 7.0 cm for the Y direction. (Figure 5.33, Figure 5.34)

X- Direction
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Sae(a)-Sde(d) a-d (w1)*2 --#»-- Demand displacement

Figure 5.33: X - Direction Modal Displacement Request.
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Y - Direction
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Figure 5.34: Y - Direction Modal Displacement Request.

The linear elastic spectral displacement value of the building was converted into
nonlinear spectral displacement value with the help of the spectral displacement ratio
CR. The period of the building is 0.73 s and 0.69 s in the X and Y directions,
respectively. Since these values are greater than the TB value, which is the corner
period found depending on the ground where the building is located, the CR value is
taken as 1 in accordance with the equal displacement rule [18].

The nonlinear spectral displacement value of the building was calculated. The
demand displacement value of the building is calculated by multiplying this value by
the amplitude of the constant mode shape and the modal contribution factor, which did
not change at all during the pushover calculation. These values were calculated as 20
cm for the X direction and 2.5 cm for the Y direction. (Table 5.17)

Table 5.17: X-Y Direction Nonlinear Demand Displacement Values.

X Direction Y Direction
Tx>Ts Ty>Ts
a 02 mis2 a 1.2 mis2
d 0.18 m d 0.12 m
w | 2251 -- w | 19.46 --
w 251 radls | w 3.21  rad/s
T 0.73 s T 0.69 s

Sae 3.3 m/s2 = Sae 45 m/s2
Sde 0.12 m Sde  0.075 m

CR 1 -- CR 1 --
Sdi | 0.12 m Sdi | 0.07 m
di 0.20 m di | 0.025 m
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Table 5.18: Damage Values in the X- Direction on the Columns.

6Lower Quppr Damage  Damage
Story  Column Section £60 gﬁ”o’ 9;60) K sk G;KH) £ £ Q;SH)

hinges hinges status status
4stry C1 C-60/35 0.004 0.032 0.0035 0.003 0.024 0.002596 0.0025 0.008 0 1.49E-04 4.47E-04 BH IH
4stry C5 C-60/35 0.004 0.032 0.0047 0.003 0.024 0.003508 0.0025 0.008 0 2.54E-04 4.64E-04 BH BH
4stry C6 C-60/35 0.004 0.032 0.0035 0.003 0.024 0.002596 0.0025 0.008 0 8.03E-04 3.62E-03 BH BH
4stry c7 C-60/35 0.004 0.032 0.0054 0.003 0.024 0.004069 0.0025 0.008 0 3.00E-04 3.57E-04 IH BH
4stry c2 C-60/35 0.004 0.032 0.0041 0.003 0.024 0.003087 0.0025 0.008 0 7.32E-04 1.95E-03 BH BH
4stry C13 C-60/35 0.004 0.032 0.0037 0.003 0.024 0.002806 0.0025 0.008 0 1.15E-03 0 BH SH
4stry C16 C-60/30 0.004 0.032 0.0037 0.003 0.024 0.002806 0.0025 0.008 0 9.86E-04 1.37E-03 IH BH
4stry C19 C-60/30 0.004 0.032 0.0041 0.003 0.024 0.003087 0.0025 0.008 0 0 3.14E-04 SH IH
4stry Cc22 C-60/30 0.004 0.032 0.0047 0.003 0.024 0.003508 0.0025 0.008 0 1.70E-04 2.01E-04 BH BH
4stry C25 C-60/35 0.004 0.032 0.0043 0.003 0.024 0.003227 0.0025 0.008 0 0 3.72E-04 SH BH

Table 5.19: Damage Values in the Y- Direction on the Columns.

_ OLower Buppr Damage Damage
Story  Column  Section 60 6O IS £K0D £k 8 50 £S5 gl
hinges hinges status status
4stry C1 C-60/35 0.004 0.032 0.0034 0.003 0.024 0.002581 0.0025 0.008 0 1.49E-04 4.47E-04 BH IH
4stry C5 C-60/35 0.004 0.032 0.0047 0.003 0.024 0.003488 0.0025 0.008 0 2.54E-04 4.64E-04 BH BH
4stry Cé6 C-60/35 0.004 0.032 0.0034 0.003 0.024 0.002581 0.0025 0.008 0 8.03E-04 0 BH SH
4stry c7 C-60/35 0.004 0.032 0.0054 0.003 0.024 0.004046 0.0025 0.008 0 3.00E-04 3.57E-04 IH BH
4stry c2 C-60/35 0.004 0.032 0.0041 0.003 0.024 0.003069 0.0025 0.008 0 7.32E-04 1.95E-03 BH BH
4stry C13 C-60/35 0.004 0.032 0.0037 0.003 0.024 0.00279 0.0025 0.008 0 1.15E-03 1.61E-03 BH BH
4stry C16 C-60/30 0.004 0.032 0.0037 0.003 0.024 0.00279 0.0025 0.008 0 9.86E-04 1.37E-03 BH BH
4stry C19 C-60/30 0.004 0.032 0.0041 0.003 0.024 0.003069 0.0025 0.008 0 4.13E-04 3.14E-04 BH IH
4stry Cc22 C-60/30 0.004 0.032 0.0047 0.003 0.024 0.003488 0.0025 0.008 0 1.70E-04 2.01E-04 BH BH
4stry C25 C-60/35 0.004 0.032 0.0043 0.003 0.024 0.003209 0.0025 0.008 0 3.21E-04 3.72E-04 BH BH

The shear force corresponding to brittle fracture in columns was compared with
the capacities of these load-bearing elements and it was checked whether the elements

were “ductile” or “brittle”. The shear force is determined according to the calculation

in TS500 [9]. (Table 5.20, Table 5.21)

Table 5.20: X - Direction Shear Control on Columns.

X - Direction
Column Information Concrete Contribution Stirrup Contribution Check

Fracture

story | Column bw d fom fom . Na ) Ac Vor Ve Asw s [ Vi Ve Ve Type
(mm) (mm) (MPa) (MPa) (mm?) (kN) (kN) (mm?) (mm) (MPa) (kN) (kN) (kN)

4stry C1l 600 350 28 22 0.07 147871.061 210000 142 110 79 150 365 67 164 48.919 DUCTILE
4stry C5 600 350 28 22 0.07 280773.831 210000 142 110 79 150 365 67 164 47.073 DUCTILE
4stry C6 600 350 28 22 0.07 278653.7 210000 142 110 79 150 365 67 164 35.074 DUCTILE
4stry c7 600 350 28 22 0.07 280773.831 210000 142 110 79 150 365 67 164 29.536 DUCTILE
4stry c2 600 350 28 22 0.07 147871.061 210000 142 110 79 150 365 67 164 12.922 DUCTILE
4stry C13 600 350 28 22 0.07 270.439 210000 142 110 79 150 365 67 164 19.383 DUCTILE
4stry C16 600 300 28 22 0.07 50404.107 180000 122 94 79 150 365 57 138 27.69 DUCTILE
4stry C19 600 300 28 22 0.07 500.266 180000 122 94 79 150 365 57 138 35.074 DUCTILE
4stry C22 600 300 28 22 0.07 503.958 180000 122 94 79 150 365 57 138 29.536 DUCTILE
4stry C25 600 300 28 22 0.07 270.439 180000 122 94 79 150 365 57 138 12.922 DUCTILE
4stry C12 600 350 28 22 0.07 262.132 210000 142 110 79 150 365 67 164 19.383 DUCTILE
4stry C15 600 300 28 22 0.07 209.521 180000 122 94 79 150 365 57 138 27.69 DUCTILE
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Story

4stry
4stry
4stry
A4stry
A4stry
4stry
4stry
4stry
4stry
4stry
4stry
4stry

5.4.3. Inverted bracing building

rigid diaphragm, and columns and beams are described as rod elements.

Column Information

Column

C1
C5
C6
c7
Cc2
C13
C16
C19
C22
C25
C12
C15

(mm

bw
)
600
600
600
600
600
600
600
600
600
600
600
600

Table 5.21: Y - Direction Shear Control on Columns.

(mm)
350
350
350
350
350
350
300
300
300
300
350
300

fem
(MPa)

Concrete Contribution

fetm
(MPa)
2.2
2.2
2.2
2.2
2.2
2.2
2.2
2.2
2.2
2.2
2.2
2.2

Y

0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07

Nd (N)

145788.37
276819.27
274729
276819.27
145788.37
266.63
49694.19
493.22
496.86
266.63
258.44
206.57

Y - Direction

AC
(mm2)
210000
210000
210000
210000
210000
210000
180000
180000
180000
180000
210000
180000

Ver
(kN)
142
142
142
142
142
142
122
122
122
122
142
122

Ve
(kN)
110
110
110
110
110
110
94
94
94
94
110
94

ASW
(mm2)
79
79
79
79
79
79
79
79
79
79
79
79

Stirrup Contribution

s
(mm)
150
150
150
150
150
150
150
150
150
150
150
150

fywd

(MPa)
365
365
365
365
365
365
365
365
365
365
365
365

vw

(kN)
67
67
67
67
67
67
57
57
57
57
67
57

Check

vr vd

(kN) | (kN)
164 48.23
164 46.41
164 34.58
164 29.12
164 12.74
164 19.11
138 273
138 34.58
138 29.12
138 12.74
164 19.11
138 273

Fracture
Type

DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE

The building has a three-dimensional model. The building has four floors with a

Figure 5.35: 3D Perspective View.

Table 5.22: Mass Participation Rate.

Modal Mass Participation Rate
Mod | Period
0.31
0.28

1
2

UX
0.8434

uy

0.7978
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The torsional irregularity coefficient calculated by assuming linear elastic

behavior in both earthquake directions satisfies the condition nbi < 1.4. (Table 5.23,
Table 5.24)

Story

Floor4
Floor3
Floor2
Floorl

Story

Floor4
Floor3
Floor2
Floorl

Table 5.23: X - Direction Torsional Irregularity.

Load Case/Combo
DIRECTION
EQX
EQX
EQX
EQX

Y - Direction
Maximum Drift  Average Drift
m m
0.003853 0.0034582
0.005829 0.0055234
0.006894 0.0065740
0.004342 0.0043215

Ratio
nbi>1,4
1114163438
1.05532824
1.048676605
1.004743723

Table 5.24: Y - Direction Torsional Irregularity.

Load Case/Combo
DIRECTION
EQY
EQY
EQY
EQY

X- Direction
Maximum Drift  Average Drift
m m
0.003269 0.0029222
0.004908 0.00485501
0.005581 0.0049995
0.003398 0.003077

Ratio
nbi>1,4
1.118677709
1.010914499
1.116311631
1.104322392

KONTROL

OK
OK
OK
OK

KONTROL

OK
OK
OK
OK

After it is comprehended that the building meets the requirements of the

pushover analysis, the building is pushed up to a particular value, and a pushover curve

is obtained as the base shear force-peak displacement (Vix-Unx) relationship for both

earthquake directions. (Figure 5.36, Figure 5.37)
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12000 -
10000 -
8000 -
6000 -

V(KN)

4000 A
2000 -

X - Direction

Inverted V bracing

Figure 5.36: X - Direction base Shear Force-peak Displacement Graph.

8000 -
7000 o
6000 o
= 5000 A
¥ 4000 -
> 3000 -
2000 A
1000 -

0.1 0.2 03 04
U(M)

Y - Direction

— Inverted V bracing

0

Figure 5.37: Y - Direction base Shear Force-peak Displacement Graph.

0.002

0.006 0.008 0.01 0.012

U(M)

0.004

Table 5.25: Values from the Modal Analysis.

Direction X Y
Tyt 20.7 22.4
D1 3.50E-02 3.10E-02
YM(t) 5542 5542
Modal mass 0.81 0.80
M; 2512 2506
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X- Direction

2.5
2.0
¥ 15
£10

— Inverted V bracing
0.5
0.0

0.00 0.05 0.10 0.15 0.20

d(m)

Figure 5.38: X — Direction Modal Capacitance Diagram.

Y- Direction

1.6
14

< 1.0 S
w

T 0.6 -
0.4 -
0.2 -
0.0 - . .

0.000 0.005 0.010 0.015

d(m)

Inverted V bracing

Figure 5.39: Y — Direction Modal Capacitance Diagram.

The generated horizontal elastic design spectrum and the modal capacity
diagram are superimposed, and the linear elastic spectral displacement value of the
building is found. These elastic displacement demands were found using the Sae-Sde
(Sae-Sde curve) values corresponding to the period of the building. It is 12 cm for the
X direction and 7.5 cm for the Y direction. (Figure 5.40, Figure 5.41)
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X Direction

18.00
16.00
14.00
12.00
10.00
8.00
6.00
4.00
2.00

0.00 A
0 0.1 0.2 0.3 0.4 0.5

d & Sde

a & Sae (m/s2)

Sae(a)-Sde(d) a-d (w1)*2 =-»--Demand displacement

Figure 5.40: X - Direction Modal Displacement Request.

Y - Direction

18.00
16.00
14.00
12.00
10.00
800 Aicicicioion 2
6.00 i
4.00 !
2.00
0.00 A
0 0.05 0.1 0.15 0.2

d & Sde

a & Sae (m/s2)

Sae(a)-Sde(d) - -~ - - Demand displacement (o1)*2 a-d

Figure 5.41: Y - Direction Modal Displacement Request.

The linear elastic spectral displacement value of the building was converted into
nonlinear spectral displacement value with the help of the spectral displacement ratio
CR. The period of the building is 0.31 s and 2.8 s in the X and Y directions,
respectively. Since these values are greater than the TB value, which is the corner
period found depending on the ground where the building is located, the CR value is

taken as 1 in accordance with the equal displacement rule [18].
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Story

4stry
4stry
4stry
astry
astry
astry
4stry
4stry
astry

4stry

Story

4stry
4stry
4stry
4stry
4stry
4stry
4stry

4stry

The nonlinear spectral displacement value of the building was calculated. The

demand displacement value of the building is calculated by multiplying this value by

the amplitude of the constant mode shape and the modal contribution factor, which did

not change at all during the pushover calculation. These values were calculated as 20
cm for the X direction and 2.3 cm for the Y direction. (Table 5.26)

Column

C1

Cc5

Cé

c7

Cc2

C13

C16

C19

C22

C25

Column

C1

C5

Cé

c7

c2

C13

C22

C25

Table 5.26: X — Y Direction Nonlinear Demand Displacement Values.

Table 5.27:

Section

C-60/35

C-60/35

C-60/35

C-60/35

C-60/35

C-60/35

C-60/30

C-60/30

C-60/30

C-60/35

2200)

0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004

0.004

egm)

0.032
0.032
0.032
0.032
0.032
0.032
0.032
0.032
0.032

0.032

Table 5.28

Section

C-60/35

C-60/35

C-60/35

C-60/35

C-60/35

C-60/35

C-60/30

C-60/35

£60)

0.004
0.004
0.004
0.004
0.004
0.004
0.004

0.004

£60)

0.032
0.032
0.032
0.032
0.032
0.032
0.032

0.032

X Direction
Tx>Ts

a 0.2

d 0.18
w 21.22
w 2.31
T 0.31
Sae 3.3
Sde 0.12
CR 1
Sdi 0.12
di 0.20

(GO)
oy

0.0037
0.0049
0.0037
0.0057
0.0043
0.0039
0.0039
0.0043
0.0049

0.0045

KD

0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003

0.003

KD

0.024
0.024
0.024
0.024
0.024
0.024
0.024
0.024
0.024

0.024

(KH)
BP

0.002739
0.003701
0.002739
0.004293
0.003257
0.002961
0.002961
0.003257
0.003701

0.003405

Y Direction

Ty>Ts
1.2
0.12
22.32
3.31
0.28

4.5
0.075

m/s2
m

rad/s
S
m/s2

1

0.07

0

£S5

0.0025
0.0025
0.0025
0.0025
0.0025
0.0025
0.0025
0.0025
0.0025

0.0025

.023

£S5

0.008
0.008
0.008
0.008
0.008
0.008
0.008
0.008
0.008

0.008

(sH)
81’

0

6Lower
hinges
1.49E-04
0
8.03E-04
0
7.32E-04
1.15E-03
9.86E-04
0
1.70E-04

3.21E-04

Damage Values in the X- Direction on the Columns.

Buppr
hinges

0
4.64E-04

0
3.57E-04
1.95E-03

0
1.37E-03
3.14E-04
2.01E-04

3.72E-04

: Damage Values in the Y- Direction on the Columns.

(GO)
oy

0.0036
0.0049
0.0036
0.0057
0.0043
0.0039
0.0049

0.0045

SEKH)

0.003
0.003
0.003
0.003
0.003
0.003
0.003

0.003

ngH)

0.024
0.024
0.024
0.024
0.024
0.024
0.024

0.024

(KH)
Bp

0.00272
0.003675
0.00272
0.004263
0.003234
0.00294
0.003675

0.003381

CE.SH)

0.0025
0.0025
0.0025
0.0025
0.0025
0.0025
0.0025

0.0025

S_ES")

0.008
0.008
0.008
0.008
0.008
0.008
0.008

0.008

(sH)
BP

0

6Lower
hinges
1.49E-04
2.54E-04
8.03E-04
0
7.32E-04
1.15E-03
1.70E-04

3.21E-04

Buppr
hinges

0
4.64E-04
3.62E-03
3.57E-04
1.95E-03

0
2.01E-04

3.72E-04

Damage
status
BH
SH
BH
SH
BH
BH
BH
SH
BH

BH

Damage
status
BH
SH
BH
SH
BH
BH
BH

BH
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Damage
status
SH
BH
SH
BH
BH
SH
BH
BH
BH

BH

Damage
status
SH
BH
BH
BH
BH
SH
BH

BH



The shear force corresponding to brittle fracture in columns was compared with

the capacities of these load-bearing elements and it was checked whether the elements

were “ductile” or “brittle”. The shear force is determined according to the calculation

in TS500 [9]. (Table 5.29, Table 5.30)

Story

astry
astry
astry
astry
astry
astry
astry
astry
astry
astry
astry

4sty

story

astry
astry
astry
astry
astry
astry
astry
astry
astry
astry
astry

asty

5.4.4. X bracing building

Table 5.29: X - Direction Shear Control on Columns.

Column Information

Column

c1

C5

c6

c7

c2

c13

C16

c19

c22

Cc25

c12

C15

bw
(mm)
600
600
600
600
600
600
600
600
600
600
600

600

(mm)
350
350
350
350
350
350
300
300
300
300
350

300

Table 5.30: Y - Direction Shear

Column Information

Column

C1

cs

C6

c7

c2

c13

C16

C19

c22

c25

Cc12

c15

b

(mm)
600
600
600
600
600
600
600
600
600
600
600

600

d
(mm)
350
350
350
350
350
350
300
300
300
300
350

300

fom
(MPa)

fem
(MPa)

Concrete Contribution

fom

(MPa)
22
22
22
22
22
22
22
22
22
22
22

22

T

Nd (N)
139380
264651
262653
264651

139380

Concrete Contribution

fom
(MPa)
22
22
22
22
22
22

22

v

Nd (N)
139380
264651
262653
264651
139380
255
47510
472
475

247

197

X - Direction
Ac Ve
(mm?) (kN)
210000 142
210000 142
210000 142
210000 142
210000 142
210000 142
180000 122
180000 122
180000 122
180000 122
210000 142
180000 122

Y - Direction

Ac Ver
(mm)  (kN)
210000 142
210000 142
210000 142
210000 142
210000 142
210000 142
180000 122
180000 122
180000 122
180000 122
210000 142
180000 122

Stirrup Contribution Check
Ve Asw s fywa Vw \' Va
®kN)  (mm)  (mm)  (MPa)  (kN)  (kN)  (kN)
110 79 150 365 67 164 46
110 79 150 365 67 164 44
110 79 150 365 67 164 33
110 79 150 365 67 164 28
110 79 150 365 67 164 12
110 79 150 365 67 164 18
94 79 150 365 57 138 2
94 79 150 365 57 138 33
94 79 150 365 57 138 28
94 79 150 365 57 138 12
110 79 150 365 67 164 18
94 79 150 365 57 138 2

Control on Columns.

Stirrup Contribution Check
Ve Asw s [ Vw 2 Ve
(kN) (mm?) (mm) (MPa) (kN) (kN) (kN)
110 79 150 365 67 164 46
110 79 150 365 67 164 44
110 79 150 365 67 164 33
110 79 150 365 67 164 28
110 79 150 365 67 164 12
110 79 150 365 67 164 18
[ 79 150 365 57 138 2
9% 79 150 365 57 138 33
[ 79 150 365 57 138 28
[ 79 150 365 57 138 12
110 79 150 365 67 164 18
[ 79 150 365 57 138 2

Fracture
Type
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE

DUCTILE

Fracture
Type
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE

DUCTILE

The building has a three-dimensional model. The building has four floors with

a rigid diaphragm, and columns and beams are described as rod elements.
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Figure 5.42: 3D Perspective View.

Table 5.31: Mass Participation Rate.

Modal Mass Participation Rate
Mod ' Period UX uy
1 0.59  0.8549
2 0.56 0.8412

The torsional irregularity coefficient calculated by assuming linear elastic
behavior in both earthquake directions satisfies the condition nbi < 1.4. (Table 4.32,
Table 4.33)

Table 5.32: X - Direction Torsional Irregularity.

Y - Direction
Story Load Case/Combo = Maximum Drift  Average Drift Ratio KONTROL
DIRECTION m m nbi>1,4
Floor4 EQX 0.003775 0.0035770  1.055353648 OK
Floor3 EQX 0.005851 0.0055535 1053569821 OK
Floor2 EQX 0.006916 0.0065740 1.052023121 OK
Floorl EQX 0.004537 0.0043215 1.049866944 oK
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Table 5.33: Y - Direction Torsional Irregularity.

X- Direction
Story Load Case/Combo  Maximum Drift  Average Drift Ratio KONTROL
DIRECTION m m nbi>1,4
Floor4 EQY 0.003248 0.0028449  1.141692151 OK
Floor3 EQY 0.004887 0.0043834  1.114887986 OK
Floor2 EQY 0.00556 0.0049480  1.123686338 OK
Floorl EQY 0.003377 0.0030314  1.11400673 OK

After it is comprehended that the building meets the requirements of the

pushover analysis, the building is pushed up to a particular value, and a pushover curve

is obtained as the base shear force-peak displacement (Vix-unx) relationship for both

earthquake directions. (Figure 5.43, Figure 5.44)

X - Direction

12000 -
10000 -
8000 -

6000 -

4000 -

2000 A

V(KN)

—— X bracing

0 0.1 0.2 0.3 0.4
u(M)

Figure 5.43: X - Direction base Shear Force-peak Displacement Graph.

X - Direction

8000 -
7000 -
6000 -
~ 5000 -
i 4000 -
> 3000 A
2000 -
1000 -

—— X bracing

0.006 0.008 0.01 0.012

U(M)

0 0.002 0.004

Figure 5.44: Y - Direction base Shear Force-peak Displacement Graph.
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Table 5.34: Values from the Modal Analysis

Direction X Y
Tyt 21.32 23.05
D1 3.50E-02 3.10E-02
Y M(t) 5542 5542
Modal mass 0.85 0.84
My 2512 2506
X- Direction
2.5 -
2.0 -
§ 15 -
~N
£0] ,
—— X bracing
0.5 -
0.0 . T T T \
0.00 0.05 0.10 0.15 0.20 0.25
d(m)

Figure 5.45: X — Direction Modal Capacitance Diagram.

Y- Direction

1.6 A
1.4 4
1.2 -
~ 1.0 -
< 0.8 -
£
w© 0.6 - —— X bracing
0.2 -
0.0 T T ]
0.000 0.005 0.010 0.015

d(m)

Figure 5.46: Y — Direction Modal Capacitance Diagram.

The generated horizontal elastic design spectrum and the modal capacity
diagram are superimposed, and the linear elastic spectral displacement value of the

building is found. These elastic displacement demands were found using the Sae-Sde
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(Sae-Sde curve) values corresponding to the period of the building. It is 12 cm for the

X direction and 7.5 cm for the Y direction. (Figure 5.47, Figure 5.48)

X- Direction

18.00

16.00
~ 14.00
2 12.00
< 10,00
8.00
6.00
4.00 ,
2.00
0.00

m/s2

a & Sae

0 0.1 0.2 0.3 0.4 0.5
d & Sde

Sae(a)-Sde(d) a-d

(w1)*2 --#»-- Demand displacement

Figure 5.47: X — Direction Modal Displacement Request.

Y - Direction

18.00

16.00
~ 14.00
12.00
~— 10.00
8.00
6.00
4.00
2.00
0.00

m/s2

a & Sae

0 0.05 0.1 0.15 0.2
d & Sde

Sae(a)-Sde(d) a-d

(w1)*2 ------ Demand displacement

Figure 5.48: Y — Direction Modal Displacement Request.

The linear elastic spectral displacement value of the building was converted into
nonlinear spectral displacement value with the help of the spectral displacement ratio
CR. The period of the building is 1.20 s and 1.10 s in the X and Y directions,
respectively. Since these values are greater than the TB value, which is the corner
period found depending on the ground where the building is located, the CR value is
taken as 1 in accordance with the equal displacement rule [18].

84



Story

4stry
4stry
4stry
astry
astry
4stry
4stry
4stry
astry

4stry

Story

4stry
4stry
4stry
4stry
4stry
4stry
4stry

astry

The nonlinear spectral displacement value of the building was calculated. The
demand displacement value of the building is calculated by multiplying this value by
the amplitude of the constant mode shape and the modal contribution factor, which did
not change at all during the pushover calculation. These values were calculated as 20
cm for the X direction and 2.3 cm for the Y direction. (Table 4.35)

Table 5.35: X- Y Direction Nonlinear Demand Displacement Values.

X Direction Y Direction
Tx>Ts Ty>Ts

a 0.2 m/s2 a 1.2 m/s2
d 0.18 m d 0.12 m
w 21.22 -- w 22.32 --
w 2.31 rad/s w 3.31 rad/s
T 0.59 S T 0.56 S
Sae 3.3 m/s2 | Sae 45 m/s2
Sde 0.12 m Sde 0.075 m
CR 1 -- CR 1 --
Sdi 0.12 m Sdi 0.07 m
di 0.20 m di 0.025 m

Table 5.36: Damage Values in the X- Direction on the Columns.

_ OLower Buppr Damage
Column Section 60 60 IS sk sk IS 50 £ I
hinges hinges status
C1 C-60/35 0.004 0.032 0.0046 0.003 0.024 0.003413 0.0025 0.008 0 0 0 SH
C5 C-60/35 0.004 0.032 0.0062 0.003 0.024 0.004613 0.0025 0.008 0 0 4.64E-04 SH
Cé6 C-60/35 0.004 0.032 0.0046 0.003 0.024 0.003413 0.0025 0.008 0 8.03E-04 0 BH
c7 C-60/35 0.004 0.032 0.0071 0.003 0.024 0.005351 0.0025 0.008 0 0 3.57E-04 SH
c2 C-60/35 0.004 0.032 0.0054 0.003 0.024 0.004059 0.0025 0.008 0 7.32E-04 1.95E-03 SH
C13 C-60/35 0.004 0.032 0.0049 0.003 0.024 0.00369 0.0025 0.008 0 1.15E-03 1.61E-03 BH
C16 C-60/30 0.004 0.032 0.0049 0.003 0.024 0.00369 0.0025 0.008 0 0 1.37E-03 SH
C19 C-60/30 0.004 0.032 0.0054 0.003 0.024 0.004059 0.0025 0.008 0 4.13E-04 3.14E-04 BH
C22 C-60/30 0.004 0.032 0.0062 0.003 0.024 0.004613 0.0025 0.008 0 1.70E-04 0 BH
C25 C-60/35 0.004 0.032 0.0057 0.003 0.024 0.004244 0.0025 0.008 0 0 3.72E-04 SH
Table 5.37: Damage Values in the Y- Direction on the Columns.
@Lower Ouppr Damage
Column Section SEGO) sggo) G;GD) S,(:KH) sgku) 9;’“’) sgsH) sﬁsm 8:,5")
hinges hinges status
C1 C-60/35 0.004 0.032 0.0048 0.003 0.024 0.003608 0.0025 0.008 0 0 4.47E-04 SH
C5 C-60/35 0.004 0.032 0.0065 0.003 0.024 0.004875 0.0025 0.008 0 0 4.64E-04 SH
C6 C-60/35 0.004 0.032 0.0048 0.003 0.024 0.003608 0.0025 0.008 0 8.03E-04 3.62E-03 BH
c7 C-60/35 0.004 0.032 0.0075 0.003 0.024 0.005655 0.0025 0.008 0 3.00E-04 0 BH
c2 C-60/35 0.004 0.032 0.0057 0.003 0.024 0.00429 0.0025 0.008 0 0 SH SH
C13 C-60/35 0.004 0.032 0.0052 0.003 0.024 0.0039 0.0025 0.008 0 0 1.61E-03 SH
C22 C-60/30 0.004 0.032 0.0065 0.003 0.024 0.004875 0.0025 0.008 0 1.70E-04 2.01E-04 BH
C25 C-60/35 0.004 0.032 0.0060 0.003 0.024 0.004485 0.0025 0.008 0 0 0 SH
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Damage
status
SH
BH
SH
BH
BH
SH
BH
SH
SH

BH

Damage
status
BH
BH
BH
SH
BH
BH
BH

SH



The shear force corresponding to brittle fracture in columns was compared with

the capacities of these load-bearing elements and it was checked whether the elements

were “ductile” or “brittle”. The shear force is determined according to the calculation

in TS500 [9]. (Table 5.38, Table 5.39)

story

astry
astry
astry
astry
astry
astry
astry
astry
astry
astry
astry

astry

Story

4stry
4stry
4stry
4stry
4stry
4stry
4stry
4stry
4stry
4stry
4stry

4stry

Table 5.38: X - Direction Shear Control on Columns.

Column Information

Column (,‘”’v,vn)
C1 600
C5 600
c6 600
c7 600
c2 600
C13 600
C16 600
Cc19 600
c22 600
Cc25 600
c12 600
C15 600

Column Information

Column (rz;“")
a 600
C5 600
cs 600
c7 600
c2 600
c13 600
C16 600
c19 600
c22 600
c25 600
c12 600
C15 600

d
(mm)

350
350
350
350
350
350
300
300
300
300
350

300

Table 5.39: Y - Direction Shear

d
(mm)
350
350
350
350
350
350
300
300
300
300
350

300

fon

(MPa)
28
28
28
28
28
28
28
28
28
28
28

28

fam
(MPa)

Concrete Contribution

fem
(MPa)

Concrete Contribution

fom
(MPa)

Nd (N)
143706
272865
270804
272865

143706

Nd (N)
149804
278891
279076
280664
227249
250

49176

219
229

252

X — Direction
Ac Ver
mmy)  (kN)
210000 142
210000 142
210000 142
210000 142
210000 142
210000 142
180000 122
180000 122
180000 122
180000 122
210000 142
180000 122

Y- Direction
Ac Ver
(mmy (kN
210000 142
210000 142
210000 142
210000 142
210000 142
210000 142
180000 122
180000 122
180000 122
180000 122
210000 142
180000 122

Ve

(kN)
110
110
110
110
110

110

Control on Columns.

Ve
(kN)
110
110
110
110
110

110

Asw
(mm?)

79

79

79

79

79

79

79

79

79

79

79

79

Asw
(mm2)

Stirrup Contribution

s

(mm)
150
150
150
150
150
150
150
150
150
150
150

150

fywa
(MPa)
365
365
365
365
365
365
365
365
365
365
365

365

stirrup Contribution

s
(mm)

150

150

150

150

150

150

150

150

150

150

150

150

fyua
(MPa)

365

365

365

Check
Vi Vy
KN)  (kN)
164 29
164 13
164 19
164 27
164 19
164 48
138 46
138 34
138 29
138 13
164 19
138 27
Check

Ve Vg
(kN) (kN)

164 30
164 13
164 19
164 28
164 19
164 49
138 a7
138 35
138 30
138 13
164 19
138 28

Fracture
Type
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE

DUCTILE

Fracture
Type
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE
DUCTILE

DUCTILE

5.5. Comparison of existing and strengthened buildings

5.5.1. Fundamental vibration period

Fundamental vibration periods for the first two modes for the existing and

strengthened buildings are compared. The fundamental periods of vibration decreased

as seen in Figure 5.49, Figure 5.50.
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X - Direction

16 u Existing building

1.279 = Diagonal bracing

12 Inverted bracing
' X bracing
08 0.738
0.593
0.4 I 0.319
0

Figure 5.49: Fundamental Vibration Periods.

Period (s)

Y- Direction
14 M Existing building
1.105 m Diagonal bracing
1 Inverted bracing
X bracing
= 0.695
> 0.564
B 06
& 0.287
0.2
-0.2

Figure 5.50: Fundamental Vibration Periods.

5.5.2. Capacity Curve of the Structures

The pushover analysis is applied to all models by using lateral triangular pattern.
The outcome result has remained used to showed and compered through the capacity
curve to inform and report the performance deformation criteria; also, the comparison
of the lateral displacement capacity has been approved and presented in the other
curves. This curve below defines the effect and the response performance of the
different types of steel bracing systems when the lateral loads applied to the structure.
This result proves that the inserting steel bracing in the structure is dramatically
increase the strength of the structure. The base shear results for various types of bracing

systems and unbraced frames are illustrated in Figure 5.51, Figure 5.52.
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Figure 5.51: Capacity Curve in X Direction.
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Figure 5.52: Capacity Curve in Y Direction.

It can be noticed that the base shear in the unbraced frames was less than that of

the braced frames. The increment in base shear in braced frames has little influence on

the columns because most of the shear forces were supported by the braces.
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5.5.3. Story Drift

This study proves when the height of the structure increases, also the drift story
increase after that then decreases. This study proves that the inserting steel bracing is
in the structure, it dramatically reduces the inner story drift, therefore, the result of the
different types of steel bracing systems that tested during this study had different
effects, so x-bracing system becomes when of the most effective for the reduction of
the story drift which illustrated in Figure 5.53-Figure 5.54.

X- Direction

X
|
i
|

|
Existing Building
Diafjonal Bracing
|
—A— X Bracing

STORY HEIGHT
V)

1 m
—>— Invérted V Bracing
|
|
O T T T }K 1
0 0.002 0.004 0.006 0.008 0.01
DRIFT
Figure 5.53: Story Drift in X Direction.
Y- Direction
4 -

X
|
|
|

|
—e— Existing Building

Dialjonal Bracing
|

—a— Invgrted V Bracing

STORY HEIGHT
N

14 .
—>— X Bracing
|
O T T T }é\. 1
0 0.002 0.004 0.006 0.008 0.01
DRIFT

Figure 5.54: Story Drift in Y Direction.
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5.5.4. Story displacement

This result is based on the comparison of the horizontal load-displacement in the
x-z direction in the frames compered during this research. This investigation proves
that the top story floors have greater displacement than the lower stories; also, this
study proves that the uses of steel bracing in the building frame it dramatically

decreases the story displacement.

Story displacement (X)

STORY HEIGHT
N

Diagonal Bracing
—&— EXxisting Building
—— X Bracing
—>=|nverted V Bracing

0 0005 001 0015 002 0025 003
DISPLACEMENT (M)

Figure 5.55: Story Displacement in X Direction.

Story displacement (Y)

w
1

Diagonal Bracing
—&— Existing Building
—#— X Bracing
== nverted V Bracing

STORY HEIGHT (M)
N

[y

-0.01 0.04 0.09 0.14 0.19 0.24
DISPLACEMENT (M)

Figure 5.56: Story Displacement in Y Direction.
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During this research, the different types of CBFs are compared, considering
unbraced, ones to know the most resistible system during the seismic activities. So, x-
bracing becomes the most resistible and the good reduction for the story displacement
in the following points, first, steel bracing increases the strength of the structure,
secondly increasing the rigidity and the strength of the joints decrease the lateral
displacement of the structure so x- bracing members are all connecting directly to the

joints compared to the other steel bracing system members used in this study.
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6. CONCLUSION

This study investigated the performance analysis of an existing RC building
strengthen with different types of steel braces as an effective method in the form of
retrofitting. The bracing systems are considered as X-braced frames, diagonal braced
frames, inverted V braced frames. The structure has also been retrofitted using bracing
techniques to examine the efficacy of different strengthening methods. Throughout the
model, the pushover mechanism is performed. The results of these investigations lead

us to the following conclusions:

= Overall, the bracing configuration played an important role in the initial stiffness,
inelastic deformation distributions, and the overstrength available in the dual
structures.

= The outcomes revealed that the addition of bracing improved the seismic resistance
of frames significantly. The results showed that the bracing elements were
particularly effective in reducing drifts since they reduced inter-story drifts
concerning unbraced frame.

= CBFs are utilized in the structural system for seismic retrofitting, the objective
displacement is significantly reduced, and story drift are reduced as an effect.

= During this study, X bracing system was the most irresistible compared with the
others, which increases the strength of the structure and also, it takes part in the
energy dissipation of the frame.

= This investigation demonstrates that the story drift increases when the height of the
structure increases a certain point then starts to decrease as the height gets closer.

= General, the bracing went through many stages of out-of-plane inelastic buckling
and tension yielding. The braces were also observed to be permanently elongated.
Buckling ultimately developed in the braces' plastic hinges, and fracture of the
bracing elements occurred when they were subsequently pushed under tension.

= In the X bracing, the tension brace can provide out-of-plane assist to the
compression brace, although the effectiveness of the support was diminished at the

zero story drift point due to the braces' permanent extension.
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