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ABSTRACT

Composite moment resisting frame buildings with 5-, 10-, 15- and 20-story concrete filled
steel tube columns and composite beams were modelled. The buildings are designed
according to Turkish Code for Design and Construction of Steel Structures-2016 (TCDCSS-
2016) and Tirkiye Building Earthquake Code-2018 (TBEC-2018) regulations at high
ductility levels. The design of the DCH structures was designed in ZC ground for a 0.79 g
PGA. While choosing the design location, it is assumed that the construction will be made in
aregion between the North Anatolian fault line and the East Anatolian fault line, that is, in
aregion with high earthquake risk. Within the scope of the study, SeismoStruct [1] software
was used during the design and performance evaluation of the structures. Nonlinear static
push and incremental dynamic analyses were used. Uniform and triangular load
distributions were adopted in the PO analysis, and 16 earthquake ground motions were
used in the dynamic analysis. The effect of story number on the seismic behavior of CMRFs
was investigated using nonlinear analysis results. Accordingly, variation in lateral response,
overstrength factors, ductility, and section capacity change of members for CMRF structures
were presented. In addition, a mutual evaluation was made with the performance
parameters obtained from previous studies with similar geometries.

Ulusal ve Uluslararasi Standartlarda Uretilen
Kompozit Binalarin Karsilastirmali Analizi

0Z

5-, 10-, 15- ve 20 kath binalar beton dolgulu celik tiip kolonlu ve kompozit kirisli moment
aktaran cerceve binalar modellenmistir. Binalar yiiksek siineklik seviyelerinde TCDCSS -
2016 ve TBEC-2018 yo6netmeligine gore tasarlanmistir. DCH yapilarinin tasarimi, 0.79 g
PGA icin ZC zeminde tasarlanmistir. Tasarim yeri secilirken, insaatin Kuzey Anadolu fay
hatti ile Dogu Anadolu fay hatt1 arasinda kalan bir bélgede, yani deprem riskinin ytiksek
oldugu bir bolgede yapilacag1 varsayillmistir. Calisma kapsaminda yapilarin tasarimi ve
performans degerlendirmesi yapilirken SeismoStruct [1] yazilimi kullanilmistir. Dogrusal
olmayan statik itme ve artimh dinamik analizler kullanmilmistir. PO analizinde diizgiin ve
ui¢gen yik dagihimlar1 kullanilmistir. Dinamik analizde 16 deprem yer hareketi
kullanilmistir. Kat sayisinin CMRF'lerin sismik davranisi tlizerindeki etkisi dogrusal
olmayan analiz sonuglar1 kullanilarak incelenmistir. Buna goére, CMRF yapilar icin
elemanlarin yanal tepkisindeki degisim, asir1 dayanim faktorleri, siineklik ve Kkesit
kapasitesi degisimi sunulmustur. Ayrica benzer geometrilere sahip 6nceki calismalardan
elde edilen yapilarin performans parametreleri ile karsilikli bir degerlendirme yapilmistir.
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1. Introduction

As the design heights of the buildings increase, the need to use columns with high strength capacities
increases, especially to absorb earthquake effects [2]. For steel structures, high strength in columns
can be achieved by using steel material class with high yield strength and/or profiles selected as larger
cross-sections. On the other hand, in a similar situation in reinforced concrete structures, higher
capacity columns can be obtained by increasing the class and/or compressive strength of the concrete
material used and again by increasing the cross section. It is also possible to benefit from the high yield
strength of the steel obtained by forming a single section and the high compressive strength of the
concrete. Among the sections that can be produced in this way, the most used and
experimentally/theoretically studied concrete-filled steel tube (CFST) sections in the last century are
the most used column elements (Figure 1) [3-7].
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Figure 1. Some examples of buildings whose construction has been completed are in order from left to right, SEG plaza in
Shenzhen, Ruifeng building in Hangzhou and Canton Tower [7]

The strength of columns, which are vertical loading members in both steel and reinforced concrete
structures, can be made with designs that can be made without using relatively large cross-sectional
areas. In other words, by using composite sections made of steel and concrete (or reinforced concrete),
more suitable sections can be obtained, and the required capacity increase can be achieved. However,
if only moment resisting frames (MRF) are used for design during the behavior of earthquake loads, it
is necessary to limit the relative story drifts and secondary effects. In this case, by using composite
columns in the design, the required stiffness and ductilite can be achieved more effectively than steel
and reinforced concrete systems. Considering the large axial force strength for the columns used in
steel frames with central and eccentric braces, the required strength can be easily obtained by forming
CFST columns profile [8-10].

Today, the use of composite profiles instead of reinforced concrete or steel profiles in elements with
high compressive strength, which can meet the increasing axial pressures and have high ductility
during element design, is more advantageous in terms of construction speed and economics, especially
in high-rise buildings designs. It is known that the steel profile creates a continuous confinement effect
in the concrete, especially when looking at the CFST column elements. On the other hand, it is expected
that the strength and ductility of concrete will increase while CFST acts as a core within the element.
In addition to all these positive effects, its location in the concrete core prevents local buckling of the
steel profile [11,12].

Examining the nonlinear responses of earthquake resistant MRF systems, in which composite section
elements are used during design, is important in terms of evaluating the advantages available in such
systems. Non-linear analyzes were used in the studies on the design and performance evaluation of
multi-story MRF, which consists of composite section column and beam elements, under the influence
of earthquakes. In this analysis phase, it has been shown that the evaluation and identification of the
member is very important in terms of convergence of the results to reality. Therefore, for an accurate
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performance evaluation, column-beam junctions and related deformation conditions must be carefully
evaluated and added to the system. In addition, in the study in which the natural vibration properties
of a steel-concrete composite frame and its non-linear behavior under the effect of earthquakes were
examined by making static and dynamic analyses, it was revealed that modelling techniques are
important [13].

When the techniques of sectional elements in composite element modeling are examined, when the
finite element method is applied in element-based studies, it can be modeled very closely. However, it
is very difficult to define the number of elements formed and the surface interactions established
between them. In structural systems, on the other hand, defining element sections as solids one by one
is both time-consuming and difficult in terms of modeling technique. On the other hand, the number of
elements that will occur in the system prolongs the analysis process considerably. On the other hand,
modelling of these elements based on the loading system is important in terms of design, so the time
to reach the solution is not effective. Therefore, the fiber cross-section model, which is an alternative
to this technique and provides the opportunity to make sensitive analyses as well as being faster, seems
to be a more practical method [11,12,14,16].

In the models examined within the scope of this study composite moment resisting frames (CMRF), the
structural system consisting of square section (SHS) CFST columns, IPE steel beams and composite
beams, which are in full interaction with the slab, were examined. 5-, 10-, 15- and 20-storey structures
were designed as CMRF using the principles of the Regulation on Design, Calculation and Construction
Principles of Steel Structures 2016 (TCDCSS-2016) [17] and the Turkish Building Earthquake Code
2018 (TBEC-2018) [18] on the seismic design. Static pushover analysis (PO) and incremental dynamic
analysis (IDA) were used to obtain information on the earthquake performance of the buildings. The
cross-sectional deformations of the loading system elements and the response of the system in terms
of various parameters were evaluated. As a result, the performances of the buildings modelled within
the scope of TBEC-2018 were examined comparatively with static and dynamic methods for a certain
ground property. A flowchart of the method followed is presented in the Figure 2.

—Se(T) () —Sd(T)
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Figure 2. Flowchart of methodology

2. Example Structures

In the building designs, steel tube elements with SHS section and sections obtained by filling the cores
with concrete suitable for the design were used in the column elements. These elements are composite
columns defined as CFST section in the literature. Vertical and horizontal earthquake loads of beams
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are calculated under static and dynamic design loads, and their sections are dimensioned to consist of
IPE type steel section elements. In all MRF systems, designs have been made so that moment transfer
occurs at the joint points of IPE frame beams and CFST columns and are included in the analysis (Figure
3). During the design, the flooring systems were made massive. It is included in the calculations as a
cast-in-situ reinforced concrete slab system that can be accepted at the design stage with the full
interaction of the floor slabs on the main beams. The anchorage of the columns in the foundation
system is included in the calculations with the assumption of full support in both directions. The storey
height of the CMRF structures is 2.65 m and the total height from the ground is 113.25, 26.5, 39.75 and
53 m for 5-, 10-, 15- and 20-storey structures, respectively. 5 openings in the x and y directions of the
buildings modeled in CMRF structures and 7 m spans each are included in the design calculations.
Therefore, the total width of the CMRF systems in the x and y directions is constant and is 35m (Figure
4). Seismic parameters are needed to design CMRF systems. For this reason, a location in Bingol
Province Kaliova District Yesilyurt Mahallesi (Latitude: 39.298011° Longitude: 41.014378°) was
preferred in the design phase to carry out the design processes over a hypothetical location. For this
geographical location, ZC, which is the soil conditions used in the systems to be compared with the
literature, was chosen conditions. While steel class is S235 in structural system elements, concrete class
is determined as C30/37 in the design. The analytical models used during the sizing of the structural
elements of the building as CMRF are given in Figure 5. SeismoStruct [1] computer software was used
in the design and performance evaluation and development of the analytical model (Figure 5). To take
into account possible torsion effects in the direction calculated according to TBEC-2018 clause
4.5.10.2.b, an eccentricity of 5% of the floor length in the direction perpendicular to the earthquake
direction is considered.
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Figure 4. Schematic view of plane ad elevation view
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Figure 5. SeismoStruct program view of CMRFs
2.1. Structural design

During the design of the CMRF systems, the dimensioning of the sections and the section capacities
were made in accordance with the TCDCSS-2016 and TBEC-2018 Regulations by using the loads acting
on the beam and column elements in the system. In the CMRF design analysis, the SeismoStruct [1]
computer software was evaluated in accordance with the relevant regulations and used in the analysis.
The self-weights of the structural elements are calculated automatically by the program in line with the
data entered the computer software and are considered in the analysis. During the seismic design
analysis of the buildings, the dead load value was defined as 3 kN/m2 and was considered in the
analyses. The live load was taken as 2.0 kN/mZ. To determine earthquake loads in seismic designs, it is
necessary to obtain graphs of elastic design spectral accelerations. These data are taken from the
relevant design regulations. In addition, the natural vibration period of the structure should be
calculated. Within the scope of this study, the natural vibration period was calculated using Equation
(2.2) given in TBEC-2018, and then the seismic forces were calculated according to the accelerations
obtained from the elastic spectrum using the natural vibration period. For this reason, firstly, the
calculations of the horizontal elastic design spectrum were made. For this purpose, the relevant
spectrum was obtained based on the DD-2 earthquake ground motion level, which has a 10%
probability of exceedance in 50 years, and the local soil class ZC. On the other hand, information on
spectral acceleration coefficients and ground effect coefficients should be determined in the creation
of horizontal elastic design spectrum values. The data of the map spectral acceleration values were
determined through the geographical location data selected for the construction sites of the design
models and the Turkey Earthquake Hazard Maps [19]. Local ground effect coefficients were obtained
based on local ground effect coefficients for local soil class and short period region and local ground
effect coefficients for 1.0 second period according to TBEC-2018 Section 2.3.3. The damping ratio was
taken as 5%. seismic design analysis. Using the Turkey Earthquake Hazard Maps [19], the short-term
map spectral acceleration coefficient was read as SS= 1.947, and the map spectral acceleration
coefficient for the 1.0 second period was read as S1= 0.514. The highest ground acceleration was
obtained as PGA=0.791g and the highest ground speed as PGV=60.469 cm/s. It is of great importance
that the structural systems can serve the collapse prevention performance after severe earthquakes
caused by continental plate tectonic movements. Compliance with the relevant regulations is of great
importance, especially to minimize the material and moral damages that occur in earthquakes such as
the 06.02.2023 Kahramanmaras earthquake that occurred recently. Relevant design criteria are
constantly updated in the literature by researchers and commissions in national and international
standards. Comparative evaluation of the information contained in current international and national
regulations is important in this respect. The designed buildings are evaluated as residential buildings,
considering the damages and losses after the earthquakes in question. In addition, the general
structural design coefficients used in such structures have been considered from the relevant sections
of TBEC 2018.

In the study, the properties of the structural system were designed as composite beams consisting of
CFST columns with high ductility and IPE section steel beams during the design phase. In accordance
with this situation, according to Section 4.3.2.2 given in TBEC-2018, the behavior coefficient R and the
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extreme resistance coefficient D will be used. In the selection of the relevant values, R and D column
systems and steel structure systems, which are recommended to be used for the composite section, will
be used. According to Table 4.1 given in TBEC-2018 for the properties of the structures, the coefficients
of R=8 and D=3 given for buildings with steel frames with high ductility level and where all earthquake
effects are carried by MRF systems are taken as basis. for these CMRFs. The General Analysis Method
was used to calculate the required strengths of the structural elements, and the Design Method with
Load and Strength Coefficients was used for dimensioning. As a requirement of this method, the axial
and shear stiffnesses of all the elements of the lateral structural system (composite columns and frame
beams in this study) and the bending stiffnesses of the frame beams were multiplied by one. According
to TCDCSS-2016 6.2.3 0.8. The reduction coefficient applied to the bending stiffnesses of the composite
columns was obtained as 0.8x0.8 = 0.64 according to TCDCSS-2016 6.2.3(b) and 12.2.5(d). The natural
vibration periods, total CMRF weights and base shear forces were calculated from SeismoStruct
software. The values were given in Table 1.

Table 1. Design results

Parameter 5-story 10-story 15-story 20-story
Natural vibration periods (s) 0.677 1.440 1.595 2.131
Total CMRF weights (kN) 6484 13475.8 23376.5 32553.7
Base shear forces (kN) 770.7 792.4 1204.4 1237.5

According to the data obtained from the analysis results, no additional analysis was required, since no
irregularity occurred in the plan and vertically in the analyzes made under the influence of the
earthquake, and the CMRF structures were modeled to have a smooth geometry in plan and elevation.
It was seen that the evaluation of the effective relative story drift ratio and secondary order effects
coefficients provided the limit values defined in TBEC-2018 article 4.9. In addition, the seismic design
features performed with composite beam and column elements with high ductility level and the seismic
design analysis results show that the system provides the conditions for designing at high ductility
level. Columns were designed in accordance with section 12.3.2 of the Design, Calculation and
Construction Principles of Steel Structures (TCDCSS-2016) Regulation. The method used to calculate
the column cross section involves using the axial force-bending moment interaction diagram. TCDCSS-
2016 Table 12.5, which contains information about the plastic stress distribution method, was used to
obtain this diagram. In addition, the limit condition Nam<0.40Pn, for axial pressure force levels in
composite columns specified in TBEC-2018 section 9.11.4.2 meets all CMRF systems. Ndm is defined
as the maximum pressure force value obtained from the axial pressure forces calculated from the
combined effect analysis in which vertical loads and earthquake loads are considered together (taking
into account the live load reduction coefficients defined for live loads in TS 498 [20]. Pno is defined as
the compressive strength of the composite section. During the CMRF seismic design, strong column
weak beam design was applied at all beam-column joints and column-beam junctions for the analysis
of each earthquake direction. Relevant details are given in TBEC-2018 9.11.2.2.

Table 2. Section and material properties of the structural members

ID Beam CFST Column Section details Concrete Structural Reinforcement
(bxt mm) Steel

5-story IPE 400 450x32 8016

10-story  IPE 400 500x32 12018

€30/37
235
S420c

15-story  IPE 500 650x40 12320

20-story  IPE 500 750x55 120322
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The cross-sectional properties and material properties of composite columns and beams in CMRF
structures after seismic analysis are presented in Table 2.

2.2. Nonlinear analytical models of the CMRF system

After the seismic design was completed in accordance with TCDCSS-2016 Regulation [17] and TBEC-
2018 [18], the analyzes to obtain the nonlinear behavior of CMRF structures were carried out using
SeismoStruct [1]computer software. Firstly, the analytical models were transformed into fiber cross-
sectional elements during the design phase. In these elements, considering the material properties
used, the new systems have been updated with element models with nonlinear behavior by taking
advantage of previous studies. Thanks to the use of these element and material models, the software
enables the analysis to be concluded by using the structural and geometric quadratic effects in all
analyses. For the non-linear behavior of the composite columns and beams, models based on the bulk
plastic behavior approach and represented in the software as predefined are used. In these modeling
elements, sections divided into fiber elements were used to obtain the plastic behavior of the composite
beams and columns in the model. In these models, the element section is divided along the element into
the number of fiber elements specified by the designer in the section according to an algorithm in the
software. In this way, it is assumed that the plastic behavior is propagated by the fiber elements in the
element section and throughout the element. More importantly, it has been verified by the researchers
that the element force-deformation distribution between the fiber parts of the concrete and steel
sections forming the composite section is provided with sufficient accuracy by the software [5, 6, 11,
12,21, 22]. The plastic behavior that occurs or is likely to occur in the entire element during the analysis
is directly determined by the SeismoStruct software based on the material properties and model given
by the designer in the software. Numerical models defined as ready-made in the software work with
different assumptions by theorizing the results obtained from the literature during calculations.
Moreover, during the definition of models and the use of analyzes, basic physical properties for these
model elements, such as basic input parameters, section geometry, and uniaxial behavior, need to be
defined in accordance with the models. CFST column members and composite beams are modeled as
fiber cross-sections as shown in Figure 6 by the number of fibers specified in the software. The tiles
were not considered directly in the analytical models. However, it is assumed that rigid diaphragms
are formed at the floor level in each floor plane by defining the system. The vertical load combinations
of dead and live loads calculated from the floors are defined as the system loads on the frame beams.

(@) (b)

Figure 6. Fiberized section views for (a) CFST columns and (b) composite beam

Expected material strengths were used in nonlinear behavior models of steel and concrete materials
used in CMRF elements. To obtain these strengths, the data in TBEC-2018 Table 5.1 were used.
Accordingly, the expected material strengths predicted for the characteristic compressive strength of
concrete and the characteristic yield strength of the S235 steel class are considered as 1.3fck and
1.5Fy, respectively. The nonlinear behavior of the steel material is represented based on a hardening
of 0.005. Bilinear steel model is used for steel modelling in SeismoStruct [1] software and this is defined
as “stl_bl” material model in the software. Tensile strength is neglected in the stress-strain curve of the
concrete material. In addition, the “con_ma” model in the software was used for the non-linear behavior
of the material while modelling the concrete in the SeismoStruct [1] software. Both models were
developed for the cycling loading condition. The concrete material constitutive model image is shown
in Figure 7a and steel material constitutive model image of the model is given in Figure 7b.
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Figure 7. a) Concrete and b) steel models from SeismoStruct (2018)

Each of the nonlinear analyzes in the time domain (TH) was carried out using earthquake ground
motions acting simultaneously in the horizontal plane perpendicular to each other, under the effect of
a constant gravity load. While calculating the gravity load values, it has been calculated as 30% of the
live load in addition to the building floor weight, that is, the fixed loads, which are effective in the
earthquake. The analyzes consist of two parts. In the first stage, PO analyzes consist of 2 parts as
uniformly distributed horizontal loading (ULD-PO) and triangular horizontal loading (TLD-PO). The
second phase is the application phase of incremental dynamic analyzes (IDA) and TH earthquake
ground motions. Earthquake ground motions consist of 8 ground motion pairs. In the selection of
historical earthquake records to be used in the performance analysis using earthquake records, care
was taken to select the severe earthquakes that occurred in the region. Studies in the literature show
that using 7 to 20 earthquake records is sufficient for evaluation in IDA results [23-25]. When selecting
earthquakes, large-scale earthquakes between the Northern Anatolian fault line and the Eastern
Anatolian fault line surrounding the city of Karliova, which is assumed to be built, were used (Figure
8). IDA and PO nonlinear analysis are frequently used by authors in reinforced concrete, steel and
mixed structural systems as an important analysis methodology in the evaluation of the performance
of structural systems [6, 11,12, 22, 26-31].

Figure 8. Selected ground motion schematic representation.

The application multipliers of the incremental effects were chosen as 0.05, 0.10, 0.20, 0.30, 0.40, 0.50,
0.60, 0.80, 1.00, 1.20, 1.40, 1.50, 1.75, 2.00, 2.30, 2.60, 2.90, 3.20, 3.50, 3.80, and 4.00. It is aimed that
the total number of analyzes will be 8x2=16. In this case, the seismic demand values and other
calculated parameters were determined by taking the average of 16 IDA analysis results. The
characteristics of the earthquake records used in the study are given in Table 3. The information about
the earthquake movements in Table 3 was taken from the AFAD ground motion database [32]. Using
the existing earthquake records, each selected ground motion pair is scaled with the earthquake
spectrum with a return period of 475 years, with a 10% probability of exceedance in 50 years, which
is defined as a design earthquake. At the end of the analyzes carried out under these ground motion
records; the structures were mutually evaluated according to the design for the targeted performance
parameters.
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Table 3. Properties of earthquake ground motions.

?];: cord  pecord Seq.# StationID EventDate ?lgrlrf)e ntral Distance ?l:ﬁ:;t Depth M/Mw Component
;g; 2183 1133 1.052003  11.8 6 6.6/- 5;‘2;
;::Z 2896 1206 25.08.2007  2.19 15.8 5.1/- 5;‘2;
;ﬂiﬁ 23 2402 13.03.1992  12.82 23 6.1/- 5;‘;;
;:Z; 10099 1212 14.06.2020  16.2 8 -/5.7 \E/:\?:t
;:20 24 2402 15.03.1992  45.32 29 5.4/- 5;‘;;
;:E 1828 2306 25.06.2021  30.88 15.51 -/5.2 \E/:\?:t
;:ii 6027 6202 2122015 37 10.66 -/5.3 \E/:\?:t
;::ig 2587 1208 14.03.2005  54.09 9.9 5.4/- 5;‘2;

In this study, the panel regions of the joints were modelled with the help of behavioral models originally
developed by Della Corte et al. (2000) using the modified Richard-Abbott model. This model included
in the SeismoStruct (2018) software includes this model, which can model all kinds of steel and
composite connections (eg welded-flange bolted-web connection, extended end plate connection,
recessed end plate connection, angled connection, etc.) thanks to its features. The model has increasing
and decreasing parts defined by the moment-rotation relationship. The ascending and descending
branches of the curve, with the presence of both positive and negative starting points with various
parameters to account for load reversals (i.e. initial stiffness, strength, post-limit stiffness, shape factor,
compression-related calibration coefficients, damage rate and isotropic hardening). The versatility of
this type of modelling has been previously validated using experimental data, and it has been noted
that the model shows excellent fit [33-36]. Also, some parameters have been calibrated to achieve
greater accuracy in modeling based on the application of the component method [5, 22, 37].

3. Results and Discussion

The response of CMRFs because of ULD-PO and TLD-PO analysis is shown in Fig. 7. In the graphs given,
the horizontal axis is the ratio of the roof displacement to the building height, and the vertical axis is
the ratio of the base shear to the building weight. In 5-storey CMRFs, IDA analysis presents a behavior
that lies between the first-mode dominant response and the higher-mode response. However, on the
other hand, the IDA results obtained in 10-, 15- and 20-storey structures are parallel to the ULD-PO
results, so it can be said that higher modes dominate in these structures [11, 16, 38]. The IDA was
performed by using selected TH records to obtain the seismic response of the case study CMRFs. The
dynamic behavior of the structures is also plotted in Figure 9. Figure 9 and other data obtained as a
result of the analyzes are also compared with the performances of structures designed with Eurocode,
which have been previously examined with similar geometric properties under the relevant headings,
and the results are examined.

3.1. Ductility factor

When the studies in the literature are examined, it is used to express the degree of inelastic
deformations that occur due to earthquake ground motion under the influence of a structural system
or a horizontal load that it may be exposed to while calculating the ductility ratio [11, 12, 16, 39]. That
is, the displacement ductility ratio y (ductility demand) can be expressed as:

H=5 (1)

Yield and ultimate displacement values are A, and A,, respectively, in Eqn. (1). The result of IDAs was
calculated from Figure 9 and the data were calculated and plotted for the mean y value. For 5-, 10-, 15-
and 20-story CMREF structures, u factors were calculated from IDA, TLD-PO and ULD-PO and are given
in Figure 8. When the u values obtained due to IDA are examined, it is calculated as 2.23, 1.87, 2.37 and
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1.96 for 5-, 10-, 15- and 20-story buildings, respectively. When the u results are examined, the values
obtained as a result of TLD-PO are 10.35%, 6.28% and 14.46% lower for 5-, 10- and 15-storey
buildings, respectively, than the values obtained from IDA. However, the u values obtained because of
TLD-PO in the 20-story structure are 6.55% higher than the values obtained from IDA. When the u
values obtained because of ULD-PO were examined, it was seen that they were 17.35%, 4.77% and
9.01% lower, respectively, for 5-, 10- and 15-storey structures compared to those obtained from IDA.
The u values calculated from the IDA and the p values obtained due to ULD-PO in the 20-story building
are 18.06% larger (Figure 10). When the results obtained are compared with the design results of
Eurocode-based structures in the literature [11,12] in average 20% greater results are obtained up to
the 15-storey building formation. On the other hand, up to 20% smaller values are obtained in 20-
storey buildings [11, 12]. In the literature, the general curve obtained from the load-roof displacement
and the parameters that can be obtained from this curve are given in Figure 11.
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Figure 11. Ductility factor for CMRFs
3.2. Overstrength factor

When describing the nonlinear response of structures, the load-displacement relationship is often
assumed to be elasto-plastic. Within the scope of this study, the structural extreme strength factors
expressed by the following equation were calculated from the Figure 9 obtained with IDAs for each
structure:

v

=2
= )

24

Yield and design base shear values are displayed as Vy and V4, respectively, in Eqn. (2). As a result of
experimental and theoretical studies conducted by researchers for 4, an important performance
parameter of the building, it has been shown that this factor plays an important role in protecting
buildings from collapse in the face of severe earthquakes [40-42]. It has been reported in the literature
that this factor for steel and reinforced concrete structures varies between 1.8 and 6.5 for long-term
and short-term structures [40]. The IDA results in this study showed that the Qs factors of CMRFs
reached 7.22, 6.63, 6.75 and 6.07 in 5-, 10-, 15- and 20-story structures, respectively. The (24 factors
obtained from TLD-PO analyzes are 3.29% and 1.26% lower for 10- and 15-storey buildings,
respectively, than those obtained from IDA. The (4 factor for TLD-PO in 5- and 20-story structure is
13.61% and 2.51% larger than the values obtained from IDA. For ULD-PO it is 5.63%, 28.15%, 28.28%
and 27.85% lower than the Q4 factors calculated from IDA for 5-, 10-, 15- and 20-story buildings,
respectively (Figure 11).
Although the results obtained with the extreme hardness factor show an increase with the increasing
coefficient compared to the results obtained by Etli and Giineysi [11, 12] with the Eurocode-based
design, 3-33% larger results are obtained. The biggest difference is seen in buildings with 10- and 20-
story [11, 12].

3.3. Inherent overstrength factor

Elnashai and Mwafy [43, 44] recently suggested a measure of response termed ‘inherent overstrength
factor. Inherent overstrength factor ((2:) is formulated as below;

Yield and elastic base shear values are given as V, and Ve, respectively, in Eqn. (3). The suggested
measure of response (ireflects the reserve strength and the anticipated behavior of the structure under
the design earthquake. Clearly, in the case of (2::>1.0, the global response will be almost elastic under
the design earthquake, reflecting the high overstrength of the structure. If Q; <1.0, the difference
between the value of (i and unity is an indication of the ratio of the forces that are imposed on the
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structure in the post-elastic range [40]. When the values obtained within the scope of the study were
examined, the values of the (); parameter were obtained as 0.93, 0.84, 0.85 and 0.76 from the IDA results
for the 5-, 10-, 15- and 20-story CMRF, respectively (Figure 12). These values show that the structures
can withstand earthquakes with inelastic deformations. Considering the analyzes with TLD-PO, the
calculated (2 values were 13.61% and 2.51% higher for the 5- and 20-story CMREF, respectively, than
the IDA results. On the other hand, according to the results of the analysis made with TLD-PO, the (2;
value in the 10- and 15-story building is 3.29% and 1.26% lower, respectively, than the values
calculated by the IDA. On the other hand, the ULD-PO results are 5.63%, 28.15%, 28.28% and 27.85%
smaller than the IDA results for the 5, 10, 15 and 20-story CMREF, respectively (Figure 12). The natural
strength factor results show that, according to the results obtained by Etli and Giineyisi [11, 12] with
the Eurocode-based design, the structures designed with TBEC-2018 will absorb earthquake energy by
showing a more inflexible behavior against the Eurocode-based design under design earthquakes.

9

8

5-STORY 10-STORY 15-STORY 20-STORY
OIDA OTLD-PO mULD-PO

Figure 11. Overstrength factor for CMRFs
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Figure 12. Inherent strength factor for CMRFs
3.4. Composite section capacities

In this part of the paper, the examination of the deformations in the structural elements because of the
non-linear dynamic analyzes carried out in the systems formed by the CMRF structures is presented.
The deformation states and definitions that occur in the mentioned structural elements are
summarized in Table 4. The deformations in the CFST column sections in the CMRF system and in the
sections of the composite beams formed by combining the IPE section and the solid slab are examined
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within the scope of this section. During the examination, IDR (inter-story drift ratio) values were
considered. Section deformations obtained during IDA, TLD-PO and ULD-PO given in Table 4 were
evaluated.

Table 4. Deformation states and definitions

Deformation Definition

BSY In the composite beam, the steel has reached yield elongation at the outermost fiber.
CSY In the composite column, the steel has reached yield elongation at the outermost fiber.
BSU Steel reached its ultimate capacity in the composite beam.

CSU Steel reached its ultimate capacity in the composite column.

BCU Concrete reached its ultimate capacity in the composite beam.

CCcu Concrete reached its ultimate capacity in the composite column.

BCF In the composite beam, the concrete converged to the elongation at crushing limit.

When the results of IDA, TLD-PO and ULD-PO analyzes are examined, the deformation limits of CSY,
CSU and CCU in CFST elements in CMRF systems are examined, and the limit states of BSY, BSU, BCU
and BCF deformations in composite beams are examined. In the IDA analysis, when the IDR value
reaches 0.0072, 0.006, 0.0048 and 0.0049 in 5-, 10-, 15- and 20-story structures, respectively, the BSY
deformation in composite beams is in the limit values. On the other hand, the IDR value at which BSY
deformations occur in ULD-PO analyzes is 16%, 7%, 9% and 12% smaller, respectively, than the values
calculated with IDA for 5-, 10-, 15- and 20-story structures. In addition, IDR values at which BSY
deformations occur in TLD-PO analyzes are 17%, 3%, 5% and 11% smaller, respectively, than the
values calculated with IDA for 5-, 10-, 15- and 20-storey structures. The IDR values at which BSU
deformation occurred were calculated as 0.0269, 0.0324, 0.0252 and 0.0234 for 5-, 10-, 15- and 20-
storey structures, respectively, from the IDA results. Therefore, the results obtained show that similar
deformations are observed for TLD-PO and ULD-PO at smaller IDR values for BSY than the IDR values
obtained with IDA. In ULD-PO analyzes, the IDR value at which BSU deformations occurred was 35%,
7%, 9% and 16% greater than the values calculated by IDA for 5-, 10-, 15- and 20-storey structures,
respectively. In TLD-PO analysis, the IDR value at which BSU deformations occur in 5-, 10-, 15- and 20-
story structures was 28%, 8%, 11% and 16% larger than the values calculated by IDA, respectively.
Therefore, the results obtained show that similar deformations are observed with TLD-PO and ULD-PO
at larger IDR values for BSU than the IDR values obtained with IDA. When the BCU deformation
occurring in the reinforced concrete parts of the composite beams was examined, it was observed that
the IDR value reached 0.0169, 0.0177,0.0121 and 0.0107, respectively, in the 5-, 10-, 15- and 20-storey
structures. On the other hand, the IDR value at which this deformation occurs in ULD-PO analyzes is
12%, 9% and 2% less, respectively, than the values calculated with IDA for 5-, 10-, and 15-storey
structures. However, in a 20-story structure, it is 9% larger. In TLD-PO analyzes, the IDR value at which
this deformation occurs is 5% and 6% smaller, respectively, than the values calculated by IDA for 5-
and 10-storey structures. Also, while almost the same IDR value is calculated for a 15-storey building,
itis 11% greater than the IDR calculated with IDA for 20-storey buildings. In the IDA analyzes, the final
deformation BCF of the reinforced concrete part of the composite beams was observed when the IDR
value reached 0.278, 0.0294, 0.021 and 0.0191 in 5-, 10-, 15- and 20-story structures, respectively. On
the other hand, the IDR value at which this deformation occurs in ULD-PO analyzes is 19%, 16%, 13%
and 5% smaller, respectively, than the IDR values calculated with IDA for 5-, 10-, 15- and 20-storey
structures. In addition, in TLD-PO analyzes, the IDR value at which this deformation occurs is 11%,
13%, 10% and 4% less, respectively, than the values calculated with IDA for 5-, 10-, 15- and 20-storey
structures. Therefore, the results obtained show that similar deformations are observed with TLD-PO
and ULD-PO at smaller IDR values for BCF than the IDR values obtained with IDA (Figure 13).

Deformations occurring in CFSTs were observed as CSY, CSU and CCU. CSY deformation in CFST is at
the limit values when IDR value reaches 0.0117, 0.0157, 0.0171 and 0.0232 values for 5-, 10-, 15- and
20-story structures, respectively, in IDA analyses. On the other hand, the IDR value at which CSY
deformations occur in ULD-PO analyzes is 5%, 13%, 15% and 20% higher, respectively, than the IDR
values calculated with IDA for 5-, 10-, 15- and 20-storey structures. In addition, the IDR value at which
CSY deformations occur in TLD-PO analyzes is 22%, 50%, 66% and 83% higher, respectively, than the
IDR values calculated with IDA for 5-, 10-, 15- and 20-storey structures. Therefore, the results obtained
show that similar deformations are observed for TLD-PO and ULD-PO at smaller IDR values for CSY
than the IDR values obtained with IDA. The IDR values at which CSU deformation occurred were
calculated as 0.0466, 0.0556 and 0.0545 for 5-, 10- and 15-storey structures, respectively, from the IDA
results. On the other hand, there is no IDR value in which the values of this deformation are seen in the
20-story CMRF. In ULD-PO analyzes, the IDR value at which CSU deformations occur is 18%, 14% and
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6% smaller, respectively, than the values calculated with IDA for 5-, 10- and 15-storey structures. The
structures in which CSU deformations occur in TLD-PO analyzes are only 5- and 15-storey structures.
For this analysis method, the IDR value is 5% smaller than the values calculated with IDA for 5-storey
buildings, while it is 25% higher for 15-storey buildings. The IDR values at which CCU deformation
occurred were calculated as 0.0307, 0.0357 and 0.0355 for 5-, 10-, and 15-storey structures,
respectively, from the IDA results. In 20-story CMRF, this deformation was not observed in the IDR
values calculated as a result of TLD-PO. The IDR value at which CSU deformations occur in ULD-PO
analyzes is 11% and 5% smaller than the values calculated with IDA for 5- and 10-storey structures,
respectively. In addition, in the ULD-PO analysis, CSU deformations occurred at a 3% higher IDR value
than the IDR values obtained in the 15-storey structure. In addition, the CCU deformation of the 20-
story structure was observed only in the analyzes with ULP-PO and the IDR value was calculated as
0.058. In TLD-PO analysis, CCU deformations in 5, 10, and 15-storey structures were 6%, 25%, and
449 greater than the values calculated by IDA (Figure 13). On the other hand, in a project-based study
conducted by Giineyisi [15], it is seen that the deformations obtained as a result of IDA in the structures
obtained with the Eurocode have more limited deformations than the structures produced with TBEC-
2018. In both studies, inelastic deformation occurs rarely in columns in 5-story structures, but inelastic
deformation occurs more frequently in 5-, 10-, 15- and 20-storey beams.
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4. Conclusions

In this study, the structures designed according to TCDCSS-2016 and TBEC-2018 design codes were
evaluated using deformations in the sections of the elements and various performance parameters,
assuming that they were built on soils containing moderately frequent sand and modified stones (ZC
group soil). For this, static pushover analysis and incremental dynamic analysis were performed. PO
analysis with two different lateral load models. When the data obtained are examined, the following
conclusions can be reached:
e When the u values are examined, the obtained values are greater than 1.7. This shows that CMRF
structures can adequately absorb earthquake effects thanks to horizontal displacements in a ductile
manner. These values are also supported by other studies in the literature [11,12,16].
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e In addition, when the u values obtained as a result of the IDA are examined, it is seen that the IDA
results in medium and high-rise buildings are on average 5% higher than TLD-PO and ULD-PO.

e The Qu parameter calculated by using IDA analyzes using selected regional earthquakes for the
buildings designed as TCDCSS-2016 and TBEC-2018 and for the buildings designed as CMRF was
obtained as 6.07 at least. In addition, the lowest score in PO analyzes is 4.38. However, considering
that the behavior factor is obtained when the y values are multiplied by the Q4 parameter, the lowest
values to be obtained for the IDA and PO analyzes are 11.89 and 8.48. As a result, they have higher
performance factors than calculations with R=8 design factor.

e When the Q; values are examined, it is seen that almost all the values obtained are less than 1. In
this case, structures indicate that they will absorb earthquake energy thanks to their inflexible
behavior. However, this is a possible situation in earthquake situations larger than the design
earthquake. Moreover, the results obtained from the ¢ and Q4 parameters support that the structure
is an economical design model.

e When the composite beams are examined according to the IDR change, it is seen that the behavior
is within the elastic limits when the IDR value is 0.005. When the IDR value is above 0.02, the plastic
behavior dominates in the composite beams. However, this situation emerges as a decreasing IDR
value as the number of floors increases. In addition, plastic behaviors observed in concrete occur
when the IDR value approaches 0.015 in beam sections.

e Inaddition, when CFST columns are examined according to IDR change, it can be said that when the
IDR value is 0.01, the behavior is within elastic limits and then plastic deformations occur. Plastic
behavior is common in CFST columns when the IDR value is above 0.03. However, this situation
emerges as an increasing IDR value as the number of stories increases.
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