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Abstract: In this study, the seismic behavior of steel concrete composite buildings in a specific region was investigated.
For this purpose, 5-, 10-, 15- and 20-storey composite moment-resisting framed structures were designed. Moment-resist-
ing composite framed structures are modeled with concrete-filled steel tube columns and designed and modeled using
composite beams. The buildings are designed according to CYTHYE-2016 and TBEC-2018 regulations at design levels
with high ductility. In the design of the designed structures, the peak ground acceleration value is 0.79 g, and the design
ground is planned as ZE class. SeismoStruct software was used for the design and performance evaluation of the structures.
During the performance evaluations of the structures, nonlinear static pushover and incremental dynamic analyzes were
used. Uniform and triangular load distributions are adopted in the static pushover analysis and 16 earthquake ground mo-
tions are used in the incremental dynamic analysis. Evaluation of the effect of the number of stories on the earthquake
behavior of composite moment-resisting framed structures was investigated using the non-linear analyzes mentioned. Ac-
cordingly, lateral response, overstrength factors, ductility, and dynamic behavior factor values for composite frame struc-
tures were calculated and presented using the relevant analysis results. It has been calculated that the behavior factor of all
moment-resisting composite framed structures can perform well above the design assumptions, whereas moment-resistant
composite framed structures absorb seismic energy by using inelastic deformations. Ductility is almost 30% higher than
the design assumption for international standards. As a result, it was concluded that these structures could continue to serve
theoretically.

Keywords: Composite moment resisting frame, concrete filled steel tube column, incremental dynamic analysis, nonlinear
pushover analysis, seismic behavior factor.

1. Introduction

With the increase in the design heights of the buildings, the need for the use of columns with high strength capacities
increases, especially to absorb the effects of earthquakes (Elghazouli, Castro, and Izzuddin 2008; Khosravi, H., Shoaib
Mousavi, S., Tadayonfar 2020). 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 reinforced concrete structures,
higher capacity columns can be obtained by increasing the class and/or compressive strength of the concrete material used
and by increasing the cross section. In addition, it is possible to benefit from the high yield strength of steel and the high
compressive strength of concrete by creating a single section to be obtained. Among the sections that can be produced in this
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way, concrete-filled steel tube (CFST) sections, which are the most used and experimentally/theoretically studied in the last
century, are the most used column elements (Shams and Saadeghvaziri 1997; Shanmugam and Lakshmi 2001).

The strength of columns, which are vertical load members in both steel and reinforced concrete structures, can be increased
by designs that can be made using resultant sections without using relatively large cross-sectional areas. In other words, by
using composite profiles 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 seismic loads, it is important to limit the relative story translations and secondary effects (LOpez-Barraza et al.
2016). In this case, by using composite columns in the design, the required rigidity can be provided more effectively than
steel and reinforced concrete systems. On the other hand, considering the large axial force strengths specified in the columns
used in steel frames with central braces and eccentric braces, the required strength can be easily obtained by forming CFST
columns (Etli and Glineyisi 2020a, 2020b, 2021a; Glineyisi and Etli 2021)

The use of composite profiles instead of reinforced concrete or steel profiles in high-rise designs is more advantageous in
terms of construction speed and economy, especially in elements with high compressive strength, which can withstand in-
creased axial pressures during construction and with high ductility. element design. It is known that the steel profile creates a
continuous wrapping effect on the concrete in 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 regional buckling of the steel profile (Denavit et al. 2014a; Etli 2021a; Naseri and
Behfarnia 2018).

It is important to examine the nonlinear responses of earthquake resistant MRF systems, in which composite section ele-
ments are used in the design phase, in terms of evaluating the advantages provided by 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 addition, it has been seen that modeling techniques are important
in studies where the natural vibration period properties of the steel-concrete composite frame and its non-linear behavior under
the effect of earthquakes are examined by static and dynamic analysis (Aksoylu, C., Mobark, A., Arslan, M. H., Erkan 2020;
Forcael, E., Gonzélez, V., Opazo, A., Orozco, F., Araya 2020; Giiler, E., Afacan 2021; Zona, Barbato, and Conte 2008).

Modeling techniques of section elements in composite element modeling can be modeled with very close results compared
to experimental results when the finite element method is applied in element-based studies. On the other hand, the modeling
and analysis process of these elements is quite long compared to the structural system and element properties examined. For
this reason, the fiber section model, which is an alternative to this technique and provides the opportunity to make sensitive
analyzes as well as being faster, seems to be a more practical method and is recommended by researchers. (Tsai et al. 2004;
Vatansever and Simsek 2021).

Many studies show that severe earthquakes are the main design factor on the structural safety of composite moment-
resisting frames (CMRF) (Denavit et al. 2014b; Hajjar 2002; Lu et al. 2019; Nethercot and Vidalis 2015). One of the studies
using inelastic analysis of CMRFs dates back about 30 years. They conducted a study based on CMRF designed using rein-
forced concrete columns and steel beams. After that, the computer program designed with developing technology and software
focuses on the analysis of systems consisting of encased composite columns and composite slab steel beams. These programs
were developed to analyze two-dimensional composite frames. It was formulated using the fiber element model during the
modeling of the elements and the analysis of the column elements (Nethercot and Vidalis 2015). On the other hand, studies
in the literature have evaluated that composite column-steel beam connections have significant effects on design and seismic
performance characteristics. After examining the structures with various composite column and steel beam connection details
on these effects experimentally, studies were carried out to examine theoretically (Liew et al. 2000; Xiao, Choo, and Nethercot
1996; Yang et al. 2022). In addition, theoretical and experimental investigations on the change of natural frequencies that will
occur on the carrier system due to possible damage to the connection points have been carried out by the researchers (Nasery,
Hiisem, Okur, Altunisik, et al. 2020; Nasery, Hiisem, Okur, and Altunisik 2020a, 2020D).
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The study basically consists of two parts. In the first part, the design of CMRFs and in the second part, the performance
evaluation of CMRFs were made. In stage one, the structural system consisting of composite beams made of IPE steel beams
and square section CFST columns (SHS) which is assumed to be in full interaction with the slab was investigated. During the
design, a point where Turkey's North Anatolian and East Anatolian fault lines intersect was considered. The parameters to be
used in the seismic design of this region were selected using the interactive earthquake map. Using these parameters 5-, 10-,
15- and 20-storey CMRF structures were designed. Designs were made according to the seismic design provisions using the
Regulation on the Design, Calculation and Construction Principles of Steel Structures (CYTHYE 2018) and the Turkish
Building Earthquake Code 2018 (TBEC 2018). In the second stage, the CMRF system was remodeled for performance anal-
ysis. At this stage, the element sections were remodeled as fiber sections on an element-by-element basis using appropriate
material models. Then, static pushover analysis (PO) and incremental dynamic analysis (IDA) were used to obtain information
about the earthquake performance of the buildings. PO and IDA analyze were shown as generally accepted analysis tools in
the literature as a very accurate structural performance value calculation tool when the correct material selection and correct
element models are used (Lee and Ma 2021; Nguyen and Kim 2014; Pilarska and Maleska 2021). IDA is an emerging analysis
method that offers the ability to predict seismic demand and capacity using a set of nonlinear dynamic analyzes under a multi-
scale time history package. While two different lateral loading configurations were used for PO, 16 different earthquake
records of selected severe earthquakes around the relevant region were used in the IDA analysis. Various parameters were
evaluated for CMRFs with different properties by using the obtained graphics and design parameters. A flowchart of the
method followed is presented in the Figure 1.

| —Se(T) (9) —Sd(T)

Figure 1. Flowchart of methodology.

2. Example structures

The structural element properties of the designed CMRF buildings are summarized below. The columns of the building
are composite columns of CFST section obtained by filling the cores of SHS steel pipe members with concrete. Elements
were dimensioned in the analyzes made under the effect of lateral earthquake loads after the preliminary design under vertical
loads. Beams (with IPE steel section) and columns (with SHS section) are dimensioned using appropriate section members.
In all CMRF systems, it is assumed that the frame beams are connected to the columns in a way that transmits moment. The
floor slabs are designed to consist of a cast-in-place reinforced concrete slab system supported on main beams. The columns
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are fixed to the foundation in both directions. The total height of the CMRF structures from the ground is modeled as 13.25,
26.5, 39.75 and 53 m for 5-, 10-, 15- and 20-storey structures, respectively. The model buildings have a floor height of 2.65
m. The model building consists of 4 openings in the x and y directions, and each span is included in the calculations as 7m.
In this case, the total width is 28 m in the x and y directions (Figure 2). The use of low and medium-rise buildings is designed
to be used in examining the change of system properties, as in many other studies in the literature (Denavit et al. 2014b,
20164a; Etli 2021b; Etli and Giineyisi 2020c, 2021b; Hajjar 2002; Judd and Pakwan 2018a; Nethercot and Vidalis 2015; Silva
et al. 2016a; Skalomenos, Hatzigeorgiou, and Beskos 2015a). Considering the region covered in this study, the regional worst
possible earthquake scenario problem is discussed. The worst ground conditions and the lowest material capacities and the
design situation were considered. Basically, the possible results of the solution of this problem were tried to be examined.
The CMREFs are positioned as if they were to be constructed at a location with known ground values (Latitude: 39.298011°
Longitude: 41.014378°) in Bing6l Province Kaliova District Yesilyurt Mahallesi so that earthquake parameters can be selected
during the design phase. In this geographical location, data compatible with ZE ground conditions, which are the worst pos-
sible ground conditions according to the scenario in question, were considered. While the steel class is S235 in the structural
elements, the concrete class is determined as C30 in the design. The analysis properties of materials were given in Table 1.
SeismoStruct (SeismoSoft 2018) computer software was used in the design and performance evaluation and development of
the analytical model (Figure 3).
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Figure 2. Schematic view of plane and elevation view.
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Figure 3. SeismoStruct program view of CMRFs.
2.1. Structural design

Table 1. Properties of materials.
Material
Material properties Concrete  Steel
Compressive strength (MPa) 30
Yield strength (MPa) 235
Modulus of elasticity (GPa) 25.74 210
Strain at peak stress mm/mm_ 0.0022

Fracture/buckling strain 0.20
Strain hardening parameter 0.005
Model con_ma stl bl

CYTHYE-2016 (CYTHYE 2018) and TBEC 2018 (TBEC 2018) Regulations were used in dimensioning the sections of
beam and column elements that make up the CMRF system. Sections with sufficient capacity were selected by using the
gravitational and seismic force values obtained from the SeismoStruct computer software. The dead weights of the CMRF
system elements were calculated by the computer software and were automatically considered in the analysis. The total fixed
load caused by other elements (flooring, etc.) in buildings is taken as 3 kN/m?2. The live load selected according to the purpose
of use on the ground is taken as 2 kN/m?. While the elastic design spectral accelerations used to determine the earthquake
loads of the design were found, the natural vibration period was calculated using the TBEC 2018 Equation (2.2). In the
creation of the horizontal elastic earthquake design spectrum, earthquake ground motion at the DD-2 levels, which has a 10%
probability of exceeding in 50 years, and the local soil class ZE at the location to be constructed were used. Elastic design
spectrum was obtained by using the relevant values for ZE. It is necessary to obtain the spectral acceleration coefficients and
ground effect coefficients to be used in the creation of the horizontal elastic design spectrum. For this reason, a hypothetical
location was chosen for the designed building. Spectral acceleration values were determined from interactive earthquake maps
by using Turkey Earthquake Hazard Maps (TEHM) (Turkey Disaster and Emergency Management Presidency 2020) for this
selected geographical location of the model structure. Local ground effect coefficients were obtained based on local ground
class and local ground effect coefficients for the short period region and local ground effect coefficients for the 1.0 second
period according to TBEC 2018 Section 2.3.3. The damping ratio values are estimated based on experience from similar
structures. While these values are generally between 0.01 and 0.1 in civil engineering, the generally accepted default value of
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0.05 is widely used in earthquake engineering (Elghazouli 2016; Elnashai and Sarno 2016). The damping ratio was taken as
5%. Using the TEHM, the short period map spectral acceleration coefficient was read as SS= 1.947, the map spectral accel-
eration 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 velocity as PGV=60.469 cm/s.

As a feature of the designed CMRF systems, it was decided to create CFST columns and composite beams with high
ductility. Accordingly, for the steel structure systems given in TBEC 2018 Section 4.3.2.2, the values of the CMRF system
were determined by choosing the behavior coefficient R and the overstrength coefficient D. In these conditions, the coeffi-
cients of R=8 and D=3 given in this table will be taken as basis, since the entire design consists of steel-concrete composite
element frames with high ductility, designed as CMRF according to TBEC 2018 Table 4.1. for earthquake effects. The General
Analysis Method was used to calculate the required strength of the building elements against the design earthquake forces
affecting the CMRF system, and the Design Method with Load and Strength Coefficients was used in the dimensioning phase.
As a requirement of this method, all elements in the structural system (composite columns and frame beams in this example)
are multiplied by an axial and shear stiffness coefficient. This value to be used in CYTHYE 6.2.3 is given as 0.8. The reduction
coefficient applied to the bending stiffnesses of the composite columns was obtained as 0.8x0.8 = 0.64 as stated in CYTHYE
6.2.3(b) and 12.2.5(d).

As a result of the seismic design analyzes made with SeismoStruct (SeismoSoft 2018) computer software, the natural
vibration periods for 5-, 10-, 15- and 20-storey structures were obtained by the program as 0.720, 1.430, 1.642 and 2.110s,
respectively. Total CMRF weights were obtained from the software as 5108.91, 10892.29, 18597.46 and 26434.289 kN for
5-, 10-, 15- and 20-storey structures, respectively. In the seismic design calculations for 5-storey, 10-storey, 15-storey and 20-
storey structures, the base shear forces of 583.9, 644.92, 932,924 and 1010.278 kN were calculated from the software, respec-
tively. The results of the analysis and the smooth geometry of the system showed that the system did not contain any irregu-
larities in the plan and in the vertical, which should be evaluated under the effect of earthquakes. In seismic design, effective
relative story drifts and second order effects are evaluated using limit values. These limit values were calculated as lower than
the limit values defined in TBEC 2018 clause 4.9 for CMRFs designed during seismic analysis. Columns were sized according
to the conditions specified in CYTHYE 2016 12.3.2 by using the internal force values of the elements calculated with the
design loads obtained. Table 12.5 is given to obtain the axial force-bending moment interaction diagram of the column section
in CYTHYE and the plastic stress distribution method for it. In addition, according to the condition given in TBEC 2018
9.11.4.2, the axial compressive force values in all composite columns must meet the condition Num<0.40Pno.

While calculating the Ngm value, the joint effect of vertical loads and earthquake loads is considered. In addition, live load
reduction coefficients defined in TS 498 (TS-498 2007) are used for live loads in these calculations. Consequently, Ngm is
defined as the largest of the axial compression forces calculated using the specified live load reduction coefficients. P is
defined as the compressive strength of the cross section of the composite element under axial load. During the design
of CMRFs, according to TBEC 2018 article 9.11.2.2, in the calculations made by considering the earthquake direction
in all directions, the columns should have higher strength than the beams at all column-beam junction points in the
structure. In 5-, 10-, 15- and 20-storey CMRF structures, CFST composite columns (outside diameter X wall thickness)
formed from 450x16,500%36, 600x45 and 750x45 mm SHS section steel tube elements were used as elements. After
the static and dynamic design, the steel beam sections in composite beams were calculated as IPE 400 for 5 and 10
story structures and as IPE 500 for 15 and 20 story structures. Reinforced concrete slab thicknesses were measured
as 150 mm in buildings with 5 and 10 floors, and 180 mm in buildings with 15 and 20 floors. Moreover, the building
plan geometry, material and modeling properties were created by evaluating previous studies (Tsai et al. 2004; Vatansever
and Simgek 2021). The results of the mode shapes from the natural vibrations obtained from the software during the seismic
design are presented in the Figure 4.
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Figure 4. First two mode shape from natural vibrations taken from SeismoStruct program.
2.2. Nonlinear analytical models of the CMRF system

In the first stage, CMRFs were designed statically and dynamically according to CYTHYE 2016 Regulation and TBEC
2018, and then the results of their nonlinear behavior were evaluated using analytical models using SeismoStruct computer
software. For this, structural and geometric quadratic effects were considered in all analyzes made in the software, especially
in a non-linear manner. In the evaluation of performances, all results obtained with PO and IDA in CMRF buildings were
evaluated comparatively for different parameters. In the new models produced to evaluate the behavior of CMRFs, elements
with a distributed plastic behavior approach were selected from the software for the nonlinear behavior of columns and beams.
For this reason, a section that reflects the plastic behavior of beams and columns was chosen in the model. This section model
is one in which the fiber-shaped section model (Figure 5) is used, which ensures that solutions are as accurate and fast as
possible. In this model, it is assumed that the plastic behavior spreads to the transverse and longitudinal sections formed in
the section with the help of fibers. Moreover, the fiber section modeling used in the designed elements provides a relatively
accurate description of the section behavior against the combined load effect. The cross-sectional stress-strain state enables
the integration of nonlinear uniaxial material response of individual fibers that subdivides the sections by the algorithm in the
program's artificial intelligence. This software considers the spread of behavior between fiber elements along the section depth
at regular intervals along the element length (SeismoSoft 2018). Accordingly, the cross-sections of beams and columns in
these regions consist of a finite number of fiber elements. More importantly, it is assumed that full adherence is provided
between the concrete and steel section parts that make up the composite section. The plastic behavior in these regions is
determined directly by the SeismoStruct software based on material properties. Slabs are not directly included in the analytical
models but are assumed to form rigid diaphragms in each floor plane. The vertical loads passing through the floors are defined
as the loads of the frame beams, and the evenly distributed loads are defined as the loads. Calibrations of element material
models and behavior models were obtained from previous studies (Etli 2021c, 2022; Etli and Guneyisi 2020d, 2021c, 2022b,
2022a; Guneyisi and Etli 2020).
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(a) (b)

Figure 5. Fiberized section views for (a) CFST columns and (b) composite beam.

The expected material strength values defined in TBEC 2018 were used to describe the performances of steel and concrete
materials used in CMRF elements in nonlinear behavior models. The data in TBEC 2018 Table 5.1 was used to obtain the
values of these expected material strengths. For these values, 1.3fck and 1.5Fy formulations were used, respectively, while
reaching the expected material strengths in the characteristic compressive strength of concrete and the characteristic yield
strengths for S235 class structural steel. In the model used for nonlinear material behavior in PO and IDA analyzes of steel
material, a hardening-based coefficient of 0.005 is used. In the SeismoStruct software, the bilinear steel model was used to
model the structural steel material in nonlinear analysis. This material model is defined in the software as the “stl_bl” material
model. During the PO and IDA analyzes of the concrete material, the tensile strength was neglected in the stress-strain material
response curve. In addition, while the concrete behavior of the CMRF models is modeled in the SeismoStruct software, the
"con_ma" model in the software is used for the non-linear behavior of the material. Each of the IDAs, consisting of nonlinear
analyzes in the time domain (TH), is performed using pre-occurring and locally selected earthquake ground motions that move
simultaneously in a vertical horizontal plane under the influence of a constant gravitational load. While calculating the grav-
itational load values, 30% of the live load values are added to the weight of the building in addition to the fixed loads that are
effective in an earthquake. performance evaluation analysis consists of two parts. In the first step, PO analyzes were used. In
these analyses, two different loading conditions were evaluated. These loads were used as uniformly distributed horizontal
loading (ULD-PO) and triangular horizontal loading (TLD-PO). In the second stage, IDA analyzes were performed. The
earthquake ground motions selected for this purpose consist of 8 ground motion pairs. When selecting earthquakes, large-
scale earthquakes that occurred in the past between the North Anatolian fault line and the East Anatolian fault line surrounding
the city of Karliova, which is assumed to have been built, were used (Figure 6).

Figure 6. Selected ground motion schematic representation.

The multipliers used to increase TH values in IDA analyzes 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 IDA analyzes
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will be 8x2=16. Seismic demand values and other parameters are calculated by taking the average of the values obtained
because of 16 IDA analyzes. The characteristics of the earthquake records used in the study within the scope of RIA are
presented in Table 2. The data and information regarding the earthquake movements in Table 2 were taken from the AFAD
ground motion database (TADAS 2021). Using existing earthquake records, each selected ground motion pair was scaled and
used in IDA analyzes with the aid of an earthquake spectrum, defined in the study as a design earthquake for CMRFs and
evaluated using a 475-year return period with a 10% probability of exceedance in 50 years.

After severe earthquakes, especially in earthquakes such as the Kahramanmaras earthquake, two earthquakes of 7.8 Mw
and 7.5 Mw in the Pazarcik and Ekindzii districts of Kahramanmaras, the designs of the structures to be built on weakly
graded soils are of great importance. It is important to put the information in current regulations into practice and to evaluate
engineering. Therefore, within the scope of the study, possible uses of current building systems were evaluated in terms of
superstructure. The structures produced are especially evaluated as residential structures. In addition, the general building
coefficients used in such structures were considered. After the data obtained, it was tried to produce information and data
about the design-performance change that would provide a preliminary idea to the designer.

Table 2. Properties of earthquake ground motions.

Relcl:grd Record Seq. # Station ID Epicent(rle(lrlnI)Distance Eve?lirlr?)epth ML/MW @
m; 2183 1133 118 6 6.6/- va
mf‘ 2896 1206 2.19 158 5.1/- va
o 23 2402 12.82 23 ST
gyl 10099 1212 16.2 8 BT
'I-'rl—||-|--190 24 2402 45.32 29 5.4- va
Lo 1828 2306 30.88 15.51 B2
Loy 6027 6202 37 10.66 B3
Lo 2587 1208 54.00 9.9 54l

*@: Component
3. Results and discussion

The response of CMRFs because of ULD-PO and TLD-PO analysis is shown in Figure 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-story 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 (Etli and Glineyisi 2020b, 20203,
2021a; Turkey Disaster and Emergency Management Presidency 2020; Vamvatsikos 2005, 2015; Vamvatsikos and Allin
Cornell 2002). 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 7.
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Figure 7. PO and IDA graphs for CMRF structures a) 5, b) 10, c) 15, and d) 20 stories.

3.1. Ductility factor

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 (Miranda and Bertero 1994). That is, the displacement ductility ratio p (ductility demand) can be expressed as:

2 6

Yield and ultimate displacement values are A, and A, respectively, in Equation (1). As a result of IDAs, it was calculated
from Fig. 5 and the data were calculated and plotted for average value of p. p factors were calculated from IDA, TLD-PO,
and ULD-PO for 5-, 10-, 15- and 20-story CMRF structures and given in Figure 6. If the p values obtained because of the
IDA are examined, it is calculated as 2.03, 1.96, 2.65 and 3.19 for the buildings with 5-, 10-, 15- and 20-story, respectively.
When the p results are examined, the values obtained because of TLD-PO are lower than the values obtained from IDA by
12.82%, 24.40% and 34.98% for 10-, 15- and 20-story buildings, respectively. However, the p values obtained because of
TLD-PO in the 5-story structure are 4.33% higher than the values obtained from IDA. When the p values obtained because
of ULD-PO were examined, it was found that for 10-, 15- and 20-storey structures, they were 10.32%, 18.60% and 28.25%
lower, respectively, then those obtained from IDA. In the 5-storey building, the difference between the p values calculated
from IDA and the p values obtained because of ULD-PO is negligible (0.55%) Figure 8.
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Figure 8. 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 cal-
culated from the Figs. obtained with IDAs for each structure:

Vy

Qq = V4 2

Yield and design base shear values are displayed as Vy and Vg, respectively, in Equation (2). As a result of experimental
and theoretical studies conducted by researchers for Qq, 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 (Elhashai
et al. 2002; Elnashai and Di Sarno 2015; Whittaker, Hart, and Rojahn 1999). 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 (Elnashai
and Di Sarno 2015).

In this study, IDA results showed that the Qg factors of CMRFs reached 6.66, 7.13, 6.48 and 5.87 in 5-, 10-, 15- and 20-
story structures, respectively. Qg factors obtained from TLD-PO analyzes are 1.91%, 1.01% and 7.97% higher for 5-, 15- and
20-storey buildings, respectively, than those obtained from IDA. In the 10-story structure, the Qg factor for TLD-PO is 8.09%
smaller than the values obtained from IDA. For ULD-PO, it is 12.44%, 32.27%, 26.28% and 24.36% lower than the Qd factors
calculated from IDA for 5-, 10-, 15- and 20-story buildings, respectively (Figure 9).
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Figure 9. Overstrengh factor for CMRFs.
3.3. Inherent overstrength factor

Elnashai and Mwafy (Elnashai and Mwafy 2002) recently suggested a measure of response termed ‘inherent overstrength
factor. Inherent overstrength factor (€;) is formulated as below.

Yield and elastic base shear values are given as Vy and Ve, respectively, in Equation (3). The suggested measure of response
Qi reflects the reserve strength and the anticipated behavior of the structure under the design earthquake. Clearly, in the case
of Qi >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 Q; and unity is an indication of the ratio of the forces that are imposed
on the structure in the post-elastic range (Elnashai and Di Sarno 2015). When the values obtained within the scope of the
study were examined, the values of the Q; parameter were obtained as 0.85, 0.90, 0.81 and 0.73 from the IDA results for 5-,
10-, 15- and 20-story CMRF, respectively. These values show that the structures can survive the earthquakes with inflexible
deformations. Considering the analyzes made with TLD-PO, the calculated Q; values were 1.91%, 1.01% and 7.97% greater
than the IDA results for the 5-, 15- and 20-story CMRF, respectively. On the other hand, according to the IDA results, the Q;
value is 8.09% smaller in 10-story building. On the other hand, ULD-PO results were 12.44%, 32.27%, 26.28% and 24.36%
smaller than IDA results for 5, 10, 15 and 20-story CMRF, respectively (Figure 10).
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Figure 10. Inherent strength factor for CMRFs.
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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
and static analyzes carried out in the systems formed by the CMRF structures is presented. The deformation states and defi-
nitions that occur in the mentioned structural elements are summarized in Table 3. The deformations in the CFST column
cross sections in the CMRF system and in the sections of the composite beams, which are formed by the combination of IPE
section and solid slab, are examined within the scope of this section. During the examination, IDR (interstory drift ratio)
values were taken into consideration. The cross-sectional deformations obtained during IDA, TLD-PO and ULD-PO given in
the Table 3 were evaluated. When the results of IDA, TLD-PO and ULD-PO analyzes are examined, the deformation limits
of CSY, CSU, CCU and CCF in CFST elements in CMRF systems are examined, and limit states of BSY, BSU, BCU and
BCF deformations in composite beams are examined.

Table 3. Deformation states and definitions.

Abbreviations Definition
BSY In the composite beam, the steel has reached yield elongation at the outermost fiber
CsYy 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.
CCcuU Concrete reached its ultimate capacity in the composite column.
BCF In the composite beam, the concrete converged to the elongation at crushing limit.
CCF In the composite column, the concrete converged to the elongation at crushing limit.

In the IDA analysis, when the IDR value reaches 0.0072, 0.0067, 0.0052 and 0.0044 in 5-, 10-, 15- and 20-storey structures,
respectively, BSY deformation in composite beams is at limit values. On the other hand, the IDR value at which BSY defor-
mations occur in ULD-PO analyzes is 10%, 15%, 13% and 3% smaller than the values calculated with IDA in 5-, 10-, 15-
and 20-storey structures, respectively. In addition, the IDR values at which BSY deformations occur in TLD-PO analyzes are
15%, 13%, 11%, and 2% smaller than the values calculated with IDA for 5-, 10-, 15-, and 20-storey structures, respectively.
The IDR values at which BSU deformation occurred were calculated from the IDA results as 0.0353, 0.0329, 0.0259, and
0.024 for 5-, 10-, 15-, and 20-storey structures, respectively (Figure 11).
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Figure 11. Section deformation variation with IDR for a) IDA, b) TLD-PO, and c) ULD-PO.
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In ULD-PO analyzes, the IDR value at which BSU deformations occur was 3%, 6%, 8% and 12% greater than the values
calculated with IDA in 5-, 10-, 15- and 20-storey structures, respectively. In TLD-PO analysis, the IDR value at which BSU
deformations occur was 3%, 6%, 9% and 11% greater than the values calculated with IDA in 5-, 10-, 15- and 20-storey
structures, respectively. Therefore, the results obtained have almost the same difference with IDA. When the BCU defor-
mation occurring in the reinforced concrete parts of the composite beams was examined, it was observed that the IDR value
reached 0.0203, 0.0176, 0.0123, and 0.011 in 5-, 10-, 15- and 20-storey structures, respectively, in IDA analyses. On the other
hand, in ULD-PO analyzes, the IDR value at which this deformation occurs is 18% and 8% smaller than the values calculated
with IDA for 5- and 10-storey structures, respectively.

Similarly, in TLD-PO analyzes, the IDR value at which this deformation occurs is 20% and 6% smaller than the values
calculated with IDA in 5- and 10-storey structures, respectively. On the other hand, in the ULD-PO analysis, the IDR at which
this deformation occurred was 1% and 4% greater than the values calculated with IDA for 15- and 20-storey buildings, re-
spectively. Similarly, in TLD-PO analysis, the IDR at which this deformation occurred was 2% and 6% greater than the values
calculated with IDA for 15- and 20-storey structures, respectively. Again, the final deformation BCF in the reinforced concrete
part of the composite beams was observed when the IDR value reached 0.0314, 0.0277, 0.0206, and 0.0172 in 5-, 10-, 15-
and 20-storey structures, respectively, in IDA analyses. On the other hand, the IDR value at which this deformation occurs in
ULD-PO analyzes is 17%, 9%, and 9% smaller than the values calculated with IDA for 5-, 10-, and 15-storey structures,
respectively. In addition, in TLD-PO analyzes, the IDR value at which this deformation occurs is 21%, 7% and 6% smaller
than the values calculated with IDA for 5-, 10-, and 15-storey structures, respectively. In ULD-PO and TLD-PO analyzes,
this deformation is 4% greater than the values calculated with IDA for 20-story structures (Figure 11).

Deformations occurring in CFSTs were observed as CSY, CSU, CCU, and CCF. CSY deformation in CFST is at the limit
values when the IDR value in IDA analyzes reaches 0.0088, 0.0173, 0.0168 and 0.0242 values for 5-, 10-, 15- and 20-storey
structures, respectively. On the other hand, the IDR value at which CSY deformations occur in ULD-PO analyzes is 7%, 14%,
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29% and 12% greater than the values calculated with IDA in 5-, 10-, 15- and 20-storey structures, respectively. In addition,
the IDR value at which CSY deformations occur in TLD-PO analyzes is 23%, 49%, 92%, and 72% greater than the values
calculated with IDA for 5-, 10-, 15-, and 20-storey structures, respectively. The IDR values at which CSU deformation oc-
curred were calculated from the IDA results as 0.0338, 0.059 and 0.0678 for 5-, 10- and 15-storey structures, respectively. It
is not included in the results of all three analyzes in the 20-layer CMRF. In ULD-PO analyzes, the IDR value at which CSU
deformations occur is 5%, 33% and 18% smaller than the values calculated with IDA in 5-, 10-, and 15-storey structures,
respectively. 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 4% greater in 5-storey buildings, respectively, than the values calculated with IDA,
while it is 50% smaller in 15-storey structures (Figure 10).

The IDR values at which CCU deformation occurred were calculated from the IDA results as 0.016, 0.0373, 0.0476 and
0.0433 for 5-, 10-, 15- and 20-storey structures, respectively. In the 20-story CMRF, however, this deformation does not occur
because of TLD-PO. In ULD-PO analyzes, the IDR value at which CSU deformations occur is 5% and 10% smaller than the
values calculated with IDA for 5- and 15-storey structures, respectively. In addition, the IDR at which CSU deformations
occur in ULD-PO analyzes is 7% and 6% greater than the values calculated with IDA for 10- and 20-storey structures, re-
spectively. In TLD-PO analysis, CCU deformations are 9%, 42%, and 32% larger than the values calculated by IDA in 5-,
10- and 15-storey structures. CCF deformation, on the other hand, occurred only in the 5-story structure for all three analyses.
For this case, it was observed that the IDR values for IDA, ULD-PO and TLD-PO were 0.0664, 0.0534 and 0.0566, respec-
tively (Figure 11).

4. Conclusions

In this study, if the structures designed according to CYTHYE 2016 and TBEC 2018 design codes are built on specific
design conditions, deformations in the sections of the elements and various performance parameters are obtained. By using
these parameters, the mutual performance changes of the structures were evaluated. Static pushover analysis and incremental
dynamic analysis were performed to determine performance parameters. Two different lateral loading models were used for
static pushover and analyzes consisting of 16 earthquake records were used for IDA analysis. In addition, in the next step of
the research, studies have been carried out to provide more reliable information to the designer by making models similar to
international codes, developing soil structure integration models and updating the analyzes. The following conclusions can
be reached for the structural systems whose data have been examined:

1. Ductility factor, p values greater than 1.7 were obtained. This shows that CMRF structures can adequately absorb
system displacements and earthquake effects thanks to their lateral mobility and element ductility. On the other hand,
this value is evaluated according to the structural system in Eurocode-8 [60]. In CMRF systems it is obtained on
average 30% larger than given in Eurocode-8.

2. The Qq parameter calculated due to the IDA caused by the regional earthquakes selected for the buildings designed
as CMRF was obtained as the lowest 5.87 and the highest 7.13. In the PO analysis, the lowest value is 4.44 and the
highest value is 6.79. While the Q4 parameter obtained from the IDA results increased in low-rise and mid-rise
buildings, a decreasing trend was observed as the number of stories increased. In PO analysis, on the other hand, as
the number of stories increases, the value of the Qg parameter decreases.

3. InQ;values, all values are calculated less than 1. In this case, structures absorb the earthquake energy thanks to their
inelastic behavior under severe earthquakes. This is also supported by the deformation limit results in the section on
member section deformations occurring in the elements.

4. According to the change in the IDR of the deformations in the composite beams, when the IDR value is 0.005, it is
seen that the section behavior is within the elastic limits. On the other hand, when the IDR value is above 0.02, the
plastic behavior in the sections of composite beams dominates the behavior of the structure. However, this situation
emerges as a decreasing IDR value as the number of floors increases.

5. When the IDR value in the CFST columns in the carrier system is 0.009, it can be said that the section behavior is
within elastic limits. When the IDR value is 0.03 and above, it is seen that plastic behavior comes to the fore in CFST
column sections. This situation emerges as an increasing IDR value as the number of floors increases.
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