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Abstract

In this study, the seismic behavior of regular and irregular composite moment resisting frame (CMRF)
buildings was investigated. To this aim, 5, 8, 10, 13 and 15-story CMRFs having concrete filled steel tube
columns and composite beams were designed at high ductility level and their performances were evaluated
comparatively. The case study CMRF structures were categorized into two groups as regular and irregular in
elevation. Examined irregular structures have setbacks in different story levels. During the design and
performance analysis, SeismoStruct software was employed. Nonlinear static pushover and incremental
dynamic analyses were used in the seismic performance assessment. The uniform and triangular load
distributions were considered in the pushover analysis while a total of 22 earthquake acceleration records
were utilized in the dynamic analysis. The variation in the lateral response, global yielding value, interstory
drift, behavior factor, inherent strength factor, overstrength factor, and ductility factor were examined for
the regular and irregular CMRF structures. It was observed that the regular CMRFs were more consistent with
the design assumptions as compared to the irregular ones. Moreover, the former exhibited more uniform
non-elastic demands over the building height according to the results of the incremental dynamic analysis.
Under the seismic scenario adopted, all the building types yielded higher values of the behavior factor
complied with the limits available in the code.
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Seismic performance evaluation of regular and irregular composite moment resisting frames Serkan Etli et al.

1 INTRODUCTION

Composite steel and concrete building systems are widely used in areas with high seismic risk such as in North
America and Japan. Due to its cost effectiveness and improved structural performance compared to steel or reinforced
concrete structures, it is also becoming popular in earthquake-prone areas in Europe (Di Sarno and Pecce 2007). The
ductility of composite structures is mainly provided by composite columns and beams designed in line with the code
requirement. Structures with concrete-filled steel tube (CFST) elements are increasingly used in high-rise buildings,
bridges and other industrial buildings due to their excellent seismic performances in terms of high strength, ductility and
energy absorption. There have been extensive theoretical and experimental studies on the behavior of composite
elements in the literature (Shams and Saadeghvaziri 1997; Shanmugam and Lakshmi 2001; Li et al. 2019, 2020). In
addition, the composite interaction between steel and concrete is difficult to model appropriately (Thai and Kim 2011).
Numerous composite beam and column models have been developed by the researchers. For example, Tomii and Kenji
(1979) presented an analytical model for the elastic-plastic analysis of CFST column-beam. To consider the limiting
effects, the stress-strain relationships were proposed for the wrapped concrete in the tube member. Hajjar et al. (1998)
proposed a fiber-based distributed plastic finite element model for the nonlinear non-elastic analysis of CFST column-
beam. Moreover, in the literature, there have been some investigations on the structural response of CFST included
frames such as steel beam connected to square CFST column composite frames (Wang et al. 2009) and frames with
circular CFST columns to steel beams (Han et al. 2011). They also considered the panel zone and connection effects on
the models in the parametric verification of their experimental works. In another study by Wang et al. (2017), the
composite frames with square or circular CFST columns and steel-concrete composite beams with steel-bars truss deck
were tested and their analysis results were examined in terms of various response parameters. Researchers studied on
the pseudo-dynamic testing and analytical modeling of blind-bolted CFST frames with buckling-restrained braces (Shams
and Saadeghvaziri 1997; Shanmugam and Lakshmi 2001; Lietal. 2019, 2020). Moreover, the seismic response of
rectangular CFST column composite frames with the inclusion of the slab was evaluated experimentally and finite
element modeling was performed to simulate the tested composite frames (Jianguo et al. 2012).

Among the types of the structures, the buildings with setback show some irregular configurations in elevation.
Therefore, for their seismic capacities, much care in the design stage is required. It usually causes vertical irregularities
due to sudden reductions in plan dimensions along the elevation of the setback structures. Vertical irregularities may
affect the seismic performance of the structures depending on the limit-state or level of the seismic intensity considered
(Michalis et al. 2006). Hence, most of the seismic codes for the design of structures under the earthquake loading contain
some limiting criteria to prevent the discontinuity problem in these structures. Recent researches on determining the
seismic performance of vertically irregular structures indicate that the limitations of earthquake design in such buildings
should be defined by considering the following items: (i) expected performance target, (ii) seismic intensity level,
(iii) different positions of irregularities on height, (iv) number of vertically irregular stories, and (v) movement of
geometric vertical irregularities combined with torsional irregularities (Karavasilis et al. 2008; Le-Trung et al. 2012;
Pirizadeh and Shakib 2013; Shakib and Pirizadeh 2013).

Indeed, the past earthquake experiences have shown that irregular structures exhibit inadequate behavior under
seismic loads and suffer more damage. Therefore, some studies in the literature have discussed the adequacy of the
design criteria and procedures of simplified traditional seismic design codes applied in such irregular buildings. For
example, Duan and Chandler (1995) examined the seismic response of a setback framework structure class, taking into
account the inelastic behavior of the structural elements, but considering a representative setback frame model. They
stated that both static and modal spectral analysis were insufficient to predict and prevent damage concentration in the
members close to the level of irregularity. Tena-Colunga (2004) studied the undesirable concentration of plastic
deformation around the irregularity line by investigating the seismic response of the irregular structure of two types of
slender stepped special reinforced concrete moment resisting frame systems designed to fulfill the seismic requirements
of Mexican law. Karavasilis et al. (2008) also presented a comprehensive parametric study on the non-elastic seismic
response of plane steel moment resisting frames designed according to European codes. In the scope of their study, the
frames were subjected to 30 regular earthquake ground motions scaled to different seismic intensities to drive different
boundary conditions. The results of the statistical analysis of the generated response database were examined by
considering the number of stories, beam-column strength ratio, geometric irregularity, and limit state status. It was found
that the height-width distribution and inelastic deformation demands were intensely affected. In another study by
Pirizadeh and Shakib (2019), a reliability based technique was used for evaluating and enhancing the earthquake
response of mid-rise steel moment resisting framed building with setback. The low seismic performance of such buildings
has been linked to the combined effect of structural irregularities, non-uniform mass, stiffness and force distribution
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along the height of the setback frames. Moreover, one or two sided setback configurations with symmetric or asymmetric
around the vertical axis of the structure are also a key factor on the performance assessment (Karavasilis et al. 2008).

2 RESEARCH SIGNIFICANCE

Due to various architectural requirements, setback-type irregular structures, which are formed by the sudden
reduction of the floor area after certain building levels, are often preferred. On the other hand, the increase in damage
probabilities observed in such reinforced concrete or steel moment resisting framed structures after severe seismic
events provides strong evidence that the setback included buildings may be inadequate. Therefore, apart from the
existing studies, in this investigation, it is aimed to evaluate the effect of the setbacks in the composite moment resisting
frame (CMRF) buildings considering the nonlinear behavior of the structural members. For this reason, two groups of
structures, 5, 8, 10, 13 and 15-storey CMRF buildings having composite beams and CFST columns were designed
seismically by using Eurocode-8 (2004) norms as regular and irregular with various setbacks. In the finite element
modeling and analysis, SeismoStruct software was utilized. Firstly, the finite element model developed in this study was
verified through the comparison of the experimental results of composite frames under lateral loading given in the
literature. Then, a parametric study was conducted in which the performances of the case study composite structures
with and without setbacks were studied by using pushover and incremental dynamic analyses. The uniform and triangular
load distributions in the pushover analysis were used while a total of 22 different ground motion records were employed
in the dynamic analysis. Various parameters such as the lateral behavior, global yielding point, behavior factor, inherent
strength factor, overstrength factor, and ductility factor were evaluated. In addition, the interstory drift response of both
the regular and irregular CMRF structures were assessed considering the design basis earthquake (DBE) and maximum
considered earthquake (MCE) hazard levels. Based on these parameters, the influence of setback irregularities on the
seismic response of the CMRF structures were discussed comparatively.

3 DETAILS OF THE STUDY

In this study, the behavior of composite moment resisting frames (CMRFs) with concrete filled steel tube (CFST)
columns and composite beams were investigated. They were designed as regular and irregular structures and then
compared in terms of basic shear force and displacement responses considering the static and dynamic effects. In fact,
this comparison was made for the code-designed structures under two different cases. One is an irregular case including
symmetric two-sided setbacks and the other is a regular case. To this, a total of 10 CMRF structures having various story
levels of 5 to 15 were employed. A half of them were modeled as regular structures and the remains were as irregular
structures. The plan features of the regular and irregular buildings are shown in Figures 1 and 2, respectively. In Figure 3,
the elevation views of all frames are given. As seen from the figure, the setback occurred on the 3rd, 5th, 6th, 8th and
9th levels for the irregular buildings having different heights.
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Figure 1 Floor plan of the regular buildings.
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In the plan, the columns were placed at 7 m intervals in both x- and y-directions. The CFST columns with square
hollow section (SHS) and composite beams constructed with steel IPE profile and slab were considered in the design of
the structures. The analyses were taken into account in one-direction of the building and were performed on 2D frames
on the strip in the middle of the building. The flooring height is 18 cm. When the wall load of 3 kN/m is used in the beams
of the structure, the floor is considered to finish the dead loads and the moving loads are 2 and 3 kN/m?, respectively.
Moreover, a symmetrical two-sided setback configuration was examined for each case study structure. Additionally, the
plan geometry of the irregular buildings was the same as the first group up to the level where the plan was narrowed,
and then the structural plan was altered as shown in Figure 2. These setback configurations are defined considering two
percentages, RA and RH. RA (area setback rate) is defined as the relative area of the structure to the base, and RH (height
setback rate) is described as the relative height of the structure according to Shahrooz and Moehle (2007). As Figure 3
shows, the setback ratios considered are RA = 0.5, and RH = 2/3, 3/5, and 5/8. The buildings of the two groups were
designed as 5, 8, 10, 13 and 15 story steel-concrete composite office buildings.

CMRF models are designed using Eurocodes 3, 4 and 8 (EN 1993-1-1 2005; EN 1994-1-1 2004; EN 1998-1 2004). The
design was developed in two stages. In the first phase of the design, the material and cross-sectional properties of the
composite beams and columns of all models were selected under the gravity loads. Then, in the second stage, the results
of the behavior of CMRFs under the earthquake effects were evaluated and the design values were checked accordingly.
Earthquake analysis was performed by the modal analysis method which was accepted in most of the design codes. For
modal analysis according to Eurocode-8 (EN 1998-1, 2004), the parameters used to obtain the earthquake spectra were
Type-| spectra, Ground C, peak ground acceleration (PGA) 0.2g and damping factor £ = 5%. In addition, two different
behavior factors have been used in the design process, one for regular and the other for irregular structures. The basic
value of the selected behavior factor of both groups is equal to 6.5. For irregular structures, it should be multiplied by
0.8 as per Eurocode-8 (EN 1998-1, 2004), equal to 6.5x0.8 = 5.2.

In the design stage, after the capacity of the column and beam sections were checked according to seismic design
specifications of CMRFs, the structural stability and drift criteria of CMRFs were evaluated under design seismic loads.
Second-order effect controlled with sensitivity coefficient and symbolized with 8 and it is limited as 0.2 for this study.
After the 8 value passes 0.1, it is taken into consideration of the seismic design via simplified formulation given in
Eurocode-8 (EN 1998-1, 2004). Moreover, this value is the limit of the calculation for taking into consideration of second
order effect with the elastic analysis, according to Eurocode-8 (EN 1998-1, 2004). The U value is used to reflect the
behavior of non-structural elements in the structure design. This value is given in 0.5%, 0.75% and 1.0% in Eurocode-8
(EN 1998-1, 2004) for the structural systems using brittle, ductile and non-structural or insulated elements, respectively.
In the design of the structures within the scope of this study, | value was used as 0.75%. The cross-sectional properties
of the structural elements used in the design and the classes of materials used in these elements are given in Table 1.
The grade of the structural steel was selected as $S235 and the concrete class C30 was used in all structures. Both regular
and irregular structures in elevation were designed as high ductility level (DCH) system. In Table 2, the modal mass
participation factors and the natural vibration periods of the models are provided.

Table 1 Member property and behavior factor of the structures.

Buildings Beam Column (mm) Concrete Steel q
5STRY/RGLR IPE 360 450X28 Cc30 S235 6.5
5STRY/IRRGLR IPE 360 450X25 5.2
8STRY/RGLR IPE 450 550X36 6.5
8STRY/IRRGLR IPE 400 550X36 5.2
10STRY/RGLR IPE 450 650X50 6.5
10STRY/IRRGLR IPE 400 650X40 5.2
13STRY/RGLR IPE 550 700X50 6.5
13STRY/IRRGLR IPE 500 700X50 5.2
15STRY/RGLR IPE 550 750X55 6.5
15STRY/IRRGLR IPE 500 750X55 5.2
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Table 2 Modal period and mass participation factor of the analyzed structures.

Buildings Ti(s) T (s) Ts (s) U; (%) U, (%) Us (%) U, (%)
5STRY/RGLR 0.929 0.274 0.000 79.566 11.778 0.000 0.000
8STRY/RGLR 1.106 0.340 0.179 78.823 10.530 4.515 0.000
10STRY/RGLR 1.325 0.400 0.205 76.980 10.727 4.702 0.000
13STRY/RGLR 1.370 0.432 0.235 78.120 10.056 4.083 0.000
15STRY/RGLR 1.581 0.498 0.271 77.677 10.043 4.064 0.000

5STRY/IRRGLR 0.781 0.293 0.140 75.521 12.881 7.763 0.000
8STRY/IRRGLR 1.056 0.395 0.198 73.962 11.490 6.906 0.000
10STRY/IRRGLR 1.252 0.471 0.226 71.276 12.558 6.901 0.000
13STRY/IRRGLR 1.271 0.496 0.257 73.344 10.866 6.181 0.000
15STRY/IRRGLR 1.506 0.589 0.298 72.166 11.672 5.964 2.564

In this study, 2D models of various CMRFs were examined by using SeismoStruct (Seismosoft, 2016) computer
program using nonlinear modeling techniques with different computational properties. In the calculation of the behavior
of the frames under static and dynamic effects, the program can evaluate the responses of the structures by taking into
account both material and geometric nonlinear behavior of the elements. Seven types of structural analysis can be
performed with this software due to the technical features available in the database. These analyses can be categorized
such as dynamic and static time-history analysis, conventional and adaptive pushover, incremental dynamic analysis,
modal analysis and static analysis (possibly nonlinear) under quasi-permanent loading. The software allows the use of
distributed inelasticity and elements with lumped plasticity, which are evaluated on formulations derived from
theoretical and experimental data based on force or displacement. The numerical models described work with different
assumptions during calculations, but the basic input parameters used for these elements during the use of the models
are physical properties such as cross-sectional geometry and uniaxial behavior of the materials used. CFST column
members and composite beams are modelled as fiber section model as shown in Figure 4.

(a) (b)

Figure 4. Fiberized section views for (a) CFST columns and (b) composite beam.

They are modelled as inelastic displacement-based frame element type and it is given as “infrmDB” in Seismosoft
(2016) software. This is the displacement-based 3D beam-column element type capable of modelling members of space
frames with geometric and material nonlinearities. The sectional stress-strain state is obtained through the integration
of the nonlinear uniaxial material response of the individual fibers in which the section has been subdivided, fully
accounting for the spread of inelasticity along the member length and across the section depth (Seismosoft, 2016).
Furthermore, material models of CFST column and composite beams are selected as “con_ma” and “stl_mn” for concrete
and steel, respectively. “con_ma” is developed by Martinez-Rueda and Elnashai (1997) and “stl_mn” model is developed
by Monti and Nuti (1992). Both models were developed for the cycling loading condition. The concrete material
constitutive model image is shown in Figure 5(a) and steel material constitutive model image of the model is given in
Figure 5(b). It is noted that the confinement effect is higher in the concrete filled tubes than in the concrete elements
which are confined with circular reinforcements (Xiao and Wu 2000; Uy 2001; Choi and Xiao 2010). In this study, the
confinement effect on CFST columns is provided by steel SHS at the outermost part of the element. The confinement
effect is defined by the k. value in the selected concrete model of the Seismosoft (2016) software.
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(a) (b)
Figure 5. a) Concrete and b) steel models from SeismoStruct (Seismosoft, 2016).

The confinement factor k. is described as the ratio of the compressive strength of the confined concrete model to
the plain concrete strength. Susantha et al. (2001) provided theoretical calculation methods to determine the loading
capacity of CFST elements. It has been shown that the theoretical calculations give a reasonable accuracy when compared
to experimental models. In this study, the modeling approach based on a large number of experimental CFST elements
given in the research of Susantha et al. (2001) was used. On the other hand, in the literature, the models for the material
behavior of the steel were developed by a number of researchers (Menegotto and Pinto 1973; Filippou et al. 1983;
Shahrooz et al. 1993; G. Monti, C. Nuti 1996; Antoniou et al. 2008). In the modeling of the material behavior of the steel
parts of the composite beams, the proposed model based on the elasto-plastic cycling loads was used. In the Seismosoft
(2016) software, it is given that the element models could be created using the steel and concrete models which were
sufficiently close to the experimental results in the literature when the sections were modeled with fiber elements
(Xu et al. 2017). Furthermore, during the analysis, it is assumed that the shear connections between the steel and
concrete in the composite beam are modeled as a complete shear connection. Therefore, the ideal behavior of the
composite beam is considered as the exact interaction between the steel beam and concrete flooring would occur.
Moreover, in this study, the effective floor width used for the modeling of the composite beams was taken as 1.225 m.
In the literature, Castro et al. (2007) observed that the response behavior of the structure did not changed significantly
in the models obtained by using effective floor widths between Eurocode-4 (EN 1994-1-1, 2004) and Eurocode-8 (EN
1998-1, 2004). In other study forwarded by Castro et al. (2007), the effective slab widths in the composite beams were
examined and the results of the tested samples were to be similar with the results suggested in such codes. In the current
study, steel elasticity modulus (E), Poisson ratio (v) and hardening coefficient () values of the materials used in element
models were taken as 210 x 103 N/mm?, 0.3 and 0.5%, respectively.

In this study, panel zones of joints were modeled using modified Richard-Abbott model, which was originally
developed by Della Corte et al. (2000). Seismosoft (2016) software includes this model which is capable of modeling all
sorts of steel and composite connections (e.g. welded-flange bolted-web connection, extended end-plate connection,
flush end-plate connection, angle connection, etc.). The model has ascending and descending parts which are defined
with the moment-rotation relationship. The ascending and descending branches of the curve have been described with
various parameters (i.e., initial stiffness, strength, post limit stiffness, shape factor, calibration coefficients related to
pinching, damage rate, and isotropic hardening) to take into account the load reversals for the presence of both positive
and negative starting points. The versatility of this type of modeling was verified previously by using the experimental
data and it was noted that the model shows very good conformity (Della Corte et al. 2000; Simoes et al. 2001;
Nogueiro et al. 2009; Fazaulnizam and Shamsudin 2014). In addition, some parameters were calibrated to achieve more
accuracy in modeling based on the application of the component method (Jaspart and Weynand 2016).

Seismosoft (2016) software was utilized to perform the inelastic analysis. Frames were divided to small member
size using by the plastic hinge length of the member along the member length. CFST columns and composite beams were
divided by 5 members. Plastic hinge lengths were calculated differently for CFST column and composite beam. The
divided length was applied as illustrated in Figure 6. CFST member plastic hinge length was calculated by the empirical
formula with the help of the derivation of the plastic hinge length in a cantilever beams (Perea 2010). Moreover, the
composite beam plastic hinge length was computed as x,=1.75Xhiet. In which, hiot is the full section height of the
composite beam (Chen and Jia 2008; Pecce et al. 2012).

The evaluation of CMRF models was performed by the nonlinear static pushover (PO) analysis and incremental dynamic
analysis (IDA). In PO analysis, uniform load distribution (ULD) and triangular load distribution (TLD) were considered. In IDA,
several earthquake ground motions were used. The record selections were made according to the Eurocode-8 (EN 1998-1,
2004) spectra. In this study, 22 earthquake acceleration records were used to perform IDA. The characteristics of the records
are given in Table 3 and these earthquake acceleration records are taken from PEER ground motion database (2014).
SeismoMatch (Seismosoft, 2013) software was used to scale earthquake acceleration records. This was progressed in two
stages, at the first stage, time history (TH) records were scaled for target spectrum period ranging between 0 and 1 s. Then, in
the second stage, TH record series were scaled again for whole target spectrum period ranging between 0 and 4 s. Scaling
process was made with 10% tolerance in all stages. Scaled series and target spectrum are shown in Figure 7.
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(a)
Figure 6. Composite member division schematic representation.
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Table 3. Set of 22 ground motion records used (PEER 2014).

Serkan Etli et al.

Record ID Event Year Station Magnitude  Components Mechanism (\:/3,:)
TH-1 Imperial Valley-06 1979 Chihuahua 6.53 140 strike slip 242.05
TH-2 Imperial Valley-06 1979 Chihuahua 6.53 230 strike slip 242.05
TH-3 Imperial Valley-06 1979 El Centro Array #13 6.53 45 strike slip 249.92
TH-4 Imperial Valley-06 1979 El Centro Array #13 6.53 135 strike slip 249.92
TH-5 Imperial Valley-06 1979 Plaster City 6.53 180 strike slip 316.64
TH-6 Imperial Valley-06 1979 Plaster City 6.53 360 strike slip 316.64
TH-7 Imperial Valley-06 1979 Westmorland Fire Sta 6.53 0 strike slip 193.67
TH-8 Imperial Valley-06 1979 Westmorland Fire Sta 6.53 90 strike slip 193.67
TH-9 Loma Prieta 1989 Agnews State Hospital 6.93 12 Reverse Oblique  239.69
TH-10 Loma Prieta 1989 Agnews State Hospital 6.93 282 Reverse Oblique  239.69
TH-11 Loma Prieta 1989 Sunnyvale - Colton Ave. 6.93 270 Reverse Oblique  267.71
TH-12 Loma Prieta 1989 Sunnyvale - Colton Ave. 6.93 360 Reverse Oblique  267.71
TH-13 Hector Mine 1999 Hector 7.13 0 strike slip 685.00
TH-14 Hector Mine 1999 Hector 7.13 90 strike slip 685.00
TH-15 Chi-Chi, Taiwan 1999 TCUO045 7.62 E Reverse Oblique  704.64
TH-16 Chi-Chi, Taiwan 1999 TCUO045 7.62 W Reverse Oblique 704.64
TH-17 Kocaeli, Turkey 1999 Arcelik 7.51 0 strike slip 523.00
TH-18 Kocaeli, Turkey 1999 Arcelik 7.51 90 strike slip 523.00
TH-19 Kobe, Japan 1995 Nishi-Akashi 6.90 0 strike slip 609.00
TH-20 Kobe, Japan 1995 Nishi-Akashi 6.90 90 strike slip 609.00
TH-21 Friuli, Italy-01 1976 Tolmezzo 6.50 0 Reverse 505.23
TH-22 Friuli, Italy-01 1976 Tolmezzo 6.50 270 Reverse 505.23
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Figure 7. Scaled earthquake records against elastic spectrum.
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3.1 Verification of fiber element model developed

For the verification purposes, SeismoStruct model were compared with the experimental results given in the
literature. In first stage, CFST columns tested experimentally under axial loadings were considered. For this, CFST
specimens given in the studies of Tomii et al. (1977), Baba et al. (1995), and Schneider (1998) were modeled using fiber
cross-sectional model in SeismoStruct software. During the modeling, the parameters necessary for CFSTs with box
section were taking from the parametric study of Susantha et al. (2001). The tested six specimens considered in this study
have b/t ratio of 27.9 to 34.9, steel yield strength of 261.2 to 322 N/mm?, and concrete strength of 18.1 to 40.5 N/mm?.
In Figure 8, the axial load vs. axial strain responses based on the results of SeismoStruct model and experimental results
for different CFST specimens are given. It was observed that the results from the models produced with SeismoStruct
were closed to the experimental test results.

In the second stage, the composite frames with steel beam to CFST columns were taken into account. To this, the
experimental results given in the studies of Han et al. (2008) and Wang et al. (2009) were used and compared with the
results of SeismoStruct software. A total of six composite frames were tested under cyclic lateral load with a fixed axial
loading condition. One bay one story frames were constructed considering column height of 1.45 m and steel beam span
of 2.5 m. For the test frames, the axial load level (n) varied from 0.04 to 0.6. Figure 9 shows the comparison of the
experimental results and those obtained from the SeismoStruct models. It was pointed out that the ultimate lateral load
capacity of the numerical results of SeismoStruct model varied between 83% and 95% to that of the experiments
(Han et al. 2008; Wang et al. 2009).
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Figure 8 Verification of SeismoStruct model against the experimental results for CFST columns having box section (Tomii et al. 1977;
Baba et al. 1995; Schneider 1998; Susantha et al. 2001)
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Figure 9 Verification of SeismoStruct model against the experimental results for CFST frames (Han et al. 2008; Wang et al. 2009).
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4 RESULTS AND DISCUSSION

4.1 Lateral response of the structures

The response of regular and irregular CMRFs as a result of PO analysis with ULD and TLD is shown in Figure 10. The
horizontal axis indicates the ratio of the roof displacement to the building height while the vertical axis shows the ratio
of the base shear to the structure weight. In the regular frames, PO analysis performed with TLD indicates closely a first
mode-dominated response. Moreover, PO analysis conducted with ULD give better results if higher modes contribute
notably to the response or when substantial inelastic concentrations occur (Vamvatsikos and Cornell 2005; Castro et al.
2008). 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 10.
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PO analysis and IDA were compared to understand the general validity of the results. It was pointed out that the
results of former showed a relatively good correlation with those of the latter. Especially, on an average, the distribution
of the data based on IDA was very closely to that of PO analysis performed with ULD as shown in Figure 10. Furthermore,
it was noted that the uniform distribution provides an envelope of the global behavior rather than a realistic
representation of the mean level of dynamic response (Castro et al. 2008).

4.2 Global yielding

To determine the seismic performance of CMRFs, some key parameters are obtained from the nonlinear static and
dynamic analysis. These parameters are limit states that are defined by the access to the collapse and global yielding
state of the structure. Different definitions are given for the evaluation of the global yielding point obtained from the
base shear-roof deformation curve. Stiffness defines the relationship between the movements and deformations of a
structure and its components. Member stiffness is a function of cross-sectional properties, length, and boundary
conditions, and system stiffness is a function of lateral resistance mechanisms used such as moment-resistant frames
(MRFs), supported frames, walls or dual systems. The relationships between geometry, mechanical properties, actions,
and deformations can be derived from the principles of mechanics. Their complexity depends on the construction
material used. Cracking of concrete, section of steel tube, physical and mechanical properties, connection properties and
other inflexible welds in CMRF structures cause problems in defining a constant stiffness value. For CMRFs and MRFs
structures, the stiffness can be taken as the secant to the yield point or any other point selected in the response curve.
Some methods used to describe this point have been applied as follows as deformation corresponding to; (a) the first
yielding, (b) the yield point of an equivalent elasto-plastic system with the same elastic stiffness and ultimate load as the
real system, (c) to the yield point of an equivalent elasto-plastic system with the same energy absorption as the real
system, and (d) the yield point of an equivalent elasto-plastic system with reduced stiffness computed as the secant
stiffness at 75% of the ultimate lateral load of the real system (Park 1988; Whittaker et al. 1999; Thermou et al. 2004).

V'“' Maximum (ultimate)
Vinax Load
; \ I
.;:‘: Equal areas
0
g
o=
-
=
0 8y &

Top lateral displacement

Figure 11. Yielding point representation (Elnashai and Luigi 2015).

In this study, the stiffness was evaluated through the global yield point determination considering the elasto-plastic
energy absorption method as shown in Figure 11. In most of the previous studies, this method was proposed in the
determination of the global yielding point and it was utilized to compute the seismic performance parameters for MRF
type structures (Tomii et al. 1977; Park 1988; Mwafy and Elnashai 2001; Elghazouli et al. 2008; Pecce et al. 2012;
Ferraioli et al. 2014; Elnashai and Luigi 2015; Yahmi et al. 2017). The inertial force due to earthquakes in which a global
yielding begins in a CMRF structure, (1) the load factor applied to the code-specified design seismic force; (2) the
structural weights in the building during the seismic event are much lower than the factor weight loads used in the
design; (3) the power reduction factors used in design specifications; (4) higher real power of materials than specified
force; (5) larger element sizes than those required for durability considerations; and (6) special ductility requirements
(Jain and Navin 2002). As seen in Figure 12, for the IDA results, in the regular and irregular CMRFs examined within the
scope of the study, the secant stiffness points were determined as approximately 70-75% of the ultimate load capacity.
In addition, these values were estimated to be about 80 to 85% for PO analysis with ULD and TLD. In theoretical studies
conducted in the literature, this value was observed as 75% for the reinforced concrete and steel-concrete composite
structures (Park 1988; Mwafy 2001; Thermou et al. 2004).
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Figure 12. Yielding points results.

4.3 Interstory drift response

To observe the drift demand of the designed regular and irregular structures, the dynamic analysis was performed.
For this, interstory drift response of these structures were evaluated considering the design basis earthquake (DBE) with
10% probabilities of exceedance in 50 years and maximum considered earthquake (MCE) with 2% probabilities of
exceedance in 50 years which are defined in ASCE/SEI 7-10 (2013). The analysis of the results on the variation of the
inter-story drift ratio (IDR) for the regular and irregular frame models under 22 ground accelerations in two groups as
DBE and MCE are given in Figure 13. It was obtained that the average IDR results based on DBE for 5-, 8-, 10-, 13- and 15-
story regular CMRFs were 0.00561, 0.00518, 0.00497, 0.00440 and 0.00426, respectively. On the other hand, for the
irregular CMRFs, those corresponded to 0.00483, 0.00480, 0.00456, 0.00413 and 0.00400, respectively. Moreover, in the
case of MCE, the average IDR results were obtained as 0.01014, 0.0094, 0.00925, 0.00822 and 0.00777 for 5-, 8-, 10-, 13-
and 15-story regular CMRFs, respectively while those for the irregular CMRFs were evaluated as 0.0092, 0.0086, 0.00855,
0.00761 and 0.00748, respectively. In Eurocode-8 (2004), the IDR limit is calculated as 1.5% considering y value as 0.75%,
v = 0.5 for a building of an importance class Il. Thus, the inter-story drift responses mentioned above were observed to
be less than the corresponding value.
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Figure 13. Maximum IDR values for a) regular and b) irregular structures under DBE while for a) regular and b) irregular structures
under MCE.
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4.4 Ductility factor

In the widespread application of the earthquake-resistant design, the term ductility is used to assess the
performance of structures by showing the amount of seismic energy that can be dispersed through the plastic
deformations. The use of the ductility concept allows the reduction of seismic design forces and permits to produce some
controlled damage within the building in the case of strong earthquakes. The ductility capacity is a key factor in the
seismic design of the buildings by considering the plastic properties. The flexibility of a structure allows us to estimate
the final capacity of the structure. This is an important criterion for the design of structures under conventional loads
(Victor and Federico 2002).

According to the study by Miranda and Bertero (1994), the ductility rate is used to express the degree of inelastic
deformation that occurs when a structural system is subjected to a specific earthquake ground motion or a horizontal
load. The displacement ductility rate u (ductility demand) is given below. This ratio indicates the maximum absolute
relative displacement demand of the structure.

= (1)

y

Yield and ultimate displacement values are Ay and A, respectively, in Eqn (1). Another definition for ductility is
defined as the ability of a material, component, connection, or structure to undergo inelastic deformations with
acceptable stiffness and strength reduction. Structures are often designed to respond inelastically under the influence
of severe earthquakes because this is the principle of economic design (Elnashai and Luigi 2015). The severity of the
reactions of the structures affected by the earthquake depends on the energy damping capacity of the structure, which
is related to the energy damping and distribution capacity within the ductile behavior of the structures (Zahrah 1984).
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Figure 14. Ductility factor results.

In this work, CMRFs were designed as DCH systems and the obtained p results are given in Figure 14. The reduction
factor attributed to ductility (R,) was used to measure the nonlinear response of a structure originating from the
hysteretic energy. R, depends on structural features such as ductility, damping and basic vibration period as well as the
characteristics of earthquake ground motion. The parameter R, can be expressed in terms of the maximum structural
drift and the deviation corresponding to the idealized yield point developed by Newmark and Hall (1982).

Newmark and Hall (1982) also showed that the structural vibration period can be used as R, = p if it is greater than
0.5s. In this study, it was pointed out that PO analysis showed greater pu value against IDA. Moreover, when the natural
vibration periods of the designed CMRFs were examined, it was observed that these values were higher than 0.5s. As a
result, it was noted that the ductility capacities obtained could be taken equal to R, value. This value achieved from IDA
was recorded as 1.44 and 1.53 for the regular and irregular CMRFs structures, respectively (Figure 14).

4.5 Overstrength factor

For the nonlinear response of the structures, the load-displacement relationship is generally estimated to be elasto-
plastic; this can be done in various ways. The idealization adopted in this study is shown in Figure 11. Structural
overstrength factor expressed as the following equation;
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)%
.Qd=—y
Va

(2)

Yield and design base shear values are displayed as Vy and Vg, respectively, in Eqn (2). Another determination of
overstrength (04) is “observed overstrength” factor. As a result of the experimental and theoretical studies conducted
by the researchers to determine the performance of the building, the overstrength factor in the face of severe
earthquakes has played an important role in protecting the buildings from collapse (Whittaker et al. 1999; Elnashai and
Mwafy 2002; Elnashai and Luigi 2015). Capacity design procedures used in more ductile structures can cause significant
members and structural overstrength. The design and elaboration of provisions requiring minimum quantities and
maximum reinforcement intervals can make an important contribution to over-strengthening. Confinement
requirements increase the strength and deformability of the reinforced concrete elements. It has been proved
experimentally and theoretically that the effect of confinement on the columns having CFST sections has better values
than the performance of the reinforced concrete elements. It is believed that the use of such elements would constitute
a vital factor in the overstrength factor calculations of the structure. Both material overstrength and strain hardening of
steel material contribute to the overstrength of the structure (Susantha et al. 2001; Jain and Navin 2002; Mitchell and
Paultre 2010).

Flexural overstrength may be caused to collapse mechanism based on failure in column or brittle shear failure at
beams in MRFs. Shear failure of columns or soft story failure mode can be observed due to the non-structural elements.
In addition, the period of the structure, the design intensity level, load cases other than seismic action, the structural
system, the ductility level employed in the design and other parameters mentioned above are the effective key
parameters influencing the Qq factors (Park 1996; Elnashai and Luigi 2015). In the literature, overstrength values were
reported in the range of 1.8 to 6.5 for the structures with long and short period (Elnashai and Luigi 2015). In this study,
IDA showed that the ultimate load was reached by the shear failure of beams because of the high overstrength factor of
CMREFs. For IDA results, the values of Qq for the regular buildings were greater than 5.2 while those for the irregular ones
were higher than 4.5 as shown in Figure 15. Regular frame systems had greater overstrength factors against the irregular
ones (Figure 15). Similarly, in the case of PO analysis with both UDL and TDL, Qq factors for the regular structures were
greater than those for irregular structures. Among the three types of analysis, PO analysis with both TDL yielded lower
factors.
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Figure 15. Overstrength factor results.

4.6 Inherent overstrength factor
Elnashai and Mwafy (2002) recently suggested a measure of response termed ‘inherent overstrength factor.

Inherent overstrength factor (Q;) is formulated as below;

Vs
- Y
”i =L

Ve

(3)

Yield and elastic base shear values are given as Vy and V,, respectively, in Egn (3).
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Figure 16. Inherent overstrength factor results.

The suggested measure of response Q; reflects the reserve strength and the anticipated behavior of the structure
under the design earthquake. Clearly, in the case of Q; 21.0, 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 (2; and unity
is an indication of the ratio of the forces that are imposed on the structure in the post-elastic range (Elnashai and Luigi
2015). According to the PO analysis results for CMRFs, the Q; values obtained for ULD were mostly greater than 1.0 and
all Q; values obtained for TLD were less than 1.0 (Figure 16). Moreover, Q; values for IDA results did not show a clear
trend but they were commonly higher than 1 for the irregular structures.

4.7 Response modification factor

Seismic codes forecast a decrease in design loads because of their high reserve force (overstrength) and energy
dissipation capacity (ductility). For this, a force reduction or reaction reduction factor during structural design under
earthquake effects is considered. This factor represents the ratio of the seismic force in the structure to the maximum
force during the specified ground motion, if the behavior of the structure remains under elastic limits under the influence
of the force under the seismic conditions in which the design is made. Thus, the actual seismic forces are reduced by the
factor R to obtain the design forces. The basic flaw in the code procedures is that they use linear methods but rely on the
nonlinear behavior (Kim and Choi 2005; Asgarian and Shokrgozar 2009).

Eurocode 8 (2004) uses the behavior factor (g) to reduce the elastic response spectrum while the response
modification factor (R) is utilized in FEMA P-695 (2009) and UBC (1997). Moreover, SEAOC (1999) considers the R factor
as a system quality factor or a system performance factor. In this study, both terms “behavior factor” and “response
reduction factor” given in the codes were considered. These factors were obtained from the static and dynamic analyses
and compared with each other.
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Figure 17. Response modification factor results.
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Force reduction factors are required to design the earthquake-resistant structures. The response modification
factors proposed for the first time in ATC (1978) are selected according to the observed performance of the buildings
during the previous earthquakes and excessive force and damping estimates (ATC 1995). The response modification
factors were calculated according to ATC (1978) and ATC (1995). Such factors are the rate of force required to provide
structural flexibility in seismic design procedures based on force. They are important for estimating the seismic strength
of a building. Response modification factor (R) is based on the ductility (1), overstrength (Qq), and redundancy (p). In this
study, the load-displacement curve was used to evaluate these factors. Considering the effects of overstrength (Rs),
ductility (Ry), and redundancy (Rr), R can be expressed as follows:

R =Rs X R, X Rg (4)

Figure 17 shows the variation of R factor values for the regular and irregular CMRFs. From the PO analysis, a
minimum value of 9.4 and a maximum value of 13.9 were identified for the regular CMRFs while those values for irregular
ones were obtained as 7.8 and 13.8, respectively. From IDAs, the minimum and maximum values were 7.5 and 10.3 for
the regular structures and 6.4 and 11.6 for the irregular ones. Moreover, on an average, the values obtained from the
PO analysis with ULD and TLD for the regular CMRFs were obtained as 2.00 and 1.69 times of the behavior factor used in
the design, respectively. On the other hand, when the behavior factor was calculated from the PO analysis with ULD and
TLD for the irregular CMRFs, the average of the factors was found as 2.31 and 1.82 times of the behavior factor given in
the design, respectively. In addition, these values obtained as a result of IDAs for the regular and irregular CMRFs were
as large as 1.37 and 1.63 times, respectively. These findings were agreed with those given in the study of Elnashai and
Broderick (1996). They observed that the analytically identified behavior factors for the frames under different ground
motions were well above those given in the codes and it was noted that the present design standards on the behavior
factors for the composite frames seemed to be too conservative.

It is noted that Eurocode-8 (2004) uses a sensitivity coefficient for the consideration of P-Delta effects in the seismic
design of structures. Thus, the seismic design procedure of MRFs in Eurocode-8 (2004) is severely affected by P-Delta
effects and damage limitations (i.e. drift control) which cause increasing in the structural lateral stiffness and resistance.
Indeed, as reported in the studies of Tenchini et al. (2014), Cassiano et al. (2016), and Tartaglia et al. (2018), these
aspects are responsible of quite large overdesign. Similarly in the current study, for both the regular and irregular
structures, the calculated R or g factors were observed to be greater than the design stage values.

4.8 Dynamic behavior factor

In the literature, several calculation methods for the behavior factors, which clearly represent the behavior of the
structure under the dynamic analysis, have defined (Broderick and Elnashai 1996; Ferraioli et al. 2014; Louzai and Abed
2015; Yahmi et al. 2017). The dynamic behavior factors of the structures can also be evaluated as given in Eqn (5)
(Thermou et al. 2004);

Acdy = (Sa)te:l/(sa fin (5)

where (Sa)c® and (S.)d™ parameters are explained as elastic design spectral acceleration and inelastic design spectral
acceleration, respectively.
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Figure 18. g4, results.
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Moreover, the dynamic behavior factor was symbolized with the subscripts “c” and “dy” given in the above equation
indicate the collapse and design yield strength, respectively (Thermou et al. 2004). The q 4y, values obtained from the
IDA results of the structures are presented in Figure 18.

When these values were examined, it was pointed out that the values used in the designs were greater than the
behavior factors given in Eurocode 8. It was also observed that the mean q. 4y values were 18.7 and 17.5 for the regular
and irregular structures, respectively. As seen from the figure, the 5, 8 and 10-story regular CMRF structures had greater
qc,dy Values compared to those for the irregular ones. However, for 13 and 15-story irregular CMRF structures, these
qc,dy Values were higher than regular ones. It is noted that when the values of the global yielding state of the structure
are used, Egn (5) can be rewritten as given below (Thermou et al. 2004);

cay = (Sa)gl/(sa ;l (6)

where (S,),® is defined as design yield spectral acceleration. When the dynamic behavior factor reorganized, it was
symbolized with the subscripts “ay” as given in the above equation. This indicates the actual yield strength
(Thermou et al. 2004). The g .y values obtained from the IDA results of the structures are given in Figure 19. The analysis
of the results indicated that the regular structures had an increasing trend for q.,,. However, the irregular structures
showed some fluctuating trend with increasing number of stories. Furthermore, q ,y results showed that all CMRFs
studied exhibit well above the design values.
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Figure 19. g, results.

To obtain more realistic values for the definition of q.,y, it is suggested to include terms indicating the ductility
behavior of the structure. This factor is predicted as Qq indicating the ductility value of the structure (Elnashai and
Broderick 1996; Thermou et al. 2004; Elghazouli et al. 2008). Rewriting the Eqn (6) with this defined expression provides;

q,c,ay =04 X qcay (7)

As seen from Figure 20, q’c,ay values for the regular CFSTs gave the highest result as 10.2 and the lowest one as 7.2.
Thus, it was observed that the regular CMRFs had the dynamic behavior factors that were about 10 to 57% greater than
the design behavior factor. Moreover, for irregular cases, the q’c,ay values reached the maximum result as 11.2 and the
minimum one as 6.0. Thus, the dynamic behavior factors for the irregular structures showed greater differences from
the design value in comparison to the regular ones.
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5 CONCLUSIONS

Performance assessment of regular and irregular composite moment resisting frames (CMRFs) was investigated in
this study by utilizing various parameters. For this, pushover analysis with two different lateral load patterns and
incremental dynamic analysis were performed. It was observed that the structures reached the global yielding position
under the effects of the design earthquake and they started to lose their elastic behavior. In all CMRF structures examined
within the scope of the study, the global yielding of the structure was recorded to be between 80-85% of the ultimate
load capacity in the pushover analysis while that corresponded to be between 70-75% in the incremental dynamic
analysis. Moreover, the load-displacement responses of the case study structures indicated that they behaved in a ductile
manner under the given earthquakes. The analysis of the results indicated that the lowest response modification factors
based on the pushover analysis with uniform and triangular load distributions for the regular CMRFs were gathered as
1.80 and 1.44 times of the behavior factor used in the design, respectively. Moreover, in the case of the irregular CMRFs,
it was observed as 2.06 and 1.52 times, respectively. These values obtained from incremental dynamic analysis for the
regular and irregular structures were as high as 1.15 and 1.23 times, respectively. Similarly, when the dynamic behavior
factors of regular and irregular cases were evaluated, they were observed to be above the values considered in the
design, respectively.

Author’s Contributions: Methodology, investigation, S Etli, EM Glneyisi; Analysis, S Etli; Writing, review and editing S
Etli, EM Glineyisi.

Editor: Pablo Andrés Mufioz Rojas.
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