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ABSTRACT: In this paper, the seismic behaviour of three concrete intermediate 
moment-resisting space frames with unsymmetrical plan in five, seven and ten stories are 
evaluated. In each of these three cases, plan configurations of the structure contain 
reentrant corners. Nonlinear static and linear dynamic procedures have been used to 
analyse these structures. To measure the accuracy of these two methods, the non-linear 
dynamic analysis has been used. Although the differences between the results of these 
two methods with the nonlinear dynamic procedure are quite wide, the linear dynamic 
analysis has shown slightly better results than nonlinear static analysis.  

1 INTRODUCTION 

The selection of a suitable procedure to evaluate performance of structures under seismic loads is one 
of the most sensitive issues that face structural engineers. This would be especially important when 
dealing with irregular structures since the wrong choice of a procedure would lead to results that are 
far away from the correct solution. One of the most common types of irregularities that found in most 
buildings is the plan irregularities. The existence of an asymmetry in the plan is usually leading to an 
increase in stresses of certain elements that consequently results in a significant destruction.  
Several methodologies involving nonlinear pushover analysis using an invariant height-wise lateral 
force distribution, such as the FEMA356 (ASCE, 2000), FEMA440 (ATC, 2005), and ASCE/SEI 41-
06 (ASCE, 2007), have routinely been used in structural engineering practice for estimation of global 
and local structural deformations. However, many studies have shown that conventional pushover 
methods are ineffective in dealing with some types of plan irregularities. Based on this and by using 
three-dimensional models, new pushover methods are proposed (Moghadam & Tso, 2000, Chopra & 
Goel, 2004, and Fajfar et al., 2005). Furthermore, current procedures for selecting and scaling ground-
motion records have been found inefficient for mid-rise and high-rise buildings where higher vibration 
modes are known to contribute significantly to seismic response (Kalkan & Chopra 2011). Moreover, 
and to have more realistic analysis of the structure, many authors have considered the soil-structure in-
teraction. However, and due to the high degree of uncertainty, the undertaken analyses need to con-
sider the upper and lower bound of soil properties. The upper bound soil stiffness and strength is found 
more suitable for the structure itself while the lower bound properties might be used for the foundation 
(Deierlein et al, 2010). 
To evaluate the seismic behaviour of complex tall asymmetric buildings with significant higher mode 
effects, the nonlinear dynamic analysis methods generally provide more realistic models of structural 
response and, thereby, provide more reliable assessment of earthquake performance than other meth-
ods. However, this method is not feasible for complex and large buildings. Thus, it is the purpose of 
this paper to strike a balance between practicality on one hand and accuracy on the other. The most 
logical alternatives in this respect are the nonlinear static analysis (pushover) and the linear dynamic 
analysis. Although, the nonlinear static procedure is not appropriate for a complete performance 
evaluation, nonlinear static analysis can be an effective design tool to investigate aspects of the analy-
sis model and the nonlinear response that are difficult to do by nonlinear dynamic analysis (Deierlein 
et al, 2010).  
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Table 1. The earthquake records used in this paper 

Station 
 

Component Epicentre 
Distance  

 (km) 

PGA 
(g) 

PGV 
(Cm/s) 

PGD 
(Cm) 

24088 Pacoima Kagel Canyon PKC360 19.28 0.433 51.5 7.21 

24157 LA - Baldwin Hills BLD090 28.2 0.239 14.9 6.17 

24278 Castaic - Old Ridge Route ORR090 40.68 0.568 52.1 9 

24396 Malibu – Point Dume Sch MAL090 31.21 0.13 8.5 2.11 

90015 LA - Chalon Rd CHL070 14.92 0.225 16.6 3.39 

90049 Pacific Palisades - Sunset 
Blvd 

SUN190 18.22 0.469 31 5.26 

90059 Burbank - Howard Rd HOW330 23.18 0.163 8.5 1.81 

In this paper and in order to investigate the applicability of the pushover analysis for the seismic 
analysis of plan asymmetric building structures, the top displacement measured at the center of mass 
for linear and nonlinear dynamic analyses is equated to the target displacement given by the pushover 
analysis. All these analyses have been performed using the finite element software, SAP 2000, 
Version 14.1 (Computers & Structures, 2009). In all dynamic analyses, the buildings considered have 
been subjected to seven selected records of the 1994 Northridge Earthquakes (PEER), as given by 
Table 1. The elastic response spectra for ssome of the ground motions used in this paper are shown in 
Figure 1. 
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Figure 1. The elastic response spectra for Pacoima and Castaic records. 

2 DESCRIPTION OF ANALYZED BUILDING 

In this paper, five, seven and ten stories residential buildings are considered. In each of these three 
cases, plan configurations of the structure contain reentrant corners, where both projections of the 
building beyond a reentrant corner are greater than 25 percent of the plan dimension of the structure in 
the given direction, as shown in Figure 2. However in all these cases, the differences between center of 
mass and rigidity are less than 2.4% of the corresponding dimension of the building. All these three 
buildings have been designed according to the Iranian Code of Practice for Seismic Resistant Design 
of Buildings (IS 2800) (BHRC, 1999) and ACI 318 (ACI, 2005). The structural system used for these 
buildings is taken as concrete intermediate moment-resisting space frames (IMRSF), and the soil type 
is considered as type two. This type of soil is equivalent to type B in the USGS classification and type 
A according to the Eurocode Classifications (CEN, 2004). Furthermore, the design acceleration is 
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taken as 0.35g which corresponds to that used for very high seismic zone in IS 2800. The 28-day 
strength of concrete, yield strength of steel, elasticity modules of concrete and elasticity modules of 
steel are 250, 4000,  2000000 and 250000 kg/cm2 respectively. 

Dead and live loads of all the roofs are taken as 580 and 150 kg/m2 and dead and live loads of all the 
floors are taken as 570 and 200 kg/m2, respectively.  

 
Figure 2. A typical plan. 

 
(a) 

 
(b) 

Figure 3. Pushover curves for (a) 5-story building (b) 10-story building 
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3 PUSHOVER ANALYSIS 

In this section, some results obtained by pushover analysis are described. The designed structures are 
assessed in BSE 1 (ground motion with a 10%/50 year exceedance probability) (ASCE , 2000) 

In order to conduct push over analysis, two lateral load patterns are used, uniform and triangular ones. 
Moreover, the two gravity (vertical) loads used in this paper are (1.1(DL+LL)) and (0.9DL). 

3.1 Performance curves 

To obtain the capacity curves, combinations of lateral loads and gravity loads are used. By studying 
these curves, it has been found that using any of the two gravity loads in the combination make little 
change in the results. On the other hand, as the type of lateral load changed, the differences in the 
results become more apparent. Some examples of the obtained capacity curves are shown in Figure 3. 
In this figure, the locations of the first plastic hinges are displayed. All curves show approximately 
similar features. It can be safely stated that in most cases, bi-linear models can describe the behaviour 
of these buildings. Furthermore, it can be noted that the choice of a push direction has a little influence 
on capacity curves.   

3.2 Inter –story drift 

On the structural level, the inter-story drift ratio is one of the simplest and most essential damage 
indicators. Sample of results for the 10-story building with both lateral load patterns are presented in 
Figure 4. The results obtained indicate that all the frames in both directions are within the life safety 
performance level. 

 
Figure 4.Performance of 10-story RC frame based on maximum inter-story drifts. 

3.3 Plastic hinge formation 

From studying the distribution of hinges along the height, it has been found that the use of different 
lateral load patterns could lead to different results. By using a triangular pattern, the hinges are 
distributed more uniformly along the height of the building whereas the use of a uniform pattern the 
hinges are concentrated in the lower parts of the building with some presence in the middle part. 
Generally, it has been found that the investigated structures in both directions subjected to any type of 
load combinations have remained within the life safety performance level. The formation of hinges; 
for the 10-story building at the life safety target displacement level, is shown in Figure 5. 
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Figure 5. Plastic hinges in the 10-story building, uniform load pattern in X direction 

4 LINEAR TIME HISTORY ANALYSE 

By using all the seven records given in Table1, the three buildings have been analysed. The results 
obtained for all the buildings, with the exception of very rare cases, show that the drifts are within the 
life safety performance level. The exceptional cases are related to records with high PGA. Results of 
drifts at different floors of the 10-story building are shown in Figure 6.  

To make detailed investigations on the effect of the plan asymmetry on torsion, the most critical 
record; i.e. Castaic-Old Ridge Route, has been used. Figure 7 shows the maximum drift differences 
between different points and the centre of mass of the 10th floor in the 10-story building in the Y-
direction. Numbering of these points is shown in Figure 2. The largest differences are related to points 
10 and 11 that approximately equal to 0.2% of the height of the building. Although some differences 
are observed between different points at the floor, these differences are smaller than those given by 
seismic codes for torsionally irregular structures (BSSC, 2009). 

 
Figure 6. Maximum drift of 10-Story building applying seven different records. 
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Figure 7. Maximum drift differences at the 10th floor of the 10-Story building  

5 COMPARISON OF PUSHOVER AND LINEAR TIME HISTORY ANALYSES WITH 
NONLINEAR TIME HISTORY ANALYSIS 

In this section, nonlinear time history analysis has been performed using two of the most critical 
records; Castaic-Old Ridge Route and Pacoima Kagel Canyon, given in Table 1. Results of the 
pushover using uniform and triangular pattern of loads and linear time history analysis have been 
compared with the results of nonlinear time history analysis. 

5.1 Comparison of displacements 

 In order to assess various analysis methods, the variations of displacements along the height of the 
buildings using pushover and linear time history analyses are obtained and compared with the 
nonlinear time history analysis. The time-history record used in this analysis is the Castaic Old Ridge 
Route record. Displacements for the 10-story building are shown in Figure 8. As shown in this figure, 
the linear time history analysis has shown better results than the pushover analysis. Furthermore, the 
shapes of displacement curves produced by these three methods are quite different from each others.  

 
Figure 8. Displacement comparison for the 10-story building using different analysis methods 

5.2 Comparison of maximum drift results 

Maximum drifts of the three structures estimated by linear time history and nonlinear static analyses 
are compared with those given by the nonlinear time history analysis. It can be seen that the results of 
linear time history analysis are relatively closer to the corresponding results of nonlinear time history 
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analysis. Percentage of the drift error for the 10th floor of the 10-Story building using the Pacoima 
Kagel Canyon record is shown in Figure 9. By observing the results given in Figure 1 and 6, it can be 
seen that this record gives one of the highest displacements among other records. Furthermore, and as 
shown in Figure 8, the shapes of displacement curves produced by the dynamic methods are quite 
different from those produced by the pushover analysis. Accordingly, and due to the combination of 
these two factors, the results of drift differences shown in figure 9 has been considerably high.  

 
Figure 9. Maximum drift error for the 10th floor of the 10-story building using Pacoima Kagel Canyon record. 

5.3 Base shear comparison 

In this section, the base shears obtained from various analysis methods are compared with those 
obtained from the nonlinear time history analysis. For the five story building, the pushover analysis 
with a uniform pattern load has shown better results than the others. However, for the seven and ten 
story buildings, the pushover analysis with a triangular pattern load gives the closest results to the 
nonlinear time history analysis.  

6 CONCLUSION 

In this paper, different analysis method such as nonlinear static analysis, linear time history analysis 
and also nonlinear time history analysis, were utilized for mid-rise concrete moment frame structures 
with relatively stiff soil to investigate existed plan irregularity. The results obtained show that: 

 The results of pushover analyses confirm the validity of designs based on IS2800. However, 
for irregular buildings similar to those tested in this paper, additional nonlinear time history 
analysis need to be performed. 

 Since the first two periods of vibration are predominantly translational, the investigated build-
ings can be classified as torsionally stiff buildings 

 Since the results of the pushover analysis are dependent on the type of soil, the results pre-
sented in this paper are only related to relatively stiff soil.  

 Using the pushover analysis method, the first mode contributes significantly to the seismic re-
sponse. Therefore, the accuracy of the pushover analysis method depends on the type 
of the problem under consideration. On the other hand, to evaluate the seismic behavior of 
buildings with significant higher mode effects, nonlinear dynamic analysis methods generally 
provide more reliable results.  

 The results obtained for the three frames show that pushover techniques still require further re-
finement in order to provide reliable estimates of the dynamic response of 3D asymmetrical 
structures.  

 Although nonlinear dynamic procedures are more accurate than conventional methods, care 
must be taken in the selection of an appropriate time history record for a given site.  
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