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ABSTRACT  

This study evaluates the seismic performance of irregular reinforced concrete (RC) structures equipped with 

buckling-restrained braces (BRBs) under successive earthquakes involved foreshock-mainshock and mainshock-

aftershock. Seismic sequence phenomenon refers to the occurrence of multiple shocks in a short time interval, 

whose cumulative effects can significantly change the structural response compared to a single shock. In this 

regards, three RC frames with 3, 6, and 9 stories were designed based on the Iranian Code 2800. Nonlinear 

dynamic analyses were performed in OpenSees after verification of the studied frames based on reference model. 

Comparison of the response of frames under single and successive shocks indicate that BRBs improve lateral 

force distribution, increased ductility in the upper stories (up to 32%), and reduced beam and column cross-

section dimensions. Also, residual displacements and inelastic strains have been increased about 47% in frames 

with fewer BRBs. Moreover, increased damage has been observed up to two times. Generally, the results 

indicate that buckling braces are a reliable option for improving the seismic performance of irregular reinforced 

concrete structures under successive earthquakes due to providing high energy absorption capacity and stable 

hysteresis behavior.  
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1. Introduction 

Successive earthquakes with short time intervals can 

significantly affect the seismic performance of 

structures. In these scenarios include foreshock-

mainshock or mainshock-aftershock, first shocks 

usually have medium to high intensity and next shocks 

occur with approximately similar intensity. This 

succession can increase material fatigue, decrease 

effective strength and disrupt the safe eviction. 

Furthermore, structural irregularity (in plan or height) 

can lead to diminish the seismic performance of 

buildings because of torsion and stress concentration in 

earthquake. Recently, buckling restrained braces 

(BRBs) have been known as one of the most efficient 

methodology in energy dissipation systems in new and 

existing structures. These braces can absorb 

considerable energy and improve the seismic response 

of irregular structures through symmetric behavior in 

pressure and tension [1-4]. This paper tries to evaluate 

the seismic performance of buckling-restrained braces 

in irregular reinforced concrete buildings under 

successive earthquakes. In this regards, key parameters 

such as ductility, residual drift and damage index have 

been investigated for regular/irregular RC frames under 

single and consecutive shocks.      

2. Research Methodology 

Despite the high potential of successive shocks in 

increasing the structural/nonstructural damages, single 

earthquake has been considered as “Design earthquake” 

by seismic design cods. This theory becomes more 

critical when buildings have irregularity in plan or 

height. Therefore, three irregular RC buildings with 

BRB and 3, 6 and 9 story have been designed based on 

Standard 2800 with medium importance, official and 

commercial landuse in very high seismicity zone. Figure 

(1) shows plan and the schematic view of 6-story model. 

Section properties of the studied models are reported in 

Table (1). Period of models are 0.336, 0.56 and 0.843 

(s). In the following, one frame has been implemented 

in Opensees. For this purpose, Force-Based Beam-

Column element have been used for modeling of beams 

and columns. Also, BRBs are modeled using Truss 

Element. Nonlinear behavior of concrete has been 

considered by Concrete01 material (with zero tension 

strength). Moreover, Steel02 based on Menegotto-Pinto 

and Isotropic Strain Hardening formulations has been 

used for yielding behavior of steel in braces and bars. It 

should be noted that modeling procedure of the studied 

frames in Opensees is verified based on [5-6] with 

comparing period and pushover curve (Figure 2). In 

order to examine the seismic response of the studied 

models, critical successive shocks are selected based on 

[7].  

 

 
Figure 1. Plan and the schematic view of 6-story model 

    Table 1. Section properties of the studied models 

Model Story 

No. 
Column Beam BRB 

3-story 
3 

C35x35-8T18 
B35x45-2T16-

3T16 

PL12x100 

1-2 PL 20x100 

6-story 

6 
C40x40-12T16 

B35x50-3T16-

3T18 

PL10x100 

5 PL20x75 

4 PL20x150 

3 
C50x50-16T18 

B40x50-3T18-

4T16 

PL20x150 

1-2 PL20x100 

9-story 

9 

C60x60-16T18 

B40x50-3T16-

4T14 

PL10x100 

8 PL20x125 

7 PL20x175 

6 
B40x45-3T16-

3T16 

PL20x175 

4-5 PL20x200 

1-3 C40x40-12T18 PL20x175 

 

 
Figure 2. Pushover curve of the reference and studied 

model 

3. Results and Discussion 

After gravity loads, nonlinear dynamic analysis has 

been performed for all RC frames. Then, key parameters 

such as ductility, residual drifts, drift ratio and damage 

index have been evaluated caused by single and 

A
C
C
E
P
T
E
D
 M

A
N

U
S
C
R
IP

T



3 

successive shocks. Seismic sequence phenomenon 

increases drift ratio for all frames based on Figure (3) so 

that average of the increased response is 34, 25 and 24% 

for 3, 6 and 9 story models. Moreover, successive 

shocks lead to more residual drifts than single scenarios 

according to Figure (4). Maximum increased residual 

drifts because of successive shocks are 30, 22 and 28%.    

 
Figure 3. Ratio of drift (successive/single) for 3-story 

(Right), 6-story (Middle) and 9-story (Left) 

 
Figure 4.  Residual drift ratio for 3-story (Right), 6-story 

(Middle) and 9-story (Left) 

For ductility, effect of the successive shocks is 

ascendant for all frames and average of the increased 

responses is 24, 20 and 51%. Park-Ang damage index 

[8] is also calculated for the studied models and 

reported in Figure (5). Maximum increase is observed 

for 6-story frame approximately more than double 

value.  

 
Figure 5. Ratio of increased damage index  

4. Conclusions 

This paper reveals that single shocks cannot be suitable 

representative of successive scenarios especially for 

irregular structures. However, decreasing the damage 

index in taller models is demonstrative of improvement 

of distribution of lateral forces and more effective 

participation of braces in energy absorption. Hence, it 

can be said that optimum design of BRBs has notable 

effects on residual drifts, increased ductility, and 

damage concentration prevention in special stories in 

irregular structures. Therefore, BRBs are proposed to 

control the instability and improve the progressive 

damages pattern.     
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