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Abstract

Studies show that design codes did not provide a reliable way to consider the effects of successive earthquakes on the behavior of the 

RC buildings. A lot of research are underway in this field, but the effect of shear wall placement in the regular and irregular structures 

under the seismic sequences and the imposing the vertical acceleration component to them has not been considered. For this 

purpose, in this study, the Christchurc earthquakes have been employed to observe the effects of seismic sequences on the location 

of the shear wall in the regular and irregular 3- and 8-story structures. The studied reinforced concrete structures have a dual system 

of flexural frames with shear walls. In this study, the designed shear wall with ACI code 318-14 is located in the different openings of 

structures. To model the frame of the structures of concrete flexural frame with wall, the Ibarra and Krawinkler concentrated joint 

behavioral model has been considered. The Hazus code is utilized to provide the fragility curves and also to indicate the failures based 

on the four drift-based performance levels. The IDA analysis is then performed on the models and the results are acquired. The failure 

index is considered as the maximum drift between the floors of the structures. The IR_3S_MO structure under main earthquakes at the 

three performance levels (Slight, Moderate, Complete) can withstand 11%, 14% and 88% spectral acceleration more than the IR_3S_LO 

structure, respectively. This ratio is approximately 10%, 12% and 42% for the IR_3S_RO structure, respectively.
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1 Introduction
Undoubtedly, earthquakes are one of the most dangerous 
natural disasters that threaten people's lives. Observations 
from field investigations have shown that in the areas with 
high seismicity rates, a structure may be exposed to more 
than one earthquake in a relatively short period of time. Also, 
these observations represent that strong ground motions 
are generally accompanied by aftershocks with large peak 
ground accelerations. The two main components of sequen-
tial ground motions are the mainshock and aftershocks. 
In  recent years, the seismic activity of these two compo-
nents has caused a lot of damage to buildings. Structural 
destructions caused by the mainshock can be further aggra-
vated by aftershocks, which can lead to structural failure 
of the buildings [1, 2]. Current structure seismic design 
approaches commonly employ the mainshock effects only. 

Hereupon, performance of structures under earthquake 
mainshock-aftershock sequences, should constantly be fully 
examined. In recent years, researchers have done a  lot of 

research on the effect of seismic sequences on the behavior 
of structures. But it is clear from a review of past research 
that extensive studies in this area are still needed. Thus, pre-
vious studies on the seismic performance of buildings are 
reviewed. We can refer to the study of Amadio et al. [3], 
in which the nonlinear behavior of one-degree-of-freedom 
systems under multiple earthquakes was investigated and 
the Park-Ang damage index was utilized to assess the struc-
tural damage. Also, Hatzigeorgiou and Liolios [4] studied 
the nonlinear behavior of reinforced concrete frames under 
the strong repeated earthquakes. They conducted an exten-
sive study on the nonlinear response of eight reinforced 
concrete planar frames under forty-five seismic sequences. 
The  results of this study showed that the response and 
design of reinforced concrete frames are significantly 
affected by seismic sequences. They also presented a rela-
tionship for predicting the ductility demand under the suc-
cessive earthquakes using a simple combination of the 
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ductility demand under single earthquakes. Abdelnaby and 
Elnashai [5] conducted a study to investigate the deteriora-
tion of reinforced concrete frames under seismic sequences 
caused by the Tohoku and Christchurch earthquakes. After 
these two earthquakes, studies showed that the destruction 
of structural systems occurred due to multiple earthquakes. 
The reported damages were mainly due to the loss of stiff-
ness and strength of the structural elements as a result of 
material deterioration during seismic loading. The models 
of nonlinear reinforced concrete frames containing failure 
characteristics were developed and time history analyzes 
were performed on them. The results showed the significant 
effect of multiple earthquakes on the behavior of structures. 

Moshref et al. [6] developed the methods for accurate 
modeling of the column behavior under seismic loading. 
For this purpose, seven shaking table tests were employed 
to evaluate the accuracy of modeling methods considering 
residual displacement, maximum displacement, and base 
shear. It was found that although the recommended mod-
eling methods can estimate the maximum displacement 
and maximum base shear with reliable accuracy, the differ-
ence in their results related to residual deformation is not 
acceptable. The modified concrete model, which represents 
the cumulative failure due to the loading cycle, was then 
applied to the fiber element analysis. Using the modified 
concrete model, the error of modeling methods (along with 
residual displacement) was reduced.

Abdelnaby and Elnashai [7] developed a process for 
numerical analysis of concrete structures subjected to 
multiple earthquakes and conducted a parametric study 
on the effects of multiple earthquakes in the response of 
reinforced concrete frames. For this purpose, the concrete 
structural models with suitable properties for considering 
damage were produced utilizing fiber elements. The results 
showed that the decay of structural systems was effectively 
affected by the sequence of earthquakes, however, it can-
not be predicted by simple analysis. It was also confirmed 
that the effects of multiple earthquakes on seismic safety 
are significant. Song et al.  [1] provided a framework for 
estimating the damage of steel structures under seismic 
sequences. The proposed framework was utilized to inves-
tigate the effects of aftershocks on the seismic damages. 
Monte Carlo simulation and Latin Hypercube sampling 
were employed to examine the uncertainty in the damage 
estimation. The results showed that even if the aftershocks 
had a small effect on the response of the structure, it may 
had a significant effect on seismic damage because of the 
existence of uncertainty in the failure condition. 

Abdelnaby [8] accomplished a seismic assessment of 
the fragility relationships for reinforced concrete frame 
systems under seismic sequences because the destructive 
effects of aftershocks are ignored by current building codes. 
The results of this study showed that multiple earthquakes 
have significant effects on the vulnerability relationships of 
concrete frames. Wen et al. [9] proposed a method for assess-
ing the vulnerability of structures under seismic sequences. 
The effects of aftershocks on the fragility of a 5-story rein-
forced concrete frame were investigated. Hosseinpour and 
Abdelnaby [10] investigated the fragility curves for con-
crete frames affected by multiple earthquakes. These studies 
were done with the aim of overcoming previous limitations 
and obtaining the fragility curves for 3 reinforced concrete 
frames with the number of floors 3, 7 and 12 and under 
multiple earthquakes. Hosseinpour and Abdelnaby [11] pre-
sented a paper to examine the important limitations in the 
recent studies, which are: (a) using the earthquake records 
caused by unrelated events in different places; (b) using 
the simple models that do not contain damage tolerance 
features; (c) lack of attention to the effects of earthquake 
direction, seismic polarity, aftershock, irregularity in the 
structure and the vertical component of earthquake. The 
results showed that the direction of the earthquake in the 
irregular structure, and the vertical component of the earth-
quake can have a significant effect on the response of the 
structure (subjected to multiple earthquakes). The findings 
also showed that the aftershock polarity can significantly 
change the response of irregular structures. Rostamian 
et al. [12] investigated the effect of seismic reinforcement 
on the behavior of reinforced concrete bridge columns 
subjected to the seismic sequences of main earthquakes 
and aftershocks. They examined the nonlinear behavior 
of FRP-covered columns of the bridge under the multiple 
earthquake records. The results showed that considering 
full coverage for the bridge columns can improve struc-
tural performance slightly and also the damage caused by 
the main earthquakes in sequences for a long bridge is neg-
ligible. Omranian et al. [13] considered the development of 
fragility curves to assess the seismic vulnerability of rein-
forced concrete bridges under the seismic sequence, main 
earthquake, and aftershock. They examined the seismic 
damage of an arched bridge under the earthquake sequence. 
The results showed that the aftershocks had an exponential 
effect on the vulnerability of bridges. In addition, the ret-
rofitting methods significantly affect the seismic response 
of bridges and buildings and thus their fragility [14–16]. 
Oyguc et al. [17] done a study to consider the deterioration 
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behavior of irregular reinforced concrete structures under 
the sequence of Tohoku earthquakes. The  results showed 
that the effects of multiple earthquakes are significant, and 
the effects of irregularity increase the scattered damage 
under these vibrations. Hamidi Jamnani et al. [18] stud-
ied the seismic behavior of structures with concrete shear 
walls and the structural response and energy distribution of 
these structures under the individual earthquakes and seis-
mic sequences. The aim of this study was to investigate the 
seismic sequence records and the energy concepts resulting 
from their application. The performed analyzes showed that 
the sequential earthquakes increased the seismic require-
ments of flexural frames with concrete shear walls. 

Amiri and Bojórquez [19] examined the residual dis-
placement ratio of structures as single-degree freedom 
systems (linear) under the seismic sequences (main earth-
quake plus one aftershock). Because the residual displace-
ment can determine the residual capacity of damaged struc-
tural systems as an effective predictor parameter. Hassan 
et al. [20] designed three semi-rigid frames with different 
connection capacities and examined their performance 
under sequential earthquakes. They examined the seismic 
performance of the frames for two purposes: (a) the devel-
opment of fragility functions for structures under seismic 
sequences and main earthquakes and (b) evaluating the rate 
of nonlinear expansion and elongation of the period in the 
structures designed based on sequence events. The results 
showed that the application of aftershocks increases the 
probability of overcoming a level of failure in the frames, 
which is mainly due to the elongation of the period and also 
existence of the permanent failures. Di Sarno and Wu [21] 
evaluated the fragility of steel frames. The steel frames 
had a brick filling wall that are not seismically designed. 
Evaluating the effect of multiple earthquakes on the cumu-
lative damage of steel frames is an important part of per-
formance earthquake engineering. The effect of brick filler 
walls on the vulnerability of steel frames has been con-
sidered. The fragility curves of aftershocks were extracted 
and studied to identify the seismic vulnerability of the 
brick fillers of the frames damaged by the main earth-
quake. An overview of the mentioned studies shows that 
so far, no research has been done on the effect of shear wall 
placement in the concrete frames with concentrated joint 
behavioral model (Ibarra-Krawinkler) under the effect of 
seismic sequence. So, the current paper seeks to investigate 
this issue. In the current paper, the structures presented in 
the study of Hatzigeorgiou and Liolios [4] will be applied 
to model the regular and irregular 3 and 8 story reinforced 

concrete frames. The shear walls are located in different 
openings of the studied frames. Using the incremental 
dynamic analysis (IDA) method, the effect of shear wall 
placement under major New Zealand CHRISTCHURCH 
earthquakes and their seismic sequences are assessed. 
Moreover, the Ibarra and Krawinkler concentrated joint 
behavioral models have been considered to model the 
frame of dual structures of flexural frames with walls; 
because this model has the ability to consider the more col-
lapse modes than other models. Obtaining and comparing 
the occurrence probability diagrams respect to spectral 
acceleration of the models obtained from the effect of rein-
forced concrete shear wall placement in the four perfor-
mance levels is the another desired goal. The four perfor-
mance levels (Slight, Moderate, Extensive and Complete) 
mentioned in the Hazus Code [22] are employed. 

2 Methodology and modeling
In this research, the regular and irregular 3- and 8-story 
reinforced concrete frames have been employed. In these 
structures, the compressive strength of concrete equal to 
20 MPa and the yield strength of steel equal to 500 MPa are 
selected. Dead and live load values are considered to be 20 
and 10 kN on the frame beams, respectively. These struc-
tures are designed according to the Eurocode 8 [23] and to 
accelerate the 0.2g (high seismic hazard zone). However, it 
should be noted that in these models, the shear rebars are 
not presented in the reference paper [4]; but due to the need 
for shear rebars, values are considered for them. The shear 
reinforcements No.  10 (with a distance of 15  cm in the 
beams and with a distance of 20 cm in the columns) have 
been considered. For the regular and irregular 3-story rein-
forced concrete frames, the columns with dimensions of 
30 × 30 (cm) and beams with dimensions of 30 × 40 (cm) 
are utilized. Other specifications include how the rebars are 
laid and their number are shown in Figs. 1 and 2. For the 
regular and irregular 8-story reinforced concrete frames, the 

Fig. 1 Regular 3-story frame and its specifications
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columns with dimensions of 40 × 40 (cm), 35 × 35 (cm) and 
30 × 30 (cm); and beams with dimensions of 30 × 40 (cm), 
30 × 50 (cm) and 30 × 60 (cm) are employed. The specifica- 
tions of these frames are presented in Figs. 3 and 4. It is worth 
noting that for the calculations, the mass of the frames is 
extracted through the ETABS software. The studied frames 
are also modeled with OpenSees software. Because the IDA 
analysis is time consuming, a concentrated scheme will be 
applied to model the frames of this research to reduce the 
analysis time and to consider the more collapse modes. 

In this method, the nonlinear springs are used to indicate 
the nonlinear performance of structural members. The char-
acteristics of these springs have been acquired using the 
research of Haselton et al. [24]. Of course, the stiffness 
adjustment coefficient for beam and column springs is 
n = 10 [25]. Utilizing the "ZeroLength" element, the rotat-
ing spring element is introduced, and the two horizon-
tal and vertical transition directions are closed employing 
the "equalDOF" command. In order to better see the slip 
effect of the rebar in the cross-sectional connection, a "rigid 
elastic" element is assigned. The element "Elastic Beam 
Column" is considered to introduce the beams and columns, 

and the springs are placed at both ends of these ele-
ments. To consider the effect of the axial load on the rotat-
ing spring's moment at the end of the columns, the yield 
moment relationship presented in the Telemachos and 
Fardis [26] is implemented. For the present study, a shear 
wall are designed considering the frame opening width 
of 3 m. The ACI 318-14 code have been applied to design 
the shear walls [27]. Table 1 shows the specifications of 
the rebars used in these walls. In this work, two modeling 
methods are considered to model and introduce reinforced 
concrete shear walls. 

For shear walls where the ratio of height to width is less 
than or equal to 2(H/l ≤ 2), the wall is of Squat type and 
the behavior of the wall will be the shear behavior. When 

Fig. 2 Irregular 3-story frame and its specifications [4]

Fig. 3 Regular 8-story frame and its specifications [4]

Fig. 4 Irregular 8-story frame and its specifications [4]

Table 1 Specifications of shear wall rebars

Rebars Number Distance Reinforcement ratio

Horizontal 12 25 cm Horizontal 

vertical 16 25 cm vertical
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H/l ≤ 2, the wall is of the slender type and the behavior of 
the wall will be the bending behavior. In this study, for 
H/l ≤ 2, the wall is modeled utilizing a shear spring at a 
height of  elements, and the flexural (bending) behavior 
of the wall is avoided. To introduce this spring, "uniaxial-
Material Hysteretic" is employed in OpenSees software. 
In this regard, the shear behavior presented in FEMA356 
have been utilized. 

The ASCE/SEI 41 Concrete Provisions provides the 
updated values for these parameters. In the frames with 
thick shear walls, the axial force ratio in the walls is almost 
less than 0.05 [28]. MVLEM element is considered to 
model the slender walls, and CONCRETE06 and STEEL02 
materials are applied to model the concrete and steel ele-
ments in the wall, respectively. The results of previous 
research show that usually each floor is modeled using two 
MVLEM elements, and 8 elements are employed in the 
transverse direction so that each has a size between 70 to 
90 cm [29]. The shear wall element is attached to the con-
crete frame via a rigid elastic column beam element, then 
the shear walls are placed in the openings of the frames. 
The crack coefficient is considered to be 0.5 for the wall 
elastic element and 0.4 for the wall shear spring [28]. For 
more information in this regard, refer to Orakcal et al. [30].

3 Validation of the models
In this section, the validity of the models is presented. 
As  mentioned, the mass of the structure (mass of beams 
and columns) is obtained via ETABS software. The calcu-
lated mass is applied to the structure along with dead load 
(20 kN/m) and live load (10 kN/m). The uropean regulations 
consider the composition of the load [100%DL + 25%LL] 
(Eurocode 8, 2005). In this section, the periods of the pro-
posed models are compared with the periods of the mod-
els presented in the study of Hatzigeorgiou and Liolios [4]. 
The  specifications of the frames are presented in Figs.  1 
to 4. The validation results based on the periods are listed 
in Table  2. The results obtained in this validation are in 
good agreement with the main results of the reference arti-
cle [4]. In order to show that the modeling performed in the 
present research is performed correctly, the concrete struc-
tures are validated using a time history diagram. 

For this purpose, a 5-story reinforced concrete frame 
with a shear wall presented in the investigation of Kolozvari 
et al.  [29] are employed. This structure is designed based 
on ASCE 7-10 and ACI 318-11 regulations [27, 31], which 
will mention some of the model specifications. The speci- 
fications of the member cross sections and dimensions are 

given in Fig. 5 and Table 3. In this model, the beams and 
columns of the frame are modeled by the concentrated joint 
method. For each floor, the wall is modeled through two 
SFI-MVLEM elements. The walls are then fastened to the 
frame horizontally. The beams and columns are modeled 
according to the specifications shown in Fig. 5. For beams 
and columns, an elastic element is considered with two non-
linear springs at both ends. The record of Fig. 6 is selected 
from the center of PEER NGA with a maximum ground 
acceleration of 0.3g. By applying it to the studied models, 
the desired structural responses of both models are achieved.

After modeling and applying the earthquake record, 
the comparison of the analysis results is shown in Table 4 
and Fig. 7. Table 4 shows that the periods obtained from 
both models are in good agreement, which is acceptable. 

Table 2 The validation results based on the periods

Results Frames First 
Mode (s)

Second 
Mode (s)

Third 
Mode (s)

Reference 
Paper

Irregular 
3-story 0.5 0.2037 0.1308

Regular 
3-story 0.6382 0.2048 0.1215

Irregular 
8-story 0.9673 0.4469 0.2746

Regular 
8-story 1.2330 0.4718 0.2651

Current 
Paper

Irregular 
3-story 0.4988 0.2157 0.1392

Regular 
3-story 0.6358 0.2154 0.1282

Irregular 
8-story 0.9898 0.4526 0.2893

Regular 
8-story 1.2170 0.4632 0.2706

Fig. 5 The specifications of the member cross sections: (A) wall, (B) 
column, and (C) beam [30]
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But to further ensure the accuracy of the model, the anal-
ysis results of the two structures under the seismic record 
will be compared. The results will be as shown in Fig. 7. 
Calculations indicate that for both models, the maximum 
value of the shear force is equal to 1.3 × 103 Kips, and the 
maximum value of displacement is approximately in the 
range of 0.35–0.5 in. Also, the ductility ratio is 0.76 and 
the strength ratio is 0.61. The hysteresis curves show that 

the modeled structure has a close response to the structure 
of the reference paper [30], so the modeling is done cor-
rectly. Modal analysis is performed to indicate the effect 
of wall placement in these models.

4 Establishment of the final structural frames
After validating the models, the shear walls are located 
in the various openings of models and then ten models 
are created. One of the effective ways to ensure the accu-
racy of modeling is to perform appropriate analyzes so 
that the behavior of the structure can be determined using 
the gained results. The results of their analysis will be pre-
sented in different sections. 

4.1 Wall placement in regular and irregular frames 
Fig. 8 shows the regular 8-story reinforced concrete struc-
ture with a shear wall in the middle and left openings. 
The presented shear walls in Fig. 8 are slender walls. Fig. 9 
shows three models created by wall placement in the irreg-
ular 8-story frame. The presented shear walls in Fig. 9(a,b) 
are slender and have a bending behavior. But in Fig. 9(c), 
the used shear wall is a thick or short wall.

Table 3 Model details of Kolozvari et al. [29]

Compressive 
strength 5 ksi Dimensions of beams 18 × 32 inch

Steel yield 
strength 60 ksi Dimensions of columns 12 inch

Dead load 150 psf Length of wall opening 
(width) 20 ft

Live load 40 psf Floor height of the wall 12 ft

The length of the 
opening 20 ft Proportion of transverse 

and longitudinal rebars 0.0025

Floor height 12 ft Wall thickness 12 inch

Fig. 6 Acceleration time history applied to frames

Fig. 7 Validation of two models under the applied record
Fig. 8 The regular 8-story reinforced concrete structure (R_8S) with 

a shear wall in the middle openings (MO) and left openings (LO)

(a)                                  (b)                                  (c)
Fig. 9 The irregular 8-story reinforced concrete structure with a shear 

wall in the (a) left, (b) middle and (c) right openings

Table 4 Periods of the simulated model and the base model

Period (Sec) first mode second mode

The model of present study 0.533 0.104

The model of Kolozvari et al. (2015) 0.534 0.104
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Fig. 10 demonstrations the regular 3-story reinforced 
concrete structure with a shear wall in the middle and left 
openings. Fig. 11 displays three models produced by wall 
placement in the irregular 3-story frame. The utilized shear 
walls in Figs. 10 and 11 are thick or short wall and have 
a shear behavior. Modal analysis is performed to indicate 
the effect of wall placement in these models. The periods 
of each model are calculated through OpenSees software, 
which is listed in Table 5. The effects of wall placement 
on the period of validated structures are now being inves-
tigated. Table 5 demonstrations that the period of flexural 
frame structures is significantly reduced by wall place-
ment in them. In other words, with increasing the height of 
the wall, the stiffness of the whole structure also increases 
and as a result, the periods are further reduced.

4.2 Pushover analysis of the created models
In this analysis, a monotonic load is applied to the cre-
ated models at the level of each floor and the roof drift 
of the structure is considered as the target value. In this 
research, the pushover analysis is accomplished on each 
model and its diagram is acquired. The horizontal axis 
of the diagram is the drift, and the vertical axis is the 
base shear force. In this research, the pushover analysis is 
accomplished on each model and its diagram is acquired. 
The horizontal axis of the diagram is the drift, and the 
vertical axis is the base shear force. First, the pushover 
diagrams of the four initial structures (without shear wall) 
are displayed. In order to show the complete behavior of 
the modeled structure employing the concentrated joint 

method, the target drift has been considered. According 
to Fig. 12, it can be seen that the regular 8-story structure 
have the least drift until it reached the decay.

After obtaining the capacity curve diagram of the ini-
tial models, the diagrams of the models obtained from the 
wall placement in regular and irregular 3 and 8 story struc-
tures are revealed. The target drift is equal to  drift at the 
roof point, which shows the behavior of the models well 

Fig. 10 The regular 3-story reinforced concrete structure with a shear 
wall in the middle and left openings

(a)                                  (b)                                  (c)
Fig. 11 The irregular 3-story reinforced concrete structure with a shear 

wall in the (a) left, (b) middle and (c) right openings

Table 5 Comparison of changes in the period of produced frames and 
primary frames

Validated frames Periods (Sec) Produced frames Periods (Sec)

Regular 3-story 0.4988 R_3S_LO 0.2

R_3S_MO 0.2

Irregular3-story 0.6358 IR_3S_LO 0.125

IR_3S_MO 0.22

IR_3S_RO 0.37

Regular 8-story 0.9898 R_8S_LO 0.42

R_8S_MO 0.38

Irregular8-story 1.217 IR_8S_LO 0.31

IR_8S_MO 0.415

IR_8S_RO 0.77

Fig. 12 The pushover curves of the four initial structures 
(without shear wall)

Fig. 13 The pushover curves of structures created by wall placement in 
the regular 3-story structure



Hosseinlou and Labibzadeh
Period. Polytech. Civ. Eng., 68(1), pp. 232–247, 2024|239

(Eads, "Openseewiki"). Based on the curve in Fig. 13, the 
R_3S_MO structure has reached the maximum shear force 
in less drift compared to the R_3S_LO structure. It can be 
seen in Fig. 13 that the amount of base shear has increased 
significantly with the placement of the shear wall in a reg-
ular 3-story structure. Due to the fact that the behavior of 
the structures is not fully determined by applying  drift at 
the roof point, here more drift is employed. Fig. 14 illus-
trations the pushover curves of structures created by wall 
placement in the irregular 3-story structure. Here the push-
over curves continue to  drift at the roof point. The behav-
ior of IR_3S_MO and IR_3S_RO structures is flexural 
behavior. So, the decay occurs in them, and the shear wall 
application has less effect on them. According to Figs. 13 
and 14, when the behavior of the thick shear wall domi-
nates the behavior of structures, a sharp drop in the behav-
ior curve occurs. The  curve then decreases to the resid-
ual value of the structural strength and continues in that 
area. The  pushover curves of structures created by wall 
placement in the regular 8-story structure are revealed in 
Fig. 15. The diagram continues to  drift at the roof point. 
In increasing the amount of base shear force, the effect of 
shear wall placement on the frames is clearly evident.

Fig. 15 indications that the R_8S_MO structure has more 
capacity than the R_8S_LO structure. As a result, when the 
thin shear wall is placed in the middle opening of the reg-
ular 8-story structure, it creates more capacity than when 
the wall is in the side opening of the structure. The push-
over curves of structures created by wall placement in the 
irregular 8-story structure are also presented in Fig. 16. 
It is clear that the IR_8S_LO structure has the highest base 
shear force. This is due to the difference in wall height in 
the structures. Also, the behavior of the shear wall domi-
nates the behavior of the structure in this model. 

The IR_8S_MO and IR_8S_RO structures decay faster 
than the walless structure, and their decline has begun in 
the  drift. But for the IR_8S_LO structure, the decline 
starts approximately from the  drift.

5 Applied earthquake and performance levels 
Christchurch earthquake records with a magnitude of 7.1 
(in the Canterbury region) and the related aftershocks 
by the end of 2011 are considered. In this research, the 
applied records have a PGA of more than 0.05g in 3 direc-
tions [11]. To generate seismic sequences, there are only 
15 acceptable stations to use their data (see Table 6). 
Also, the rest time between each record is set at 5 sec-
onds to create a  seismic sequence. After sequencing the 
main earthquakes and aftershocks from 15 earthquake sta-
tions, the 15 seismic sequences are obtained. The original 
earthquake records of the 2010 New Zealand Christchurch 
earthquake and related aftershocks by the end of 2011 can 
be downloaded from "the GeoNet processed strong-mo-
tion data site". For instance, only a few accelerometers of 
the original earthquake records and seismic sequences are 
mentioned (Figs. 17 and 18).

For the IDA analysis by spectral acceleration method, it is 
necessary to first acquire the spectrum of these sequences 
with a damping ratio of 0.05 and the number corresponding Fig. 14 The pushover curves of structures created by wall placement in 

the irregular 3-story structure

Fig. 15 The pushover curves of structures created by wall placement in 
the regular 8-story structure

Fig. 16 The pushover curves of structures created by wall placement in 
the irregular 8-story structure
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to the period of the first mode of each structure in the spec-
trum of these records is determined. In during the anal-
ysis process, this number ( S SA A1 2

2 × ) is then applied to 
the denominator of the corresponding record scale (SA1,2 = 
Spectral acceleration of horizontal directions). 

In this study, MATLAB software is applied to calculate 
the spectrum of records. To stop the IDA analysis opera-
tion, the collapse points based on performance levels have 
been introduced. For this purpose, the Hazus code has 
been utilized in this research. 

As mentioned, the main frames of the present study are 
designed based on the acceleration of 0.2 ground acceler-
ation. This amount of acceleration in the European regu-
lations is part of the high seismic hazard zone. However, 
according to the Hazus Code, which is based on the UBC 
Code, this amount of acceleration is within the moderate 

seismic hazard zone. The seismic hazard zones related to 
UBC regulations are presented in Table 7. Given that the 
acceleration of the design basis is 0.2g, then zone 2B is 
selected and performance levels appropriate to this zone 
are considered. Table 8 are performance levels derived 
from the Hazus code. In this research, the average drift of 
performance levels of flexural frame and shear wall will 
be employed. Table 8 illustrations these collapse drifts.

After determining the collapse acceleration, a series of 
points are gained based on the performance levels. So, fra-
gility curves are considered to represent these points. 
In  these curves, the vertical axis indicates the probability 
of failure, and the horizontal axis denotes the accelera-
tion of collapse of the structure under the imposed records. 
The fragility curves are created to estimate the failure poten-
tial of structures under earthquakes. The Eq. (1) is utilized 
to calculate the probability of failure in these diagrams:

Fig. 17 Horizontal component of the main earthquake of CACS station 
in N50W direction

Fig. 18 Horizontal component of the seismic sequence of CACS station 
in N50W direction

Table 6 The station names and the number of corresponding records

No. Station name Abbreviation Sequences

1 Christchurch Canterbury Aero 
Club CACS 3

2 Christchurch Botanic Gardens CBGS 8

3 Christchurch Cathedral 
College CCCC 5

4 Christchurch Cashmere High 
School CMHS 12

5 Canterbury Ring Laser CRLZ 6

6 Darfield High School DFHS 4

7 Heathcote Valley Primary 
School HVSC 16

8 Lincoln Crop and Food 
Research LINC 11

9 Christchurch North New 
Brighton School NNBS 4

10 Christchurch Papanui High 
School PPHS 4

11 Pages Road Pumping Station PRPC 25

12 Christchurch Resthaven REHS 7

13 Riccarton High School RHSC 6

14 Shirley Library SHLC 5

15 Swannanoa School SWNC 2

Table 7 The seismic hazard zones related to UBC regulations

Zone 1 2A 2B 3 4

Acceleration (g) 0.075 0.15 0.20 0.30 0.40

Table 8 Performance levels used for fragility curves and building collapse

Building type
Drift floors on the verge of failure

Slight Moderate Extensive Complete

Regular and irregular 3-story flexural concrete frames 0.005 0.0087 0.0233 0.06

Regular and irregular 8-story flexural concrete frames 0.0025 0.0043 0.0117 0.03

Regular and irregular 3-story flexural concrete frames along with the shear wall 0.0045 0.00855 0.02325 0.06

Regular and irregular 8-story flexural concrete frames along with the shear wall 0.00225 0.00425 0.01165 0.03
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P X X( ) (ln ) /� �� �� � � .	 (1)

Here Φ[] stands for the normal distribution function. 
Also σ represents the standard deviation and μ is the mean. 

Excel software has been employed to acquire the accel-
eration points of collapse against the probability of occur-
rence. The best polynomial diagram are applied to fit 
between the points.

6 Results and discussion
6.1 Results of IDA analysis
After performing the pushover analysis and presenting the 
results of this analysis, the IDA analysis is performed on 
the considered structures. The responses of these struc-
tures at the mentioned levels are displayed as the fragility 
curves due to the failure of structures in 4 levels under 
main earthquake and seismic sequences.

6.1.1 IDA analysis for the regular 3-storey models with 
shear walls
The results of the developed structures are now presented 
so that the location of the shear wall in their openings has 
changed. On the first floor of 3-story structures, shear rup-
ture occurs because the behavior of the thick wall governs the 
overall behavior of the structure. The regular 3-storey mod-
els along the wall under main earthquakes are evaluated in 
the IDA analysis. Their fragility curves are given in Fig. 19. 

Due to the convergence of the Extensive and Complete 
performances, only the Extensive performance is con-
sidered. Fig. 19 displays that applying the shear wall in 
the middle opening of the regular 3-story structure can 
increase the likelihood of failure. 

In the fragility curves, the word "poly" stands for 
Polynomial, which refers to the type of diagram used. 
The results of spectral acceleration (in the form of median) 
are now displayed at the mentioned performance levels. 
Fig. 20 also indications that the median spectral accel-
erations of the R_3S_LO structure are greater than the 
R_3S_MO structure. It can be said that in the almost three 
levels of performance, the proportions of differences are 
within the same range. 

After the results of regular 3-story structures with shear 
walls under main earthquakes are stated, the results of 
these structures are now listed under seismic sequences. 
For this case, the median spectral acceleration of the data 
for each model is mentioned in the three performance lev-
els. Figs. 21 and 22 also show that the failure probability 
of the R_3S_MO structure are greater than the R_3S_LO 

structure (at the same spectral acceleration). The R_3S_
MO structure undergoes more spectral acceleration than 
other structures until a failure occurs. So, the result of 
Fig. 22 is inconsistent with Fig. 20. 

Now, to justify this difference, both structures are 
compared for the same spectral accelerations created by 
a record, so that the results clarify the difference between 
the results mentioned in this section. 

Fig. 19 Fragility curves of the R_3S_LO and R_3S_MO structures 
under main earthquakes

Fig. 20 Median spectral acceleration of the R_3S_LO and R_3S_MO 
structures under main earthquakes

Fig. 21 Fragility curves of the R_3S_LO and R_3S_MO structures 
under seismic sequences
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The spectral acceleration of 4.2 corresponding to the 
Complete level and another 1.45 related to the Slight level 
are selected for analysis. The results of this analysis are 
presented in Fig. 23. The results of Fig. 23 show that for 
each of the spectral accelerations, the R_3S_LO struc-
ture has a lower drift and lower base shear force than the 
R_3S_MO structure.

6.1.2 IDA analysis for the regular 8-storey models with 
shear walls
Initially, the fragility curves of these structures are dis-
played under main earthquakes. According to the dis-
played curves (Fig. 24), it seems that the application of 
a thin wall in the middle of the regular 8-story structures 

has a positive effect and as a result, a safer structure is cre-
ated. At the Slight level, it can be seen that some records in 
two structures have almost the same intensities to produce 
the same failure (drift), and others require more spectral 
acceleration for the same drift. Thus, more spectral accel-
eration is required for the failure of R_8S_MO structure. 

The median results of the spectral acceleration of these 
structures under applied loads are similar to previous 
results. It is worth noting that a number of figures are not 
presented in this section due to their similarity and to avoid 
crowding the article. After obtaining the results of main 
earthquakes, the results of applying seismic sequences are 
now expressed as the fragility curves and the median of 
spectral acceleration results.

According to Fig. 25, the closeness of some fragility 
diagrams is due to the fact that a series of spectral acceler-
ation intensities of records for the two structures are close 
to each other (at some performance levels). Here, the stud-
ied 8-storey structures are exposed to main earthquakes 
and seismic sequences, and the probability of structural 
failure due to main earthquakes and seismic sequences 
with the same spectral acceleration is investigated.

Fig. 22 Median spectral acceleration of the R_3S_LO and R_3S_MO 
structures under seismic sequences

Fig. 23 Analysis results of the R_3S_LO and R_3S_MO structures 
under spectral accelerations of 1.45 and 4.2

Fig. 24 Fragility curves of the R_8S_LO and R_8S_MO structures 
under main earthquakes

Fig. 25 Fragility curves of the R_8S_LO and R_8S_MO structures 
under seismic sequences
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Hereof, Figs. 26 and 27 represent the results of this anal-
ysis for R_8S_LO and R_8S_MO structures. Based on the 
results, it can be said that for the same spectral acceleration 
in two cases, more damage occurs due to the application 
of seismic sequences because the applied aftershocks cause 
these failures. The R_8S_LO and R_8S_MO structures 
are now compared under a specific record. In Fig. 28, the 
structures are subjected to the same spectral acceleration. 
According to the written code for IDA analysis, the analysis 
operation stops when the R_8S_LO structure reaches the 
target drift (0.03 m). The R_8S_LO structure has reached 
the target drift in approximately 30 seconds and the anal-
ysis operation is stopped. However, the R_8S_MO struc-
ture did not reach the final drift at this spectral acceleration, 
so the analysis was performed until the end of the record. 
Therefore, it is concluded that the R_8S_MO structure has 
more strength and better performance than the R_8S_LO 
structure. In addition, Fig. 29 confirms this conclusion.

6.1.3 IDA analysis for the irregular 3-storey models 
with shear walls
In the next step, the results of irregular structures are evalu-
ated. According to the results obtained from the research of 
Hosseinpour and Abdolnabi [11], the application of vertical 
acceleration in the seismic analysis has no significant effect 

on the regular structures. Therefore, the vertical accelera-
tion component is applied only to the irregular structures. 
In this type of structures, the normalization coefficients 
have been utilized in the main earthquake application sec-
tion. The method of obtaining these coefficients was men-
tioned in the FEMA P695 report [32]. The reason for con-
sidering this method is that the intensity of the records is 
distributed proportionally and there is less intensity con-
centration in the curve. In this way, the obtained coeffi-
cients are multiplied in the scale coefficient of applied 
earthquake and may increase or decrease the intensity of 
the applied earthquake. Figs. 30 and 31 show that apply-
ing the vertical acceleration of the main earthquakes to 
the IR_3S_LO and IR_3S_MO structures does not have 
much effect on the performance levels (with respect to the 
case where the vertical acceleration is not applied.). Also 
in Fig. 32, the performance levels of the IR_3S_RO struc-
ture are presented under the application of horizontal com-
ponents and under the application of horizontal + vertical 
components of main earthquakes. With and without apply-
ing the vertical acceleration, it can be said that the fragility 
curves of the IR_3S_RO structure are slightly different in 
the four performance levels (see Fig. 32). 

Fig. 26 Fragility curves of the R_8S_LO structures under main 
earthquakes and seismic sequences

Fig. 27 Fragility curves of the R_8S_MO structures under main 
earthquakes and seismic sequences

Fig. 28 Comparison of drift history of the R_8S_LO and R_8S_MO 
structures under spectral acceleration of 4.5

Fig. 29 Drift of the floors of the R_8S_LO structure under spectral 
acceleration of 4.5
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Also, the obtained results show that the median spectral 
acceleration of irregular 3-story structures (with shear wall) 
under main earthquakes with and without applying the ver-
tical acceleration are not significantly different for a similar 
failure rate, and the maximum difference is about 1 to 2.5%. 

These structures are now analyzed under seismic 
sequences with and without applying vertical accelera-
tion. Based on the results presented in Fig. 33, Slight and 
Moderate levels did not change. But at the Complete level, 
there is a slight difference if vertical acceleration is applied. 

However, this difference is about 2.5%. According to 
Figs. 34 and 35, applying vertical acceleration of seismic 

sequences to IR_3S_MO and IR_3S_RO structures have no 
significant effect on the four performance levels. For bet-
ter conclusions, the median spectral accelerations for these 
structures are now expressed at different performance lev-
els. The obtained results display that the median spectral 
acceleration for each structure at different performance lev-
els does not change significantly when the vertical acceler-
ation is applied. The largest change between the two cases 
at the Moderate level is related to the IR_3S_LO structure, 
although this difference is about 2.5%. Therefore, the verti-
cal acceleration component of the earthquake does not have 
a significant effect on these structures.

Fig. 30 Fragility curve of the IR_3S_LO structure by applying 
horizontal components and by applying horizontal + vertical 

components of main earthquakes

Fig. 31 Fragility curve of the IR_3S_MO structure by applying 
horizontal components and by applying horizontal + vertical 

components of main earthquakes

Fig. 32 Fragility curve of the IR_3S_RO structure by applying 
horizontal components and by applying horizontal + vertical 

components of main earthquakes

Fig. 33 Fragility curve of the IR_3S_LO structure by applying 
horizontal components and by applying horizontal + vertical 

components of seismic sequences

Fig. 34 Fragility curve of the IR_3S_MO structure by applying 
horizontal components and by applying horizontal + vertical 

components of seismic sequences

Fig. 35 Fragility curve of the IR_3S_RO structure by applying 
horizontal components and by applying horizontal + vertical 

components of seismic sequences
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6.1.4 IDA analysis for the irregular 8-storey models 
with shear walls
The normalization coefficients have been employed for 
these structures in the application of main earthquakes. 
The reasons for utilizing these coefficients are stated in the 
previous section. In this section, the three irregular 8-story 
structures with shear walls under main earthquakes are 
compared separately with applying the horizontal acceler-
ation as well as horizontal acceleration + vertical accelera-
tion. Figs. 36, 37 and 38 represent that there is the greatest 
effect of the vertical acceleration of the main earthquakes 
in the IR_8S_LO structure that the behavior of thin wall 
dominates the behavior of the structure.

This effect is clearly evident in the four levels of per-
formance. In the other two structures, the effect of vertical 
acceleration on the four performance levels is negligible. 
As expected, the median spectral acceleration in IR_8S_
MO and IR_8S_RO structures under vertical acceleration 
did not change significantly. So, in these structures, the ver-
tical acceleration caused by the main earthquakes has the 
greatest influence on the IR_8S_LO structure and this effect 
is significant. In addition, the three irregular 8-story struc-
tures with shear walls under the seismic sequences are com-
pared separately with applying the horizontal acceleration 
as well as horizontal acceleration + vertical acceleration. 
The overall results are quite similar to the previous case. 

The IR_8S_LO structure will be analyzed under the 
spectral acceleration of 3.3 resulting from an earthquake 
with and without vertical acceleration, and its results will 
be displayed for better evaluation.

7 Conclusions
Generally, the time spans between seismic sequences are 
short and there is not enough time to retrofit the structures 
of buildings against subsequent earthquakes. Accordingly, 
the stiffness and strength of the building are reduced due 
to the occurrence of possible damages. Therefore, the aim 
of the present study is to investigate the location of shear 
walls in the regular and irregular 3- and 8-story structures 
under main earthquakes and seismic sequences using IDA 
analysis. In other words, the shear walls are located in the 
openings of regular and irregular 3- and 8-story struc-
tures according to the created characteristics (thick or 
thin) and are analyzed under Christchurch earthquake and 
corresponding seismic sequences utilizing IDA analysis. 
The results of these analyzes are presented in the form 
of fragility curves and the median spectral accelerations. 
In extracting the results, the failure index is considered as 

the maximum drift between the floors of the structures. 
The results are summarized as follows:

•	 In the case of the thick shear wall located in the mid-
dle of the regular 3-story reinforced concrete struc-
tures (R_3S_MO), there is a high probability of 
failure. The difference in the median spectral acceler-
ation of the two structures R_3S_MO and R_3S_LO 
at the three performance levels (Slight, Moderate, 
Complete) for the main earthquakes are approximately 
13%, 11%, and 11%, respectively, and for the seismic 
sequences are approximately 15%, 12%, and 6%.

•	 Under all records of earthquakes with the same spec-
tral acceleration, the damage caused to the R_3S_
MO structure is greater than the R_3S_LO structure.

Fig. 36 Fragility curve of the IR_8S_LO structure by applying 
horizontal components and by applying horizontal + vertical 

components of main earthquakes

Fig. 37 Fragility curve of the IR_8S_MO structure by applying 
horizontal components and by applying horizontal + vertical 

components of main earthquakes

Fig. 38 Fragility curve of the IR_8S_RO structure by applying 
horizontal components and by applying horizontal + vertical 

components of main earthquakes
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•	 With the placement of the thick wall in the middle 
opening of the regular 3-story reinforced concrete 
frame, the median value of spectral acceleration 
under seismic sequences at the three performance 
levels (Slight, Moderate, Complete) increased 11, 12 
and 3 times, respectively.

•	 In the case of the thin shear wall located in the mid-
dle opening of the regular 8-story reinforced concrete 
structures (R_8S_MO), the probability of failure is 
low (when the spectral accelerations are approxi-
mately higher than 0.7g).

•	 The difference in the damage reduction between the 
R_8S_MO and R_8S_LO structures will gradu-
ally increase at higher intensities and the R_8S_MO 
structure will be more durable.

•	 The difference in the median spectral acceleration 
of the two structures R_8S_MO and R_8S_LO 
at the four performance levels (Slight, Moderate, 
Extensive, Complete) for the main earthquakes are 
approximately equal, 20%, 18% and almost equal and 

under seismic sequences are approximately 22%, 
17%, 24%, 16%, respectively. 

•	 Applying the vertical acceleration related to the main 
earthquakes or seismic sequences in the irregular 
3-story reinforced concrete structures, there is no 
significant change in the fragility curve.

•	  The IR_3S_MO structure under main earthquakes 
at the three performance levels (Slight, Moderate, 
Complete) can withstand 11%, 14% and 88% spec-
tral acceleration more than the IR_3S_LO structure, 
respectively. This ratio is approximately 10%, 12% 
and 42% for the IR_3S_RO structure, respectively.

•	 In the fragility curves obtained for irregular 8-story 
reinforced concrete structures with shear wall, the 
vertical acceleration has the greatest effect on the 
IR_8S_LO structure.

•	 In the IR_8S_LO structure, the concrete and lon-
gitudinal rebars of shear wall in higher floors are 
subjected to more stress if vertical acceleration is 
applied.
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