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opportunity to repair of the structure, the possibility of structural damage increases. In this research, the
effect of seismic sequence on the relatively new system of reinforced concrete frames equipped with
steel plate shear walls has been investigated. Based on this, four systems of 4, 8, 12 and 24 stories, which
represent short, intermediate, tall, are modeled in finite element software and subject to four sets of the

single and sequential earthquakes and with a variety of application methods. Sequential earthquakes, Keywords:

including real, repetitive and randomized methods, are subjected to non-linear dynamic analysis under —p .o o oo e e

four sets of single and sequential acceleration. The seismic scenarios used include sequential recorded
. . . . .. Steel plate shear wall
critical earthquakes. The analysis showed that the predominant period of the aftershock significantly

influences the post main shock response. Real seismic sequence increases the ratio of peak inter-story Seismic sequence
drift by an average of 2 times the similar demand in a single earthquake and increases the ratio of  Drift

maximum ductility demand by 1.52 times in the structure. In artificial sequence, the ratio of peak Residual
maximum inter-story drift demand increase is in 100%, 150% and 200% aftershocks. In the iteration

method, it is equal to 1.2, 2.0 and 2.6 times the single earthquake. Aftershocks may change the direction

Non-linear dynamics

and magnitude of residual displacement in real and artificial seismic sequences. Continuation of the

equation to calculate the demand for seismic sequence ductility was extracted.

1- Introduction

Because aftershocks usually occur shortly after the main
earthquake, and some of these aftershocks cause damage to
the structure with a destructive force equal to that of the main
earthquake, strengthening the damaged structure of the main
earthquake in this short time interval is not possible and in
order to reduce the level of hazards, it is necessary to evaluate
the performance of the damaged structure in general under
the main earthquake and aftershocks [1]. It is necessary to
study the performance of structures during an earthquake and
determine the capacity required to resist possible aftershocks
in response to the structure and the possibility of the collapse
of the building. Research in recent years has shown that
the occurrence of aftershocks can significantly increase the
demand for ductility of structures and lead to an increase in
earthquake risk [2]. Recently, the reinforced concrete frame
equipped with steel plate shear wall has been proposed as a
new system against lateral loads [3]. The effect of sequence
earthquakes (near and far-field) on this system has not been
studied. In this research, the effects of aftershocks on the
response of the reinforced concrete frame equipped with
steel plate shear wall and residual displacement are studied.
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For this purpose, a number of sequence real and artificial
records of far and near field, including the main earthquake
and aftershock records have been used. Effect of main shocks
and aftershocks of real and artificial earthquakes in different
scenarios, including main earthquakes in the near and far-
field and different aftershocks were scaled to a peak grand
acceleration of 0.15g, 0.3g, 0.45¢g, 0.6g by back to back and
randomized methods in the ratio of peak maximum inter-
story and residual drift and critical scenario is determined.

2- Numerical modeling validation

In this research, in order to validate the model, the
laboratory study of Choi and Park in 2011 [4] according to
Figure 2a has been used. He conducted a laboratory study
to investigate the cyclic behavior of walls consisting of
boundary elements of reinforced concrete frames and thin
steel plates. In order to ensure the accuracy of the modeling,
the numerical model of the laboratory sample was modeled
and analyzed in OpenSees finite element software [5].

3- Methodology
Four models of 4, 8, 12 and 24 story with height to the
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Fig. 1. Plan of structural models

smallest dimension ratios of 0.54, 1.09, 1.63 and 3.26 in
the classification of low, low, mid and high structures with
a rectangular plan according to Figure.1, is selected with a
reinforced concrete frame equipped with steel plate shear
wall and high ductility. In the analysis and design of the
studied structures, the sixth [6] and ninth [7] national building
regulations and the Iranian 2800 earthquake standard, fourth
edition [8] have been used, according to the sixth of the
National Building Regulations and the criteria set by the
American loading code ASCE07-2010 [9] for steel plate
shear wall.

In the OpenSees software, after defining the geometry
of the model, the gravitational analyzes are gravitationally
analyzed (non-linear static) and by setting the time in the
amplitude of the problem to zero before performing the
non-linear dynamic analysis, the gravitational load values
remain constant in subsequent dynamic analyzes. The effect
of P-Delta is considered in the analyses. In the non-linear
dynamic analysis, the selection of a time interval of 30
seconds between the main earthquakes and aftershocks with
zero acceleration amplitude is considered in order to stabilize
the frame under the effect of the main earthquake excitation.
5% damping was applied for all models.

In order to evaluate the seismic demands of reinforced
concrete frames equipped with steel plate shear walls, the
parameters of peak maximum of drift demands and peak
maximum displacement of stories and the maximum ductility
and residual drift of stories have been selected to assess the
seismic demand of models.

4- Seismic scenarios

Sequence seismic records have been applied to the models
in two ways, including real seismic records and artificial
seismic records. In the real seismic records method, using the
sequence seismic records recorded in the recorded stations in
three groups include group I with effective peak acceleration,
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Fig. 2. Comparison of cumulative ductility demand of
models for real earthquake sequences groups I and II.

group II with nearly maximum effective peak acceleration
and group III with acceleration used by the researcher, in the
artificial method group IV with main important earthquake
records due to the unavailability or the insufficient number
of sequence real seismic records an artificial aftershock have
been applied to the models. In the artificial method different
scenarios of S1, S2, S3 and S4 of sequence earthquakes
(combination of main earthquake + aftershock) have been
used.

5- Results and Discussion
5- 1- Estimation of ductility demands of models under
seismic sequence

The peak story displacement parameter is used to calculate
the total ductility coefficient y, as equation 1.

(M

To estimate of the cumulative ductility of the seismic
sequence, equation 2 is presented.

1

/’lseq = 1+ [Z:’:l< /’li _1 >P]P (2)

Figure 2 Comparison of cumulative ductility demand
results of different models for combining Group I and II
earthquakes. The value of R2, which shows the correlation
of ductility of equation 2 with the ductility obtained from the
analysis, is considered appropriate because it is close to 1
(Figure 2).

5- 2- Effect of seismic sequence on peak ductility demand
In the non-linear dynamic analysis, for each of the real
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seismic scenarios, the peak ductility demand and the ratio
of this parameter for the sequence to the main seismic are
calculated. The ductility demand of the short model for the
PGA ratio is 0.28, the intermediate model for the PGA ratio
of 0.74 and the tall model for the PGA ratio of 0.97 is equal
to 1.66, 1.54 and 1.34, respectively. Larger ratios than 1 mean
that structural systems require more ductility against sequence
earthquakes. In this study, in the most critical, the peak
ductility demand for due to seismic sequence has increased
by 79% compared to the single main seismic. Based on the
expected use and performance, the structures have ductility
criteria corresponding to the main earthquake. Thus, there is
a need to review the ductility criteria of structures.

Effect of seismic sequence on peak maximum inter-story
drift

According to this study, the real seismic sequence has
increased the peak maximum inter-story drift of the stories
of a reinforced concrete frame equipped with steel plate shear
wall is an average 2 and the maximum is 2.31 times to single
main earthquake for PGA aftershock ratio of 1.89. However,
in the artificial seismic sequence, this demand has increased
up to a maximum of 3 times to single main earthquake for
PGA aftershock ratio of 2 times the compared to a single main
earthquake. Also, according to the results of the analysis,
aftershocks may change the direction and magnitude of
residual displacement in real and artificial seismic sequences.

6- Conclusions

From this study, the following conclusions are drawn:

1. Real seismic sequence increases the ratio of peak
maximum inter-story drift demand of reinforced concrete
frame equipped with steel plate shear wall by an average of
2 times the similar demand in a single earthquake and in the
artificial seismic sequence in PGA aftershock to main shock
of 2 equal 3 times the similar demand in the main earthquake.

2. In a real seismic sequence, the ratio of critical PGA
aftershock to the main earthquake related to the peak
maximum ductility demand in the reinforced concrete frames
equipped with steel plate shear wall is not constant and this
ratio is approximately 0.25 for short, 2 for intermediate and
0.5 for tall models.

3. Aftershocks may change the direction and magnitude of
residual displacement in real and artificial seismic sequences.

Also, in estimating the residual drift of the models, the
randomized method of the artificial sequence is more critical
than the back-to-back method.

4. According to this research, in determining the peak
maximum inter-story drift demand and the peak maximum
ductility demand of reinforced concrete frame equipped with
steel plate shear wall, the back-to-back method in the artificial
sequence is more critical than the randomized method.
However, in the artificial sequence randomized method, near
field aftershocks caused more damage to reinforced concrete
frames equipped with steel plate shear wall than far-field
aftershocks.
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Fig. 1. Flowchart of methodology.
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Table 1. Comparison of Finite Element Analysis Results [27] and Choi and Park Model Test [26].
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Fig. 2. Phase velocity dispersion curves for a steel pipe with outer diameter of 220 mm and wall thickness of 4.8 mm
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Fig. 3. (a) plan of structural models (b) 4 story model (c) 8 story model (d) 6 first stories of 12 story model.
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Table 2. Summary of calculations of bracing equivalent for 4 story model.
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Table 3. Result for scaling the first category records of seismic scenario (with maximum EPA).
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Table 4. Result for scaling the second category of seismic scenario (with nearly maximum EPA).
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Table 5. Records with after-earthquake acceleration to main earthquake ratio greater than one [16, 37].

NO Earthquake RSN Magnitude  Intensity (cm/s) Arias PGA(g) Mechanism
1 Chalfant Valley 547 5.77 53.7 0.236 Strike-slip
Chalfant Valley 558 6.19 193.8 0.447 Strike-slip
2 Coalinga 406 5.77 82.8 0.519 Reverse
Coalinga 418 5.21 142.4 0.677 Reverse
3 Imperial Valley 185 6.53 86 0.221 Strike-slip
Imperial Valley 208 5.01 13.5 0.255 Strike-slip
4 Whittier 691 5.99 30.5 0.194 Reverse-oblique
Whittier 716 5.27 17.5 0.206 Reverse-oblique
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Table 6. Record of important main earthquakes in near and far field

NO Earthquake RSN . Intensity(cm/s) Tagnitude PGA(g) Mechanism
1 Tabas 140 21.5 7.35 0.1049 Reverse
2 Trinidad 280 17.2 7.2 0.1474 strike slip
3 Taiwan Smartl 425 2 6.5 0.02825 Reverse
4 Northridge-01 943 7.4 6.69 0.0673 Reverse
5 Loma Prieta 764 72.1 6.93 0.2853 Reverse
6 Kobe 1116 630 6.9 0.233 strike slip
7 Northridge-06 1739 94.5 5.28 0.373 Reverse
8 Parkfield 4125 10.4 6 0.103 strike slip
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Fig. 5. Seismic record sequence with effective peak acceleration a) New Zealand accelerometer b) Chal-
fant Valley accelerometer.
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Fig. 6. Peak interstory drift of stories under main scale earthquakes Group 1 (a) 12-story model (b)
24-story model.
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Fig. 7. Time history of the displacement response under New Zealand main shock (a) 4 story model (b) 8
story model
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Table 7. Parameters and effective characteristics in the response of models under Group I earth-
quakes with maximum EPA.

)
Chalfant Valley Hollister New zealand
byl
MS AS MS AS MS AS
PGA(g) 0.446 0.143 0.074 0.072 0.255 0.053
PGA as/PGAms 0.32 0.97 0.21
Tg(s) 0.2 0.12 0.48 0.32 0.38 0.28
Tg,A/TgM 0.6 0.67 0.74
tD(s) 6.17 7.64 19.10 16.87 6.22 10.66
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Table 8. The first mode period of vibration and period of damaged of the models under earthquakes
with maximum EPA.

iy Chalfant Valley Hollister New zealand

Jue T1(s) Td(s) T1(s) Td(s) T1(s) Td(s)
b f 0.32 0.35 0.32 0.36 0.32 0.42
aib A 0.63 0.71 0.63 0.72 0.63 0.91
aib \Y 0.88 1.12 0.88 1.12 0.88 1.18
aib YY 1.56 2.04 1.56 2.11 1.56 1.86
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Table 9. Results of peak interstory drift demand of models in main earthquake and seismic se-
quence for earthquakes with maximum EPA.

s Chalfant Valley Hollister New zealand

Joe Max drift MS Max drift SEQ Max drift MS Max drift SEQ Max drift MS ~ Max drift SEQ
aib f 0.4% 1.01% 0.55% 0.63% 5.76% 5.76%
aib A 0.48% 0.48% 0.5% 0.5% 5.07% 5.07%
aib \Y 0.73% 0.73% 0.65% 0.65% 2.76% 2.76%
aib YY 0.9% 1.29% 1.30% 1.59% 1.51% 1.51%
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Fig. 8. Time history of displacement response of 4 story model stories under seismic sequence (a) Chal-
fant Valley (b) Holister.
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Table 10. Results of residual drift analysis of models under main earthquake and seismic sequence
of seismic scenario with maximum EPA.

PV Chalfant Valley Hollister New zealand

Jure Main Shock Sequence Main Shock Sequence Main Shock Sequence
adib f 0.016% -0.06% -0.08% 0.03% -0.2% -0.2%
aib A 0.01% 0.01% -0.06% -0.01% -0.32% -0.32%
adb \Y -0.01% 0.01% 0.012% 0.002% 0.14% 0.14%
aib YY -0.01% 0.04% -0.01% -0.01% 0.08% 0.08%

Table 11. Parameters and effective characteristics in the response of models under Group II earth-
quakes with nearly maximum EPA.

e Chi-Chi Chi-Chi Imperial Irpinia, Italy Irpinia, Italy . .
ayl; Chalfant Valley Taiwan 1 Taiwan 2 Valley 1 2 Northridge1  Northridge 2
yiolyly MS AS MS AS MS AS MS AS MS AS MS AS MS AS MS AS
PGA(g) 0.248 0.106 0212 0262 039 015 0519 0238 025 0071 0.177 0.132 058 0.107 178  0.069
PGA
0.43 1.23 0.38 0.46 0.28 0.74 0.18 0.04
as/PGAms
Tg(s) 0.24 0.22 0.2 0.24 0.16 0.2 0.34 0.24 044 022 048 1.16 0.32 0.28 0.32 0.26
Tg,A/Tg,M 0.92 1.2 1.25 0.71 0.5 2.42 0.88 0.81
tD(s) 12.57 13.85 4.72 145 1025 14.09 825 696 1821 14.07 2334 19.01 588 1248 10.54 12.92
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Table 12. The first mode period of vibration and period of damaged of the models under earthquakes with
nearly maximum EPA.

a3l C3::lf:;t Chi-Chi Taiwan 1 Chi-Chi Taiwan2  Imperial Valley Irpinia, Italy 1 Irpinia, Italy 2 Northridge 1 Northridge 2
Je TI(s) Td(s) TI(s) Td(s)  TI(s) Td(s) TI(s) Td(s) TI(s) Td(s) TI(s) Td(s) TI(s) Td(s) TI(s)  Td(s)
aib f 0.32 0.34 0.32 0.35 0.32 0.36 0.32 0.35 0.32 0.35 0.32 0.35 0.32 0.5 0.32 0.41
aib A 0.63 0.71 0.63 0.68 0.63 0.69 0.63 0.72 0.63 0.72 0.63 0.75 0.63 0.88 0.63 0.93
aib VY 0.88 1.12 0.88 1.02 0.88 1.08 0.88 1.11 0.88 1.13 0.88 1.12 0.88 1.17 0.88 1.10
b YF 1.56 2.06 1.56 1.86 1.56 2.08 1.56 2.14 1.56 2.18 1.56 1.82 1.56 2.08 1.56 2.09
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Table 13. Results of peak interstory drift demand of models in main earthquake and seismic sequence for
earthquakes with nearly maximum EPA.
Chalfant Chi-Chi Chi-Chi Imperial .. . . . .
WET
3 Valley Taiwan 1 Taiwan 2 Valley Irpinia, Italy 1 Irpinia, Italy 2 Northridge 1 Northridge 2
Jow MS Seq MS Seq MS Seq MS Seq MS Seq MS Seq MS Seq MS Seq
aibf 0.26% 0.26% 0.36% 0.32% 0.48% 0.48% 0.31% 0.31% 0.52% 0.86% 0.4% 0.4% 5.9% 5.9% 6.48% 6.48%
adinb A 0.47% 0.47% 0.24% 0.27% 0.35% 0.31% 0.53% 0.53% 0.58% 0.64% 0.96% 1.28% 2.82% 2.82% 6.25% 6.25%
aib Y 0.7% 0.3% 0.4% 0.48% 0.4% 0.6% 0.6% 0.65% 0.56% 0.7% 1.01% 1.02% 2.01% 2.01% 0.79% 0.79%
aib YF 1.4% 1.23% 0.81% 1.2% 0.69% 1.5% 1.31% 1.5% 1.31% 0.6% 0.78% 0.64% 0.54% 1% 1.34% 1.9%
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Table 14. Results of residual drift analysis of models under main earthquake and seismic sequence of
seismic scenario with nearly maximum EPA.

- s Chi : Chi Tai
> Cg::f:;’t T(;}:\IN g;“l Chi ChlzTa‘“m“ Imperial Valley  Irpinia, Italy 1 Irpinia, Italy2  Northridge 1 Northridge 2
3, MS Seq MS Seq MS Seq MS Seq MS Seq MS Seq MS Seq MS Seq
(.
0, 0, o, o, 0, | 0, o, 0, - _ o, - - 7 40, 0 40, | 0, -
g 0.12% 0.1% 0.001%  0.001%  0.007% 0.003%  0.001%  0.003% 0.017% 0.04% 0018%  0.017% 2.4% 2.4% 0.25% 0.25%
<
'3 0.01% 0.01% 0 063% 0 0(_)3% 0 0(;8% 0.0002%  -0.01%  -0.01% 0.03% 0.03% 0.05% -0.03%  -031%  -0.31% 0.8% 0.8%
s
0, 0, 0, 0, N 0, 0, 0, 0, 0, | 0, 0, 0, N - -
g 0.01% 0.01% 0.008%  0.007% 0.002% 0.004% 0.02% 0.018%  0.005%  0.008% 0.03% 0.01% 0.02% 0.018%  0.015%-  0.015%
o
0, B [ 0, B 0, o, | o, 0, 0, o, o, B B | 0, -
g 0.015% 0.012% 0.03% 0.01% 0.006% 0.005% 0.024% 0.01%  0.017%  0.001%  0.004%  0.004% 0.012%  0.004% 0.016% 0.023%
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Fig. 9. Time history response of displacement of 8-story model under the main earthquake (a) Northridgel and (b)
Northridge2.
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Fig. 10. Time history displacement of 4-story model under main earthquake (a) Chi-Chi 2 and (b) Imperial valley.
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Fig. 11. Time history displacement of 8-story model under main earthquake (a) Irpinial and (b) Chi- Chi 2.
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Fig. 12. Time history displacement of 12-story model under main earthquake (a) Chi-Chi 2 and (b) Irpinia 1.
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Fig. 13. Peak interstory drifts of stories under main earthquakes group III (a) 12 story model (b) 24story model.
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Fig. 14. Time history of displacement response of 4-story model under Coalinga seismic sequence.
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Table 15. Parameters and effective characteristics in the response of models under group III earthquakes.

Ayl

Imperial Valley Coalinga Chalfant Valley Whittier
sk Ms AS Ms AS Ms AS Ms AS
PGA(g) 0.221 0.255 0.519 0.677 0.236 0.447 0.194 0.206
PGA as/PGAms 1.15 1.30 1.89 1.06
Tg(s) 0.22 0.14 0.12 0.26 0.4 0.2 0.12 0.28
Tg,A/Tg,M 0.64 2.17 0.5 2.33
tD(s) 12.82 5.74 6.18 0.75 11.5 6.17 7.38 2.85
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Table 16. The first mode period of vibration and period of damaged of the models under group III earthquakes

a3 Imperial Valley Coalinga Chalfant Valley Whittier

Jue T1(s) Td(s) T1(s) Td(s) T1(s) Td(s) T1(s) Td(s)
aib f 0.32 0.35 0.32 0.34 0.32 0.35 0.32 0.35
b A 0.63 0.71 0.63 0.69 0.63 0.69 0.63 0.73
b VY 0.88 1.12 0.88 1.07 0.88 1.07 0.88 1.12
aib YY 1.56 2.13 1.56 2.12 1.56 1.91 1.56 213

Ola8sw 3Ll 3590 A glo5,d g5 93,8k a3l 40 b so Sl auwd Sy 43 5l dlelin AY Jous

Table 17. Results of peak interstory drift demand of models in main earthquake and seismic sequence group III.

EVRUS Imperial Valley Coalinga Chalfant Valley Whittier

Jee MS Sequence MS Sequence MS Sequence MS Sequence
aib ¥ 0.28% 0.28% 0.24% 0.40% 0.63% 0.45% 0.26% 0.22%
ab A 0.41% 0.48% 0.3% 0.38% 0.31% 0.48% 0.47% 0.54%
aib VY 0.78% 0.75% 0.45% 0.45% 0.74% 0.74% 0.56% 0.45%
aib Yf 0.91% 0.91% 1.46% 1.46% 1.37% 1.37% 1.91% 1.9%

OS5 p3lkwl 3590 (510540 (Jgi g (ol W5 Cod e Wilowwy Sy > Julod gl NA Jgas

Table 18. Results of residual drift analysis of models under the main earthquake and seismic sequences group III.

o35 Imperial Valley Coalinga Chalfant Valley Whittier

Jue Main Shock Sequence Main Shock Sequence Main Shock  Sequence Sthlcrll( Sequence
aib f 0.004% 0.001% -0.01% 0.04% 0.01% 0.02% -0.001% 0.008%
aib A -0.001% -0.005% -0.01% -0.01% -0.003% 0.01% -0.004%  -0.002%
b \Y 0.005% -0.013% 0.002% -0.01% -0.0005% 0.007% -0.006% 0.007%
aib YY 0.026% -0.004% 0.025% -0.007% -0.047% 0.001% -0.003% 0.007%
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Fig. 15. Peak interstory drifts of stories under main scale earthquakes group IV (a) 12-story model (b)
24-story model.
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Fig. 16. Time history of displacement of 4-story model under Kobe earthquake repetitive sequence (a) scale 0.5 (b)
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Table 19. Parameters and effective characteristics in the response of models under group IV earthquakes.

a3 Tabas Trinidad gﬁ;ﬁ? Northridgel Loma Prieta Kobe Northridge6  Parkfield
PGA(g) ARIA <I\FY </+YA R4 <IYAD < IYYY ARAN AR ¢
Tg(s) “IY¥ NF 15 “IYY -IF5 -5 “IYY -IYY
tD(s) YA ARTARA VOIYO YN AAY V1/64 y/a¥ N/YA
ke (S5 5 ki 35 ool 13 e buyd ] gld gL ylo; Yo Joua
Table 20. The period of damaged of the models under earthquakes group IV.
Ay Tabas Tri(rlnida g:::;illl Northridgel {;:;;2 Kobe Nortl;ridge Parkfield
aib ¥ -[FY -1V <I¥A A -I¥% -I£8 -If- AL
aib A AN < IVY < IND < /A <IVE <IVY +/A /AN
aib \Y VY \/-Y \IAV4 \/-¥ \IAY4 ATAIN AVRIN V¥
aib YF /v VA /Ay Va4 \AN /e \/AY VA
g S8 255 (o 31 oy 290 iSto (Glgy slaw Y Jga
Table 20. Different scenarios of sequence earthquakes.
9, S1 S2 S3 S4
1 0.3gFF+015gFF 0.3gNF+015gFF 0.3gNF+015gNF 0.3gFF+015gNF
Y 0.3gFF+0.3gFF 0.3gNF+0.3gFF 0.3gNF+0.3gNF 0.3gFF+0.3gNF
Y 0.3gFF+0.45gFF 0.3gNF+0.45gFF 0.3gNF+0.45gNF 0.3gFF+0.45gNF
¥ 0.3gFF+0.60gFF 0.3gNF+0.60gFF 0.3gNF+0.60gNF 0.3gFF+0.60gNF
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