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The effect of aftershocks on structures is not usually considered in seismic design
codes. In addition to mainshock events, aftershocks can cause major damage to
structures, especially to mainshock-damaged structures. Analysis of the character-
istics of the mainshock, foreshocks, and aftershocks reveal differences in the ground
motion parameters. Structures may undergo a variety of seismic waves with different
characteristics that can increase the chance of seismic amplification. The present
study examined the effects of aftershock as well as foreshocks events on the response
of single degree-of-freedom (SDOF) systems with nonlinear behavior. This allowed
inclusion of possible differences during calculation of the response spectrum
for cases having foreshock and aftershock effects and those excluding these
effects. To this end, 38 mainshocks from different seismic regions with moment
magnitudes (Mw ) greater than 3.5 were used. More than 168 records from mainshock,
aftershock, and foreshock events were applied to evaluate the effects of aftershocks
and foreshocks on the response spectrum. The parameters of post-yield stiffness
ratio (hardening and softening), ductility factor, period, and site classification
were taken into account during 121,000 nonlinear analyses on 60 SDOF models.
The results show that the aftershocks as well as foreshocks have a significant
effect on the response spectrum, increasing the structural response. Consequently,
the effect of aftershocks must be considered in the development of design spectra
in seismic codes and guidelines.
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ABSTRACT

1. Introduction

Although earthquakes are followed by many
aftershocks, the effects of these aftershocks are
not considered in seismic design codes. The im-
portance of aftershocks has been observed in the
past earthquakes such as the 1994 Northridge (USA),
1997 Umbria-Marche (Italy), 2008 Wenchuan
(China), 2010 Darfield (New Zealand), 2011
Christchurch (New Zealand), 2011 Van (Turkey),
2011 Great Tohoku (Japan), 2012 Emilia (Italy),
and 2015 Nepal earthquakes. Aftershocks have
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repercussions for structural performance and can
repeat many times. Aftershocks increase fear and
concern of residents in addition to disruption of
relief and rescue operations if buildings have been
damaged or destroyed in earthquake-stricken areas.

The 2011 Great Tohoku earthquake with Mw of
9.0 was followed by many aftershocks and revealed
that visually-stable structures are more vulnerable to
severe damage and collapse during an aftershock.
Mainshock-damaged buildings are more prone to
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accumulated damage from aftershocks because of
their reduced structural capacity [1]. To evaluate
the realistic behavior of structures experiencing
earthquakes, multiple earthquakes comprising a
mainshock and aftershocks should be considered
as a single seismic loading. The structures must be
analyzed under the mainshock-aftershock se-
quences to consider the effects of aftershocks.

Few studies have been carried out on the seismic
performance of structures under mainshock-
aftershock sequences, although the importance of
aftershocks has been observed in previous earth-
quakes. The present study reviews earlier research
on the effect of aftershocks on structures.

Mahin [2] showed that structural damage could
increase with the experience of aftershocks in
which the accumulation of damage can cause the
collapse of the structure. Sunasaka and Kiremidjian
[3] calculated the damage to structures caused by
mainshock-aftershock earthquake sequences using
a new method. Their findings showed that cumula-
tive damage of the mainshock and aftershock may
be significantly different from the effect of the
mainshock only.

Aschheim and Black [4] proposed a hysteretic
pinching model of single degree-of-freedom (SDOF)
systems for concrete and masonry wall buildings.
The effect of prior earthquake damage on peak
displacement responses was evaluated in their
study. The strength of the oscillator, period of
vibration and extent of prior damage were included
in the SDOF system. The ground motion used (18
pairs of repeated ground motion) for analysis show
differences in frequency content, duration and the
presence or absence of near-fault directivity
effects. The only prior damage considered was a
decrease in initial stiffness that could cause
underestimation of overall deformation in real
situations. Gallagher et al. [5] investigated damaged
structures during aftershocks following major
earthquakes in the USA and showed that con-
siderable damage to buildings could occur.

The non-linear response of SDOF systems under
repeated ground motions was studied by Amadio
et al. [6] using different values for damping ratio,
hysteretic models and ductility factors. The result of
loading from a mainshock only, one mainshock and
one aftershock, one mainshock with two aftershocks

events showed that multiple earthquakes change the
response spectrum and that differences can be
reduced by increasing the ductility factor. Their
analysis on a moment-resisting steel frame dem-
onstrated a diminution of the behavior factor
under multiple earthquakes. They recommended
supplementary analysis, particularly for structures
with low ductility.

A reduction of the behavior factor was proposed
by Fragiacomo et al. [7] based on the response of
steel frames, including moment-resistant frames
with rigid and semi-rigid joints and a braced steel
frame. Luco et al. [8] determined the residual
capacity of damaged structures under aftershocks
using nonlinear dynamic and static-pushover analy-
sis and compared the results of these two methods.
The results showed that the static-pushover
approach can be unreliable for estimation of
residual capacity.

Iancovici and Georgiana [9] investigated the
effect of repeated ground motion on the behavior
of and parameters for inelastic energy dissipation
of a structure. The residual capacity of low-rise
reinforced concrete (RC) structures damaged
during earthquakes based on the ratio of residual
seismic capacity to initial capacity was estimated
by Maeda and Kang [10] using a new method.

Hatzigeorgiou and Beskos [11] calculated the
inelastic displacement ratio of a structure subject
to repeated earthquakes. They showed that
multiple earthquakes have a considerable effect on
this ratio. Their study used the parameters of site
classification, viscous damping ratio, post-yield
stiffness ratio, and behavior factor for analysis
considering four types of seismic loading: only
mainshock (case 1), mainshock with one aftershock
(case 2), mainshock with three aftershocks (case 3),
and mainshock with aftershocks and foreshocks
(case 4). Hatzigeorgiou and Liolios [12] analyzed
eight low- and mid-rise RC frames subject to 45
repeated ground motions that included real and
artificial sequences. They demonstrated that the
sequence of the ground motions has a significant
effect on the response and it is essential to re-
evaluate seismic design procedures.

Moustafa and Takewaki [13] found that after-
shocks can cause greater damage to a structure
than the mainshock because of the accumulation of
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inelastic deformation. Other studies have evaluated
damage indices for structures under mainshock-
aftershock sequences [14-15]. Jeon [16] developed
a probabilistic procedure to show the vulnerability
of mainshock-damaged structures in response to
aftershocks. Iervolino et al. [17] obtained closed-
form estimates for aftershock reliability of elastic
perfectly-plastic damage accumulation systems.
Zhai et al. [18] showed that aftershocks have a
significant effect on destruction of structures if
the ratio of aftershock peak ground acceleration
(PGA) to mainshock PGA is > 0.5.

The vulnerability of RC frames to aftershocks
was investigated by Raghunandan et al. [19] using
incremental dynamic analysis. They showed that
if the structure is not severely damaged in the
mainshock then the aftershocks will not strongly
contribute to collapse capacity. If the building is
extensively damaged in the mainshock, there is a
considerable decrease in collapse capacity under
aftershocks. Abdollahzadeh et al. [20] developed a
new design method known as performance-based
plastic design (PBPD) has been utilized instead of
conventional elastic design (ED) for steel moment
frames, which considers nonlinear behavior of
structures directly in the design process. Result of
time-history analysis shows that drift increase due
to the aftershock for ED-frame is more than
PBPD-frame. In addition, plastic hinge and hyster-
etic energy distributions for PBPD-frame when
subjected to mainshock-aftershock sequence is
more desirable than ED-frame.

The present study examined the effects of
both foreshocks and aftershocks on the response
spectrum in the design of structures. This has not
been well-studied in the literature. Records from 38
mainshocks from Japan, Iran, the US, and Europe
with moment magnitudes of > 4 were chosen. The
real sequences were constructed from the National
Research Institute for Earthquake Science and
Disaster Prevention (K-NET) for Japanese earth-
quakes, Pacific Earthquake Engineering Research
(PEER [21]) for US and European earthquakes
and International Institute of Earthquake En-
gineering and Seismology (IIEES) [22] for Iranian
earthquakes. More than 168 acceleration time
series from these events, including foreshocks,
mainshocks and aftershocks, were applied to SDOF

systems to obtain a design acceleration spectrum.
The influence of structure vibration period, ductility
factor, soil type, and post-yield stiffness ratio
(hardening and softening) was considered and
discussed.

2. Methodology

To design new structures or seismically evaluate
existing structures, it is necessary to use the design
spectra. The effects of aftershocks have been
ignored in the development of design spectra;
however, the importance of aftershocks has been
proven in literature reviews and through obser-
vations. It appears that the effect of aftershocks
should be considered during the development of
design spectra for a seismic design that is safe
under mainshock-aftershock sequences. The
response spectrum under the effect of aftershocks
can be calculated by applying aftershocks to a
mainshock-damaged structure experiencing per-
manent and plastic deformation. This response
spectrum can be compared for multiple earthquakes
or only one mainshock.

Nonlinear analysis requires the use of an
elasto-plastic SDOF system with hardening or
softening and assumes viscous damping (Figure 1).
The dynamic equilibrium equation of a SDOF
system is:

+ + = −t gmu cu k u ma&& &                                         (1)

where m is the mass, u the relative displacement,
c the damping coefficient, tk  the tangent stiffness,
and ag the ground motion acceleration. The indi-

Figure 1. Bilinear elastoplastic model of SDOF models.
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cators over u denote time derivatives. The required
yield force for a system with adequate ductility
is denoted by fy and the maximum force corres-
ponding to linear elastic system is denoted by fel

(Figure 1); thus, the force reduction factor (R) can
be defined  as R = fel /fy , yield force fy can be
expressed in terms of yield displacement uy and
elastic stiffness kel as  fy =  kel .uy . Moreover, the
ductility factor is defined as the ratio of maximum
displacement (umax) to yield displacement (uy ).
Strain hardening or softening takes place above the
yielding threshold. The slope of the second branch
of the force-displacement relationship (Figure 1)
is known as tangent stiffness (kt = H.kel ).

The nonlinear response spectrum with constant
ductility was calculated for five cases: mainshock
only (case 1), mainshock plus first aftershock (case
2), mainshock plus all aftershocks (case 3), main-
shock plus foreshocks (case 4), and mainshock
plus aftershocks and foreshocks (case 5). The
spectral periods for calculation of the responses of
the SDOF system were all 0-3 s.

The Newmark method was used for nonlinear
analysis assuming β = 0.25 and γ = 0.5 in which the
stiffness of the system changes according to the
Newton-Raphson numerical method in each step
[23]. Open System for Earthquake Engineering
Simulation (OPENSEES [24]) software was used
for nonlinear analysis.

3. Database and Processing

About 38 mainshock earthquakes are selected
from Iran Strong Motion Network (ISMN) (http://
site.bhrc.ac.ir/portal/english/Home.aspx) [25],
NIED Strong-motion seismograph networks, Japan
(http://www.kyoshin.bosai.go.jp/) [26] and PEER
Ground Motion Database, USA (http://ngawest2.

berkeley. edu) [21].  A total of 168 accelerograms
were collected and included mainshocks, after-
shocks, and fore-shocks (Tables A1 and A2 in
Appendix A). The records were classified accord-
ing to International Building Code (IBC) [27]
regulations into two site conditions based on
average shear velocity at a depth of 30 m (Vs30)
for rock (Vs30 > 365 m/s) and soil (Vs30 < 365 m/s).
There were 19 rock and 20 soil sites. The main-
shock of an earthquake and its aftershocks and
foreshocks were all recorded at one station.

The accelerograms indicate that there was no
limit to the number of aftershocks recorded for a
one month time interval after the mainshock. Some
earthquakes were followed by one aftershock and
others by up to nine aftershocks. Records with a
PGA of less than 0.05 g were excluded from the
analysis. The characteristics collected from the
accelerograms were station name, date and time of
occurrence, PGA, magnitude, focal depth, site
condition, dominant frequency and significant
duration.

Table (1) gives an example of the great Tohoku
March 11, 2011 earthquake recorded at station
MYG004. The characteristics of all records are
shown in Appendix A (Table A1). All earthquake
magnitudes in Table A1 have been converted to
moment magnitude scale according to method
proposed by Boore and Joyner [28]. Significant
duration is defined as the interval between times
at specific Arias intensity values. The onset of
duration is considered when the Arias intensity is
about 5% of the total Arias intensity. The end-
point is either at 75% [29] or 95% [30] of the total
Arias intensity.

All acceleration time series of seismic sequences
were normalized using the PGA of the mainshock

Table 1. Mainshock with aftershocks for Great Tohoku, Japan earthquake (Mar 11, 2011).
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to allow comparison. Normalizing allows evaluation
and comparison of the responses of the seismic se-
quence with the mainshock. For a set of earthquakes
in which the PGA of the aftershocks is less than
the mainshock, maximum acceleration is equivalent
to 1 after normalization (Figure 2). For a set of
earthquakes in which the PGA of aftershocks is
greater than the mainshock, maximum acceleration
is greater than 1 after normalization (Figure 3).

Figure 3. Accelerograms of a Japan earthquake and its after-
shocks (August 3, 2000).

Figure 2. Accelerograms for Mammoth Lakes earthquake and
its aftershocks (May 25, 1980).

Five combinations of seismic sequences (case 1,
case 2, case 3, case 4, and case 5) were used to
study the effects of different parameters on the
response spectrum, as shown in Figure (4).

Figure 4. Seismic sequences for analysis (cases 1, 2, 3, 4 and
5) assuming a time gap of 100 sec.
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The time interval between seismic sequences
was about 100 s, as shown in Figure (5) and allows
examination of the effects of free vibration in the
SDOF models. The response spectrum for the
SDOF systems at ξ = 5% under multiple earth-
quakes are shown in Table (1) with ductility factors
of 1, 2, 4, 8. These are plotted in Figure (6) in terms
of Sa/g and natural period.

For each earthquake in nonlinear analysis,
SDOF structures with periods of up to 3 s (60
SDOF structures) and four ductility factors (1, 2, 4,
and 8) were considered. A total of 120960 non-
linear analyses are conducted for the earthquake

Figure 6. Response spectrum of Japan earthquake (October
23, 2004) for ductility factors of (a) 1.0 and (b) 8.0 at rock sites
assuming H = -0.03 and ξ = 5%.

Figure 5. Accelerogram of Livermore earthquake and its after-
shock (January 24, 1980) at Mw = 5.8.

records: (38 mainshocks × cases 1, 2, 3 of repeated
ground motion + 6 mainshocks × cases 4 and 5 of
repeated ground motion) × (60 SDOF structures) ×
(one viscous damping ratio) × (H = -0.05, -0.03, 0.03,
0.05) × (ductility factors of 1, 2, 4, and 8).

4. Results and Discussion
4.1. Aftershock (Cases 1, 2 and 3) and Soil Site
Conditions

In Figure (7), where the ductility factor is
assumed to be 1 (µ = 1), the response spectrum
for case 3 was of greater spectral amplitude than
for cases 1 and 2, and the importance of considering
the effects of aftershocks is demonstrated. The
behavior of the seismic sequences (cases 1, 2 and
3) are quite different for spectral amplitudes of
periods of up to 1 s at soil sites. For example, the
differences between cases 1 and 2 were negligible
and the peak value at T = 0.2 s was amplified
about 11% in case 2. The peak value in case 3
increased about 47% over case 1, confirming the
effects of the aftershocks. The aftershocks had a
significant effect on response spectrum. This effect
must be considered during the development of the
design spectrum. Seismic codes and guidelines
currently ignore this effect; the design spectrum is
underestimated in existing seismic codes because
the effect of aftershocks is not considered.

4.2. Effect of Post-Yield Stiffness Ratio

Figure (8) assumes ductility factors of 4 and 8
and shows that differences of spectral amplitude
for different seismic sequences (cases 1, 2 and 3)
is not highly dependent on the ductility factor. The
greatest difference occurred between cases 3 and

Figure 7. Effects of cases on response spectrum at soil sites
assuming µ  = 1, ξ  = 5%, and H = 0.03.
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1 for a period of 0.2 s. The ductility factor for case 3
was about 18% at a µ = 4 and for case one was
about 18.5% at µ = 8. The responses for case 2
with respect to case 1 did not change noticeably.

The ratios of spectral responses for cases
2 and 3 to case 1 are plotted in Figure (9). The

Figure 8. Effect of case ductility factors (µ = 4 and 8), ξ = 5%
and H = 0.03 on response spectrum at soil sites.

Figure 9. Effects of cases on response spectrum at soil sites
assuming ξ = 5%, H = 0.03 and (a) µ = 4 (left) and (b) µ = 8.

value for Rn / R1 denotes the spectral ratio of case n
to case 1. Differences between the responses of
case 1 and cases 2 and 3 for all periods are evident
(the spectral ratio is not equivalent to one).
Differences between case 2 and case 3 at µ = 1
and µ = 8 are for periods of up to 1 s.

The effect of post-yield stiffness ratio on the
response spectrum is shown in Figure (10) for
cases 1 and 3 assuming µ = 8 at soil sites and post-
yield stiffness ratios of -0.05, -0.03, 0.03, and 0.05.

Figure 10. Effect of case and post-yield stiffness ratio on
response spectrum at soil sites assuming µ = 8 and ξ = 5%.
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The ratio of spectral amplitude for H = 0.03 and
0.05 are compared in Figure (11). Figure (12) is
similar to Figure (8), but the post-yield stiffness
ratios are 0.03 to -0.03. There is no important
change in spectrum for case 2 in comparison with
case 1 for the periods of up to 1 s. The difference
between cases 2 and 3 for a period of 0.2 s is
about 6% for µ = 8 and 7.6% for µ = 4. These
differences at the same period will be about 32%
for µ = 4 and 34% for µ = 8 for cases 1 and 3.

It can be concluded that the post-yield stiffness
ratio affects the responses. Changes in the response
spectrum for different seismic sequences (soil
sites) increased from 18.5% to 34% as the post-
yield stiffness ratios increased. Figure (12) illustrates
this effect for cases 2 and 3; the responses at a
post-yield stiffness ratio of -0.03 was greater than

Figure 11. Effect of post-yield stiffness ratio of response
spectrum at soil sites assuming µ = 8 and ξ = 5%.

Figure 12. Effect of case ductility factors (µ = 4 and 8), ξ = 5%,
and H = -0.03 on response spectrum at soil sites.

Figure 13. Effect of case and post-yield stiffness ratio of
response spectrum at soil sites assuming H = -0.03 and
ξ = 5%.

of 0.03 compared to case 1. Figure (13) shows the
effects of case and post-yield stiffness ratio of
the response spectrum at soil sites assuming
H = -0.03 and ζ = 5% for µ = 4. Rn is the response
value for cases 2 and 3 and R1 is the response
value for case 1.

4.3. Effect of Ductility Ratio

The effect of ductility factor on response was
investigated for different seismic sequences and
the results are presented in Figures (14) and (15).
The figures were plotted for post-yield stiffness
ratios of 0.03 and -0.03, respectively, and compare
the responses for case 1 and case 3. The responses
were amplified in case 3 over case 1 as the ductility
factor increased for periods of 0.2 to 2 s.

4.4. Aftershock and Rock Site Conditions

The result of the response spectrum for rock
sites assuming µ = 1 in SDOF systems reveals no
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significant changes under different seismic se-
quences (cases 1, 2, and 3). The ratio of spectral
responses in case 3 over case 1 did not exceed
3.5% (Figure 16). Different cases of multiple earth-
quakes at rock sites had a negligible effect on the
response spectrum of the SDOF system, unlike
at soil sites. These results were also applicable and
valid for other ductility factors. Figure (17) shows
no change in structural response for the case by
µ = 8 and post-yield stiffness ratios of 0.03 and
-0.03 at rock sites.

The results shown in Figures (7) to (17) indicate
that differences in the various parameters (such
as ductility and post-yield stiffness ratio) are im-
portant for periods of 0.1 to 1.5 s. For periods
that are longer than 1.5 s, the differences can be
ignored.

Figure 14. Effect of ductility factor (µ = 1, 2, 4 and 8) on
response spectrum at soil sites for H = +0.03.

Figure 15. Effect of ductility factor (µ = 1, 2, 4 and 8) on
response spectrum at soil sites for H = -0.03.

Figure 16. . Effect of case on response spectrum at rock sites
assuming µ = 1, ξ = 5%, and H = 0.03.

Figure 17. Effect of case on response spectrum at rock sites
assuming µ  = 8 and ξ = 5%.

4.5. Foreshocks, Aftershocks (Cases 1, 4 and 5)
and Soil Site Conditions

The effects of both aftershocks and foreshocks
on SDOF systems are presented in Table A2 in
Appendix A (six records from six earthquakes and
28 aftershocks and foreshocks). Figure (18)
compares the seismic sequences from cases 1, 4
and 5 for µ = 1 assuming a post-yield stiffness
ratio of 0.03 and indicates differences of up to two-
fold. The peak response in case 1 occurred in a
period of 0.2 s and increased from 2.32 to 2.71
(17%) for case 4 (foreshock and mainshock) and
from 2.32 to 4.83 (100%) for case 5 (foreshock,
mainshock, and aftershock)

The effect of cases were compared assuming
µ = 8 in Figures (19) and (20). No remarkable
difference was observed with respect to µ = 1.
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Figure 18. Effect of aftershock and foreshock on response
spectrum for ductility factor 1, µ = 1, ξ = 5%, at soil sites.

The largest difference was for the period of 0.2 s
and was about 38% for a post-yield stiffness ratio
of 0.03 and 89% for a post-yield stiffness ratio of
-0.03 (case 5) for the same period when compared
to case 1 (mainshock). The largest difference
occurred in a period of 0.2 s and was about 10%
for µ = 8 for a post-yield stiffness ratio of 0.03 and
15% for a post-yield stiffness ratio of -0.03 (case 4)
when compared to case 1 (mainshock).

5. Conclusion

The present study compares the effects of after-
shocks and foreshocks on the response spectrum of
SDOF systems. To understand these effects, the
parameters of period of vibration, ductility factor,
soil conditions, and post-yield stiffness ratio
(hardening and softening) were carefully examined.
The following conclusions were drawn about the
effect of these parameters on SDOF system
structures subjected to multiple earthquakes.
- An event with multiple earthquakes that includes

a mainshock and aftershocks (case 3) has a
greater effect on the response spectrum than an
event with only a mainshock (case 1) or a
mainshock with one aftershock (case 2).
Aftershocks can cause significant changes in the
response spectrum that result in higher spectral
amplitudes than for case 1 with only a mainshock.
The results suggest that the effects of aftershocks
must be considered in seismic design provisions
for the design of safe structures and prevention
of the destructive effects of aftershocks.

- The post-yield stiffness ratio affects the response
spectrum. For post-yield stiffness ratios of -0.03
and 0.03, changes in spectral amplitude at soil
sites increased from 18.5% to 34%.

- Cases of repeated earthquake ground motion
showed negligible effects at rock sites, but had a
major effect on SDOF systems at soil sites.

- All differences in response spectrum were for
periods of 0.1 to 1.5 s. This means that the
differences were negligible for periods longer
than 1.5 s. Moreover, the seismic sequences in
cases 2 and 3 were similar to case 1 for long
periods. The results were similar for the effects
of post-yield stiffness ratio and ductility factor on
response spectrum.

- An increase in ductility factor amplified the

Figure 19. Effect of aftershock and foreshock on response
spectrum for µ = 8, ξ = 5%, H = -0.03 for cases 1, 4 and 5.

Figure 20. Effect of aftershock and foreshock on response
spectrum for µ = 8, ξ = 5%, H = 0.03 for cases 1, 4 and 5.
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nonlinear response spectrum in a SDOF system.
In systems having high ductility factors, the
effects of the mainshock-aftershock sequences
were more significant than the models with low
ductility factor.

- Foreshocks (cases 4 and 5) could affect the
inelastic response and lead to a significant
increase in the response spectrum.

6. Data and Resources

The ground motion records were obtained from
Iran Strong Motion Network (ISMN) [25] (http://
site.bhrc.ac.ir/portal/english/Home.aspx), NIED
Strong-motion seismograph networks, Japan [26]
(http://www.kyoshin.bosai.go.jp/) and PEER
Ground Motion Database, USA [21] (http://
ngawest2.berkeley.edu).
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Appendix A
Table A1. Characteristics of mainshocks and aftershocks.
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Table A1. Continue.
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Table A1. Continue.

Table A2. Characteristics of mainshocks, aftershocks and foreshocks.


