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Abstract

Due to the widespread construction of steel gabled frame systems throughout the world, many of them are located in
regions with high seismicity and experience sequential strong events in the future. Previous studies have clearly shown that
the damage caused by the mainshock modifies the overall strength and stiffness and consequently dynamic response to the
aftershock. However, the current structural design process only considers the main seismic event, and the post-mainshock
scenarios and their effects are generally ignored. In order to address this issue, in the present study, the mainshock
incremental dynamic analysis (IDA) was first conducted on four SGFs. Then mainshock damage states based on the
transient absolute maximum drift angle were considered, and aftershock incremental dynamic analysis analysis was
performed on the mainshock-damaged structures. Aftershock fragility curves using probabilistic seismic demand models
for transient absolute maximum drift angle and median IDA curves for residual absolute maximum drift angle were
developed to compare intact and pre-damaged SGFs. The results showed that aftershocks significantly increase the
vulnerability of short-period SGFs when higher damages are induced during mainshock, where the aftershock collapse
capacity is reduced by up to 13% for the largest mainshock damage state. It was also found that in terms of aftershock
collapse capacity associated with the residual absolute maximum drift angle, long-period SGFs require major realignment
while short-period SGFs cannot be repaired.
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the current structural design process only considers the
main seismic event, and the post-mainshock scenarios and
their effects are generally ignored. Damage due to the
mainshock modifies the overall strength and stiffness and
consequently dynamic response to the aftershock (Nazari
et al., 2015). On the other hand, aftershocks usually have
different duration, amplitude, frequency and energy con-
tent compared to the mainshock (Alliard and Léger 2008;

Introduction

A very common form of construction in low-rise non-
residential structures is the steel gabled frame (SGF)
system. SGFs account for approximately 50% of the total
low-rise non-residential construction market in the United
States (MBMA 2012). They are affordable and durable and
provide fast construction planning. Also, they are easy to
expand and fully customizable for an owner’s needs. SGFs
are used for a wide range of applications including
warehouses, sports complexes, conference halls, aircraft
hangars, industrial factories, pools, churches, storage and
many others. SGFs are usually built from single-story steel
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moment frames in their transverse direction. They are
typically made with built-up I section, often with tapered
webs, which have been optimized to minimize material
weight (Newman 2004).

SGFs are built in a variety of locations, including re-
gions with high seismicity. Hence, they are likely to ex-
perience sequential strong events in the future. However,
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Song et al., 2013). Therefore, when an aftershock occurs, a
different structure with lower resistance and stiffness en-
counters a new earthquake with different frequency con-
tent, and consequently, different seismic performances may
be required.

Aftershocks occur in the following hours, months, or
even years with different characteristics compared to the
corresponding mainshock. For example, in Gorkha, Nepal
on 25 April 2015, an earthquake with a magnitude of
7.8 was followed by several aftershocks, including a
magnitude 7.3 event on May 12, 2015 (Feng et al., 2017).
Similar seismic sequences were observed during the
Wenchuan (China, 2008), Tohoku (Japan, 2011) and
Amatrice (Italy, 2016) earthquakes, which the aftershocks
caused additional damage to mainshock-damaged struc-
tures (Huang et al., 2008; Hirose et al., 2011; Michele et al.,
2016). Hence, in recent years, there has been a growing
interest in the performance evaluation of structures sub-
jected to seismic sequences. These studies investigated the
impact of seismic sequences on various types of structures,
such as conventional frames (Khansefid 2021a; Ghasemi
et al., 2021; Moustafa and Takewaki 2016; Trevlopoulos
et al., 2020), structures equipped with vibration control
systems (Han et al., 2014; Rinaldin et al., 2017; Khansefid
2021b; Zhai et al., 2017), dams (Wang et al., 2017; Zhang
et al., 2013), bridges (Chen et al., 2022; Ge et al., 2012),
nuclear structure (Wang et al., 2019) and reticulated dome
(Zhang et al., 2020). In addition, new studies were con-
ducted using self-centering techniques to improve the
seismic performance of structures under seismic sequences
(Silwal and Ozbulut 2018; Shi et al., 2020). However,
seismic sequences inclusion in studies on the seismic
performance of SGFs is rare.

To evaluate the seismic performance of structures under
seismic sequences, different performance indicators were
used to specify damage caused by the mainshock. Most
studies employed damage states associated with transient
maximum drift angle to define post-mainshock damage
states (Han et al., 2015; Raghunandan et al., 2015; Song
et al., 2014). The importance of residual drift angles in
seismic design was discussed by Pristley (1993) but has
recently been considered as a significant measure for
evaluating the seismic performance of structures (Amiri
and Bojorquez 2019; Ruiz-Garcia and Miranda 2006a,
2010). FEMA P-58 (2000) recommendations use residual
drift angles to determine the post-mainshock condition of
structures and the economic feasibility of repairing them.
Ruiz-Garcia and Miranda (2006b) and Ruiz-Garcia and
Aguilar (2015) suggested the use of residual drift angle as a
damage indicator to predict the seismic performance of
steel frame buildings under seismic sequences. They
showed that residual maximum drift angle, which can be
measured during structural analyses after a seismic event,
compared to transient maximum drift angle, can be a better

parameter to define post-mainshock damage states during
evaluating the seismic performance under aftershocks.

The shaking table tests on the seismic behavior of SGFs
consisting of web-tapered members were also performed
by several researchers (Hong and Uang, 2012; Wang et al.,
2012; Su et al., 2017, 2018, 2021a). The experimental
results showed that these systems had high deformability,
but the ductility was limited. Also, Malekizadeh et al.
(2017, 2018; 2021a) showed in their analytical studies that
with the increase of the span of SGFs, the effect of the
earthquake load becomes significant and it is necessary to
evaluate their seismic performance carefully. Previous
studies on SGFs were analysed assuming the mainshock
only and the effects of aftershocks were ignored. Therefore,
despite the widespread construction of SGF systems
throughout the world, there is a lack of knowledge re-
garding their seismic performance under seismic se-
quences. Also, despite the conventional residential
buildings, SGFs under seismic sequences have their own
specific seismic performance that should be studied. In
order to address this issue, the continuation of the present
article is organized as follows. In Section 2, details of the
studied SGFs in terms of geometric characteristics and
nonlinear modeling are presented. The characteristics of
ground motion sequences consistent with the site are
presented in Section 3. In Section 4, mainshock incre-
mental dynamic analysis (IDA) is conducted on four SGFs.
In Section 5, mainshock damage states based on the
transient absolute maximum drift angle are considered and
aftershock IDA analysis is performed for the mainshock-
damaged structures. At the end of the 4th and 5th sections,
the efficiency-sufficiency test of the intensity measure (IM)
related to the mainshock and the aftershock is presented. In
Section 6, aftershock fragility curves using probabilistic
seismic demand models (PSDMs) for transient absolute
maximum drift angle and median IDA curves for residual
absolute maximum drift angle are developed to compare
intact and pre-damaged SGFs. Finally, the seismic per-
formance of the studied SGFs subjected to seismic se-
quences is evaluated. The results are discussed at different
mainshock damage states, and some concluding remarks
on the seismic performance of SGFs subjected to seismic
sequences are presented in Section 7.

SGF geometry and nonlinear modeling

In the present study, four 2D SGF models with different
spans and heights were extracted from the research con-
ducted by Malekizadeh et al. (2021b, 2022a, 2022b). The
span width of models A, B, C and D were 20, 20, 60 and
60 m, respectively, and their column heights were 6, 12,
6 and 12 m, respectively. The geometry of the SGF model is
revealed in Figure 1(a). As shown in Figure 1(a), the all
length of the columns as well as the area with a length of
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Figure 1. (a) SGF model geometry, (b) SGF model developed in OpenSees and (c) deformations created in the SGF model under gravity
loads.
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span/10 in rafters from the eave line (I.,) are assigned by
web-tapered members, while the remainder of the length of
the rafters up to the ridge is prismatic. The roof slope was
20% and the support of the columns was hinge. Table 1
declares the section dimensions of the rafter and column
members. The used steel was of ST37 type with the
elasticity modulus of 2.039 E + 10 kgf/m®. In all SGF
models, ordinary moment frame (OMF) was used as the
lateral force-resisting system. The models were also located
in an area with high seismicity with tectonic characteristics
of Class D soil in accordance with NEHRP (2000). More
details about the design of structures can be found in the
studies of Malekizadeh et al. (2021b, 2022a, 2022b).
OpenSees software (2018) was used as open source
software for nonlinear modeling and SGF model analysis.
Rayleigh damping was applied to model the viscous
damping (Chopra 2007). The transfer of the stiffness and
resisting force of the rafter elements from the basic system
to the global coordinate system was applied by corotational
transformation. The uniaxial Material Steel 01 model was
selected to predict the uniaxial steel material with kine-
matic hardening of 0.02. The fiber section was used to
model the cross-sections of the frame by assigning defined
geometry and material. This section provides the distrib-
uted plasticity capability for rafter and column elements.
Nonlinear beam-column elements with distributed plas-
ticity were used to model the rafters and columns. Shear
deformations are also considered. In this study, overall
buckling is considered using corotational transformation.
To prevent local buckling, compact sections were used (see
Table 1) in which the deterioration due to local buckling
was negligible. Also, the ultimate strain of the steel in the

Table I. Section dimensions of the rafter and column members.

critical fibers was controlled so that it did not exceed the
ultimate limit.

To model the web-tapered members of the rafters and
columns, prismatic microelements with variable depth
were used, where six integration points were applied for
each microelement. The depth difference between the
two sections of adjacent microelements (Ahy) was
0.02 m. Based on the defined Ah, the length and number
of microelements (l, and n,, respectively) for each
member were determined. In the prismatic area of the
rafters, the length of microelements equal to 2.51, was
selected. The specifications of prismatic microelements
are presented in Table 2. Also, dead loads on the rafters
and columns as well as snow loads only on the rafters
were applied concentratedly to each node according to
the loading area. For a better understanding, a schematic
view of the SGF model developed in OpenSees is shown
in Figure 1(b). Figure 1(c) illustrates the deformations
created in the SGF model under gravity loads. As shown
in Figure 1(c), the SGF model developed in OpenSees, in
addition to considering drifts of the member ends (A), the
local deformation relative to the member chord between
the end nodes (9) is also incorporated, where the rafter
has double curvature and the column has single curva-
ture. After completing the nonlinear modeling process of
SGFs developed in OpenSees, by performing eigenvalue
analysis, the first-mode period of models A, B, C and D
were obtained equal to 0.9, 1.53, 0.63 and 1.31 s, re-
spectively. The mode shapes of the fundamental vibra-
tion modes of SGF model is shown in Figure 2.
Validation of SGF model was presented by Malekizadeh
et al. (2021b, 2022a).

Column web Column web height Rafter web height Rafter web height Web Flange Flange

Model height at top (m)  at bottom (m) at ridge (m) at eave (m) thickness (m) thickness (m) width (m)
A 0.8 0.3 0.4 0.8 0.008 0.010 0.18
B 1.0 0.3 0.5 1.0 0.010 0.012 0.24
C 1.5 0.3 1.0 1.5 0.014 0.018 0.34
D 1.5 0.3 1.0 1.5 0.014 0.020 0.40
Table 2. Specifications of prismatic microelements.

Model A Model B Model C Model D

Column Rafter Column Rafter Column Rafter Column Rafter
Ahg (m) 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
lo (m) 0.24 0.10 0.34 0.08 0.10 0.24 0.20 0.24
no 2 x 25 2 x 53 2 x 35 2 x 66 2 x 60 2 x 66 2 x 60 2 x 66
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Figure 2. Fundamental vibration modes of SGF model (a) mode |, (b) mode 2 and (c) mode 3.

Selection of ground motion sequences

According to Shome and Cornell (1999), the use of 10 to
20 ground motions often leads to acceptable accuracy in
damage estimation. Silwal and Ozbulut (2018) and Bao
et al. (2019) used 10 real seismic sequences to investigate
the effects of aftershocks on the fragility of structures. In
this regard, the present study selected a set of 10 real
ground motion sequences from the PEER-NGA database
(2006) for nonlinear dynamic analyses. Each seismic se-
quence consists of a mainshock and one corresponding
aftershock selected from the same station. Since these
seismic sequences occur naturally, aftershocks have in-
herent characteristics affected by the mainshocks. It should
be noted that the current study identifies the initial seismic
event as the mainshock and subsequent event as the af-
tershock. A mainshock is generally considered to be the
earthquake with the highest magnitude or intensity, while
aftershocks are earthquakes that occur after the main-
shock. The magnitudes of mainshock and aftershock
events were considered to be greater than 5.5 and 5.0,
respectively. The ground motion sequences used in this
study were selected with tectonic characteristics of Class
D soil because the SGF models were located on Class D
soil. The characteristics of the selected ground motion
sequences are presented in Table 3. In particular, mag-
nitude (M), source-to-site distance (R), shear wave ve-
locity at top 30 m (Vg30), peak ground acceleration
(PGA), arias intensity (Al) and duration for each seismic
event are provided in the table.

Figure 3 demonstrates the 5% damped spectral response
acceleration of the individual ground motions, which were
generated by Seismosignal software. The acceleration time
history for the seismic sequence of S1 is also shown in
Figure 4. As can be seen, a time interval of 40 s was
considered by adding zero acceleration values between the
mainshock and aftershock ground motions to ensure sta-
bilized response under the free vibration of the structures
before the occurrence of aftershock. besides, a time interval
of 40 s with zero acceleration values was added at the end
of the aftershock ground motions to allow the structure to
damp the earthquake energy and vibration after the oc-
currence of the second event. Since a finite number of
seismic sequences are used in the analyses, efficiency and
sufficiency are the main features of an optimal IM, which
are discussed next.

Mainshock IDA analysis

Overview

In the IDA analysis, the structural model is subjected to a
set of ground motions that are scaled from a very low level
with incremental steps through nonlinear response history
analyses until a high level where the collapse of the
structure occurs (Vamvatsikos and Cornell 2002). Before
performing the nonlinear time history analysis at each step
of the IDA analysis, static analysis is conducted under
gravity loads. Due to the specific geometrical properties of
SGFs, gravity loads produce an initial horizontal drift in the
shoulder. Hence, SFG models in the initial state experience
a static drift due to gravity loads. After incorporating the
ground motion, the absolute maximum drift for SFGs
includes initial static drift due to gravity loads plus max-
imum dynamic drift due to ground motion. Since in SGFs
both column and rafter drifts can be selected as a criterion,
but here because seismic sequences are applied to the
frames in a horizontal direction, only drift in the column is
considered as a criterion.

IDA curves

In order to determine the collapse capacity and identify the
damage states for the aftershock IDA analysis, an IDA
analysis is first performed using the only mainshock ground
motions. To perform the mainshock IDA analysis on SGFs,
the first step is to select the appropriate IM and damage
measure (DM). Herein, in IDA analysis on SGFs, the 5%
damped first-mode spectral acceleration (Sa(T;,5%)) and the
transient absolute maximum drift angle (O1_a, max) are used as
IM and DM, respectively. According to FEMA 356 (2000),
the collapse limit state associated with O1_, max is considered
to be 5% in the mainshock IDA analysis. The IDA curves of
SGFs subjected to mainshock only are shown in Figure 5,
where O1_, max appears in the IDA curves as an absolute
value. Also, the mainshock damage states are selected to be
0.7% (DS0), 2.5% (DS1) and 3.75% (DS2). It should be noted
that 0.7% and 2.5% ©O1_a max are correspond to immediate
occupancy and life safety limit states in FEMA 356 (2000),
where 3.75% Or_a, max 18 related to the average limit states of
collapse prevention and life safety. By comparing the 50%
mainshock IDA curves shown in Figure 5, it is evident that
models A and C (short-period SGFs) have a higher collapse
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Table 3. Characteristics of selected ground motion sequences.

Vs30 PGA Al Duration

No. Event name Station Sequence Time M R(km) (m/s?) (g (m/sec) (sec)
SI USA: Hollister Hollister city Hall Main 1961-04-09 5.60 18.08 198.77 0.070 0.100 87.560
After 1961-04-09 5.50 0.115 0.199 40465
S2  USA: Coalinga Pleasant Valley P.P. - yard Main 1983-05-02 6.36 8.4l 257.38 0.602 4.127  58.140
After 1983-07-22 5.77 0575 0799 21.720
S3  USA: Northridge LA - Century city CC  Main 1994-01-17 6.69 23.41 27798 0.256 1.178  39.940
North After 1994-01-17 6.05 0.1l 0.067 19.940
S4 USA: Mammoth Lakes Mammoth Lakes H. S. Main 1980-05-25 6.06 4.67 346.82 0.243 0.798  29.980
After 1980-05-25 5.69 0442 1.265 29.980
S5 Iltaly: Irpinia Bovino Main 1980-11-23 6.90 46.25 356.39 0.046 0.041 38.457
After 1980-11-23 6.20 0.033 0.015 23.890
S6  Taiwan: Chi-Chi HWAO034 Main 1999-09-20 7.62 4432 379.18 0.137 0434  89.985
After 1999-09-25 6.30 0.059 0.056 77.980
S7  China: Northwest Jiashi Main 1997-04-11 6.10 17.73 240.09 0.273 0.770  59.940
China After 1997-04-15 5.80 0239 0382 59.940
S8  Nicaragua: Managua ESSO Main 1972-12-23 6.24 4.06 28877 0330 2.009 45.675
After 1972-12-23 5.20 0221 0350 47.875
S9 Italy: Friuli Codroipo Main 1976-05-06 6.50 33.40 249.28 0.091 0.131 39.955
After 1976-09-15 591 0019 0.013 33550
S10 USA: Whittier Narrows LA - Obregon Park Main 1987-10-01 5.99 15.18 34943 0428 1.049 39.975
After 1987-10-04 5.27 0344 0439 21.980
capacity than models B and D (long-period SGFs), which N
similar observations were reported by Malekizadeh et al. [(In(DM) — In(DM .4,
(2021b, 2022a, 2022b). The results of the mainshock IDA o= \| =L (3)

analysis are used to determine the required scale factors as-
sociated with the mainshock damage states during the af-
tershock IDA analysis, which are discussed next.

Testing the efficiency-sufficiency of IM

To test the efficiency of IM, one-parameter log-log linear
regression of DM on IM is used, as defined in equation (1):

In(DM) = In(a) + b.In(IM) + ¢ (D

where a and b are the regression coefficients and ¢ is the
regression residual. Therefore, the median DM given IM
(DM,,,4,) can be calculated as follows:

In(DM ,4,) = In(a) + b.In(IM) )

Effectiveness of a demand model is determined by its
ability to evaluate equation (2) in a closed form. In order to
accomplish this task, it is assumed that the DMs follow log-
normal distributions. The dispersion (o), accounting for the
uncertainty in the relation that is contingent upon the IM, is
estimated using equation (3):

n—2

where 7 is the number of simulations.

The ability of an IM to anticipate the structural response
with low dispersion is called efficiency. The efficiency of IM
in DM prediction can be evaluated via the conditional
standard deviation of DM, o. Use of an efficient IM reduces
o and, consequently, increases the reliability of the seismic
performance assessments of the structures. In other words,
the IM that can predict the structural response with low
dispersion can be regarded as an efficient IM. Figure 6
shows the PSDMs for the studied SGFs. Each figure depicts
the corresponding linear regression equation and o value. As
shown in this figure, in all models, the use of Sa(T;,5%)
leads to low dispersion and high efficiency. These obser-
vations support the results of Malekizadeh et al. (2021b).

In addition to the fact that an optimal IM should be
sufficient, it is necessary to check the sufficiency of the
considered IM. The sufficiency of an IM for predicting
the structural response implies that the distribution of the
structural response obtained based on the IM is indepen-
dent of ground motion characteristics, such as magnitude
(M) and source-to-site distance (R). Since a finite number
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Figure 3. The 5% damped spectral response acceleration of selected ground motion sequences.
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of analyses are used in order to obtain the distribution of the
structural response, sufficiency is one of the main features
of an optimal IM. In fact, if the obtained distribution is
dependent on M and R values of the used ground motion
records and their distribution in the structural response
analyses is not the same as that of the ground motions that
will occur at the site in the future, it can be concluded that
the distribution will be biased (Bradley et al., 2010;

Transient absolute maximum drift angle, ©1., py (rad)

(c) model C and (d) model D.

Yakhchalian et al., 2015). Using a sufficient IM can de-
couple the seismic hazard analysis from structural response
analysis.

In order to investigate the sufficiency of IM with
respect to M and R for predicting DM, linear regression
can be used between the regression residuals obtained
from equation (1) and these ground motion character-
istics as:
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Figure 6. Testing the efficiency of IM for (a) model A, (b) model B, (c) model C and (d) model D.

In(eman) = In(a) + bx @)

where &,,4, is the median value of ¢; a and b are the es-
timated coefficients of the linear regression, and x is M or
the natural logarithm of R. Because the linear regression is
based on a finite number of observations, testing the sta-
tistical significance of b is essential. The F-test can be
applied to test the statistical significance of . Generally, a
p-value less than 0.05 obtained from the F-test proves that b
is statistically significant, implying the insufficiency of the
IM, which was already applied in order to obtain the
structural response distribution, with respect to x (Bradley
et al., 2010; Yakhchalian et al., 2015). Figures 7 and 8
display the results of testing the sufficiency of IM with
respect to Myis and R, respectively, for predicting DM on
the studied SGFs. Each figure depicts the corresponding
linear regression equation and p-value value. As demon-
strated in this figure, IM can predict DM in the case of all
models independent of My;s and R, because the obtained
p-value is greater than 0.05. In other words, IM is sufficient
with respect to Mys and R for predicting DM on all
models.

Aftershock IDA analysis

Overview

The damages due to the mainshock can significantly affect
the seismic performance of the structure at subsequent
excitations (Bojorquez and Ruiz-Garcia 2013; Uma et al.,
2010). In this regard, in the present study, three mainshock
damage states based on Or_, max 1S considered for the
aftershock fragility assessment of SGFs. These damage
states are representing minor, moderate and severe damage
of frames under mainshock ground motions. In other
words, three scenarios for the mainshock are considered in
the aftershock IDA analysis. Also, the post-mainshock
damage state was considered to be 5% (i.e., collapse
limit state) in the aftershock IDA analysis. Malekizadeh
et al. (2021b) showed that the initial drift angle created due
to gravity loads causes SGFs to experience the immediate
occupancy limit state under very low earthquake intensity
and this limit state can be ignored in evaluating the seismic
behavior of such structures. Hence, here DS0 is expected to
have a negligible level of mainshock damage, so that the
structure remains intact. In the next section, this case will
be examined in detail.
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IDA curves

To develop the aftershock IDA curves, the nonlinear
response history analyses of SGFs are performed first
under mainshock ground motions scaled to damage
states corresponding to 0.7%, 2.5%, or 3.75% Or1_a max-
Then with the elapsed time of 40 s at the end of
mainshock, to ensure the rest of the frame between the
mainshock and aftershock, aftershock ground motions
are scaled from a very low level with incremental steps
through nonlinear response history analyses until the
collapse of the structure occurs during the aftershock
(i.e., OT_a,max = 5%), while at each step of the analysis,
the mainshock scale factor is kept constant. It should be
noted that to achieve maximum damage of SGFs at each
step of the aftershock IDA analysis, aftershock ground
motions were applied once in the positive direction and
again in the negative direction, while the direction of the
mainshock was assumed to be constant. Consequently,
the maximum response of the structure in the two
mentioned cases was considered as the final response of
the structure at each step of the aftershock IDA analysis.
Figure 9 shows the time history of the column drift angle
for model D subjected to the seismic sequence of S4.
Here, the mainshock ground motion is scaled such that

the model D reaches DS1, and then the aftershock
ground motion is applied to the model D frame with scale
factors of 1.0 g and —1.0 g.

The aftershock IDA curves for SGFs subjected to
three different mainshock damage states during main-
shock are illustrated in Figure 10. It is observed that the
aftershock IDA curves for SGFs have a vertical line at
low intensity levels of aftershock ground motions, in-
dicating the Ot1_, max Of the frames is controlled by the
mainshock for low intensity aftershocks.

Figure 11 shows the aftershock IDA curve #1 for the
intact and pre-damaged model D. As can be seen in this
figure, DSO has a negligible level of mainshock damage,
such that it follows a completely similar behavior com-
pared to the aftershock IDA curve related to intact state
(i.e., mainshock = 0), while DS1 and DS2 visibly reduce
the capacity of the structure. Therefore, DSO is considered
an intact state of the structure.

Testing the efficiency-sufficiency of IM

To examine the impact of aftershocks on structural re-
sponse, four SGFs were subjected to seismic sequences. As
mentioned in Section 5.2, aftershocks applied in the pos-
itive and negative directions were employed, and the
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mainshock motion was scaled to achieve three different
damage states: intact (DS0) and damaged (DS1 and DS2).
Then, aftershock IDA analyses on pre-damaged structures
were performed. Analysis data were used to develop the
aftershock PSDMs. Figure 12(a) depicts a linear aftershock
PSDM fit to the DS1 data set. These data show that for the
damaged frame DSI, a linear model does not provide a

good fit to the entire data set in a log-transformed space. Ifa
linear model is used, aftershock demand and damage states
are underestimated for higher and lower Sa(T;,5%) values.
In particular, for DS1, In(O1_, max) is constant for small
Sa(T;,5%) (i.e., small magnitude) aftershocks because the
final damage state of the structure is determined by the
larger intensity mainshock. If the linear regression model is
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used to define the aftershock PSDM for DS1, crossover
fragility curves are achieved. These crossover fragilities
indicate that for aftershocks with higher Sa(T{,5%),
structures that are lightly to moderately damaged during the
mainshock have a higher probability of reaching a given
damage state than structures that are severely damaged
during the mainshock. To better represent the aftershock
DM-IM data and prevent crossover fragility curves, a bi-
linear aftershock PSDM was adopted. The breaking point
of this model was determined by minimizing the sum of the
square of residuals between actual and fitted values (Jeon
et al., 2015a; Jeon, 2013). Figure 12(b) shows a bilinear
aftershock PSDM fit to the DS1 data set. This bilinear
model comprises a first branch with a zero slope and a
second branch with a much steep slope; thus, the model
indicates that aftershock intensity has no impact on demand
or damage for small-intensity aftershocks, but significant
impact for large-intensity aftershocks. Given this and the
observation discussed earlier that a linear model, fit to
data above the break point, provides adequate charac-
terization of risk for the range of interest, the bilinear

Model: D - Aftershock IDA curve #1
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1.6 = — [
wn [ 70} n
a o a
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B12
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5 08
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Figure 1 1. Aftershock IDA curve #| for intact and pre-damaged
model D.

(@)

model was replaced by a linear model fit to the data
above the break point in the bilinear model. The un-
known parameters (a, b, and o) of the aftershock PSDMs
for each mainshock damage state resulting from the
second branch of the bilinear model are presented in
Table 4. As demonstrated in this table, in all models, the
use of Sa(T;,5%) leads to low dispersion and, thus, high
efficiency; therefore, ¢ in models A and C is higher than
that in models B and D. Also, the results of testing the
sufficiency of IM with respect to M5 and R, respectively,
for predicting DM on the studied SGFs for each main-
shock damage state resulting from the second branch of
the bilinear model are presented in Table 5. As shown in
this table, IM can predict DM on all models independent
of Mss and R, because the obtained p-value is greater than
0.05. In other words, IM is sufficient with respect to Mg
and R for predicting DM on all models.

Results and discussion

Transient absolute maximum drift angle

Currently, fragility functions used in performance-based
earthquake engineering are defined by a single cumulative
probability function. Accounting for the initial damage state
of a structure after a mainshock (DSys), aftershock fragility
function defines the probability that a damaged structure will
exceed a particular damage state when subjected to an af-
tershock of intensity, as defined in equation (5):

DMmdn,AS/DMmdn,C

/2 P p
O4s +0c+ 0oy

P[DM 45> C|IM 45, DS 5] = @

®)

where DM s is the aftershock demand for an ID,q;
DM, 4. 45 and o 45 are the median value and dispersion of
the aftershock demand as a function of IM g for a DS)s;
DM, 4, c and o ¢ are the median value and dispersion of the
structural capacity associated with the aftershock state; the

(b)
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Figure 12. Aftershock PSDM fit to the DSI (a) linear and (b) bilinear.
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Table 4. Testing the efficiency of IM for each mainshock damage
state resulting from the second branch of the bilinear model.

Model Mainshock damage state a b o

A DSo 0.0342 0.8345 0.0955
DSI 0.0358 0.7552  0.0935
DS2 0.0412 04015 0.0804

B DSO 0.0442 0.8766 0.0903
DSl 0.0448 0.7489 0.0919
Ds2 0.0461 0.3700 0.0739

C DS0 0.0230 0.7123 0.0978
DSl 0.0226 0.8575 0.0946
Ds2 0.0300 0.5575 0.0819

D Dso 0.0380 0.7481 0.0916
DSl 0.0393 0.6979 0.0925
DS2 0.0433 0.4344 0.0760

Table 5. Testing the sufficiency of IM with respect to Mags and R
for each mainshock damage state resulting from the second
branch of the bilinear model.

p-value

Model Mainshock damage state Mas R

A DSO 0.5358 02111
DSl 0.6817 0.0892
DS2 0.1137 0.0611

B DSO 0.4437 0.2790
DSI 0.7449 0.0573
DS2 0.3014 0.0756

C DSO 0.1148 0.2489
DSl 0.0704 0.4097
DS2 0.0692 0.1935

D DSo 0.2484 0.0782
DSI 0.3470 0.6945
DS2 0.5115 0.1191

modeling uncertainty, o, Ellingwood et al. (2007) rec-
ommended o,,= 0.2 on the basis of the assumption that the
frame model predicts the actual response of frames
with £30% error at a confidence level of 90%. Two as-
sumptions are made for deriving the aftershock fragility
function of equation (5): (1) the aftershock intensity is
independent of the mainshock intensity and (2) the cor-
relation between aftershock and mainshock intensities is
not incorporated in the framework.

Figure 13 shows the aftershock fragility curves for each
mainshock damage state resulting from the second branch
of the bilinear model, where the post-mainshock damage
state was considered to be 5% (i.e., collapse limit state).
This figure illustrates the relative vulnerability of SGFs at
different mainshock damage states over a range of after-
shock intensities. Jeon et al. (2015b) showed that in the
aftershock fragilities for higher post-mainshock damage
states, the curves determined using the bilinear model are
the same as those obtained from a linear model fit to the

DM-IM data above the break point. SGFs subjected to
different mainshock damage states are compared in terms
of the relative change in the aftershock collapse capacity
which indicates the Sa(T;,5%) associated with a 50%
probability of reaching the collapse limit state in aftershock
fragility curves. Table 6 provides the aftershock collapse
capacity of SGFs at each mainshock damage state. The
value of aftershock collapse capacity reduction for intact
SGFs compared to damaged ones is also presented in
Table 6.

According to Figure 13 and Table 6, it is evident that all
SGFs with low damages from the mainshock experience
somewhat small reductions in their aftershock collapse ca-
pacity, while the effect of aftershocks becomes more pro-
nounced when the structural damage during the mainshock
increases. For example, the aftershock collapse capacity of the
model D for intact state compared to DS1 and DS2 (damaged)
decreased 3.9% and 9.3%, respectively. Similar observations
for the conventional steel frames were reported in previous
studies (Li et al., 2014; Ribeiro et al., 2014). Besides, an
interesting behavior is observed at all mainshock damage
states, where models A and C (short-period SGFs) have a
higher aftershock collapse capacity than models B and D
(long-period SGFs). For example, model C, which has the
shortest period among other models, has 40%, 56% and 46%
more aftershock collapse capacity in DS2 compared to
models A, B and D, respectively. Also, the median collapse
capacity of models A and C (short-period SGFs) on average in
all mainshock damage states are 1.39 g and 2.34 g, respec-
tively, while the corresponding capacities for models B and D
(long-period SGFs) are 1.01 g and 1.23 g, respectively.

Residual absolute drift angle

Control of the residual drift angles at the end of seismic
sequences is essential not only for the seismic per-
formance assessment of pre-damaged structures but
also for the decision on whether to retrofit or repair
them. To plot median IDA curves, residual absolute
drift angle (Or_,) is used here as DM, where absolute
means that there is an initial gravity drift in the SGF
models that are considered in the analyses. As ex-
plained in Section 3, the two-time intervals were
considered at each seismic sequence: the first between
the mainshock and aftershock, and the second at the
end of aftershock ground motion to ensure the residual
response stabilized under the free vibration of the
structures. Or_, in the aftershock IDA curves at the end
of the second time interval is recorded at each step of
the analysis. According to FEMA P-58 (2000),
structures that experience residual drift angles over 1%
require major realignment and those with residual drift
angles greater than 2% cannot be repaired. SGFs that
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Figure 13. Aftershock fragility curves for each mainshock damage state resulting from the second branch of the bilinear model for (a)

model A, (b) model B, (c) model C and (d) model D.

Table 6. Aftershock collapse capacity of SGFs at each mainshock
damage state.

Decrease in
aftershock
collapse
Aftershock collapse capacity (g) capacity
Model DSO (intact) DSl DS2 DSl DS2
A 1.48 1.40 1.30 5.4% 12.2%
B 1.05 1.01 0.96 3.8% 8.6%
C 2.49 2.35 2.17 5.6% 12.9%
D 1.29 1.24 1.17 3.9% 9.3%

were subjected to the seismic sequence, are compared
here in terms of the relative change of the aftershock
collapse capacity associated with the major realign-
ment and demolition in the median IDA curves for
Or_a. Note that the aftershock collapse capacity as-
sociated with the major realignment and demolition
indicates the Sa(T;,5%) related to 1% and 2% Ogr_,,

respectively. Figure 14 shows the median IDA curves
of SGFs at different mainshock damage states for Og_,.
It is obvious that Or_, in median IDA curves is an
absolute value and always appears positive.

It is clear from Figure 14 that at the same intensity
levels, all SGFs experience a higher ©Og_, in DS1 and
DS2 (damaged) compared to intact state. The after-
shock collapse capacity associated with the demolition
for model A is 1.40 g, 1.35 g and 1.25 g for DSO
(intact), DS1 and DS2 damage states, respectively. The
aftershock collapse capacity associated with the de-
molition for model C is 2.30 g, 2.15 g and 2.10 g for
DSO0 (intact), DS1 and DS2 damage states, respectively.
It should be noted that these values are lower than the
aftershock collapse capacity of models A and C at each
of these damage states. However, for models B and D,
Or_, does not exceed 2% at the aftershock collapse
capacity of the structure. In the aftershock collapse
capacity of the structure, model C experiences the most

Or_, among other models, while Model B barely ex-
ceeds 1% Og_,.
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model C and (d) model D.

Conclusion

In the present study, mainshock IDA analysis was first
conducted on four SGFs. Then mainshock damage states
based on the transient absolute maximum drift angle were
considered, and aftershock IDA analysis was performed on
the mainshock-damaged structures. Aftershock fragility
curves using PSDMs for transient absolute maximum drift
angle and median IDA curves for residual absolute max-
imum drift angle were developed to compare intact and pre-
damaged SGFs.

The outputs prove that Sa(T,5%) as a prevalent IM can
efficiently and sufficiently predict ©1_, max 0n SGFs under
seismic sequences. Besides, an interesting behavior was
observed at all mainshock damage states, where the de-
mand sensitivity in models A and C (short-period SGFs)
was higher than models B and D (long-period SGFs). Also,
the results showed that aftershocks significantly increase
the vulnerability of SGFs, especially when they had short
periods, where for the largest mainshock damage state
(i.e., DS2) compared to the intact state, the aftershock

collapse capacity of models A and C (short-period SGFs)
were decreased by 12.2% and 12.9%, respectively. How-
ever, the corresponding capacities for models B and D
(long-period SGFs) were reduced by 8.6% and 9.3%, re-
spectively. Despite the greater reduction in the aftershock
collapse capacity of short-period SGFs, they were more
vulnerable than long-period SGFs under seismic se-
quences. Moreover, in all SGFs that had low damage from
the mainshock, they experienced somewhat small reduc-
tions in their aftershock collapse capacity, while the effect
of aftershocks became more apparent with increasing
structural damage during the mainshock. On the other
hand, it was found that residual drift angle control is very
important for short-period SGFs under seismic sequences,
because before the collapse of the structure with the
transient drift angle, models A and C with the residual drift
angle had led to demolition. Long-period SGFs have the
potential to lower the post-earthquake losses by mini-
mizing the residual drift angles and thereby satisfying a
reparability state, where models B and D successfully
control the residual drift angles and limit the residual drift
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angles below 2%. By reducing residual drift angles, the
post-earthquake of the structure performance will increase
and the cost of repair will decrease. Therefore, it is rec-
ommended that seismic design codes in dealing with short-
period SGFs pay more attention to the effects of seismic
sequences. Also, in the aftershock fragility assessment of
short-period SGFs, control of residual drift angles should
be considered seriously.
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