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Abstract: Aftershocks typically occur multiple times following major earthquakes, potentially inflict-
ing enhanced damage. It is crucial to quantify the impact of aftershocks on the seismic performance
of low-ductility reinforced concrete (RC) frames with different mainshock-induced damage states.
For this purpose, this study investigated the aftershock fragility of low-ductility RC frames with
different damage states induced by mainshocks via the case study of a six-story RC frame without
a seismic design. The models of the low-ductility RC frames with different damage states were
established via OpenSees software 2.5.0. Incremental dynamic analysis (IDA) was carried out to
establish damage states induced by a mainshock. Then sixty-five real aftershocks were inputted to
analyze the structures with different main-induced damage states. Aftershock fragility curves of
low-ductility RC frame structures with different damage states were obtained. The results show
that the exceedance probability of the low-ductility RC frame with mainshock-induced damage is
higher than that of the intact low-ductility structure, corresponding to each limit state. The severity
of the mainshock-induced damage directly amplifies the demand for a low-ductility RC frame in the
subsequent aftershocks. As the mainshock-induced damage increases, the exceedance probability of
the low-ductility RC frame undergoing more severe damage under aftershocks significantly increases.

Keywords: low-ductility RC frame; mainshock-induced damage; damage state; aftershock fragility;
incremental dynamic analysis; exceedance probability

1. Introduction

Historical seismic events indicate that major earthquakes are often accompanied by
numerous aftershocks, such as the 1994 Northridge earthquake [1], 2008 Sichuan Wenchuan
earthquake [2], 2011 Tohoku earthquake [3], and 2013 Sichuan Lushan earthquake [4]. For
structures damaged during the mainshock, there is often insufficient time for repair and
reinforcement before aftershocks occur. The successive aftershocks may cause cumulative
structural damage, leading to more severe destruction and potential collapse and ultimately
resulting in greater casualties and property losses [5,6]. Therefore, investigating the non-
linear response of structures under aftershock effects is crucial for rapidly evaluating the
post-earthquake structures.

Research on the impact of aftershocks on structures began in 1980, with analyzing
the nonlinear behavior of single-degree-of-freedom (SDOF) systems under aftershocks
recorded during the 1972 Managua earthquake [7]. Subsequently, the impact of after-
shocks on structures has been extensively researched, and many studies on the response of
single-degree-of-freedom (SDOF) systems under aftershocks have been proposed [8-12].
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Aschheim and Black [8] studied the effect of stiffness degradation on the seismic perfor-
mance of structures under aftershocks. Hatzigeorgiou et al. [11,12] developed a simple
and effective method for estimating the nonlinear displacement ratio of a SDOF system
under multiple earthquake events, as well as the displacement ductility demand spectrum
of the SDOF system under the mainshock-aftershock sequence. However, the applicability
of the SDOF system has limitation owing to its idealization and simplification. It cannot
accurately replicate the actual response of structures under aftershock effects.

To simulate the actual response of structures under an earthquake more accurately,
multi-degree-of-freedom (MDOF) systems can be utilized to capture the localized dam-
age in different components of a structure under aftershock effects. Hatzigeorgiou and
Liolios [13] employed MDOF systems to study the inter-story drift, maximum displacement,
and plastic hinges of the RC structural parameters under mainshock-aftershock sequences.
Goda and Salami [14] investigated the aftershock effects on the seismic fragility of a conven-
tional wood frame using a large number of mainshock-aftershock sequences. Fragiacomo
et al. [15] analyzed the damage response of structures under mainshock-aftershock se-
quences. Tesfamariam et al. [16] compared the seismic responses of a bare RC frame, a
masonry-infilled RC frame with an open ground story, and a fully infilled RC frame when
subjected to a mainshock-aftershock sequence. Han et al. [17] proposed a novel method
for synthesizing mainshock-aftershock sequences, which was used to assess the seismic
performance of buildings considering aftershocks.

In addition, fragility analysis, as an essential method for assessing the safety perfor-
mance of structures, is applied to various structural systems under aftershock effects, such
as RC buildings [18-20], steel plate shear wall structures [21], wood frame [14,22], and self-
centering frame [23-26]. However, previous studies on mainshock-aftershock sequences
have primarily concentrated on new structures and various building types, with older
buildings receiving comparatively less attention. A significant number of low-ductility
reinforced concrete (RC) buildings still exist in western China, and they are vulnerable
to brittle damage due to inadequate seismic reinforcement, lack of seismic construction
measures, and inferior material properties. Furthermore, buildings that have been in use
for decades demonstrate characteristics like reduced ductility, poor energy dissipation, and
weakened resistance to collapse. Consequently, these low-ductility structures are more
prone to the effects of aftershocks. Only a few studies have been conducted on the seismic
analysis of low-ductility structures considering the mainshock-aftershock effects [27-29].

Low-ductility structures are susceptible to brittle failure during seismic events, often
manifesting in failure modes like node shear failure, column bending shear failure, and
bar slip at beam ends. Therefore, it is a notable challenge to accurately simulate the above
three deformation components in low-ductility structures using finite element analysis
software and to further evaluate the fragility of low-ductility structures during aftershocks
particularly considering diverse mainshock-induced damage states [30-32]. Elwood [33]
proposed that the method of using a shear spring attached to the end of a common fiber-
based, nonlinear beam—column element can effectively simulate the coupling effect of the
axial-shear-bending response. Jeon [28] developed the method of using a rotation spring
to simulate the shear deformation of the beam—column joint zone. d’Aragona [27] studied
the aftershock fragilities conditioned on the return period (intensity) of the damaging
ground motion.

This paper introduces a probabilistic approach for quantifying the aftershock fragility
analysis of low-ductility RC frames with different mainshock-induced damage states. First,
a model was developed, which incorporated a shear spring at the end of the fiber-based
nonlinear beam—column element to account for the flexure—shear interaction. Additionally,
a rotational spring was placed at the joint to represent the shear deformation within the
beam—column joint zone. Second, the IDA method was adopted to establish the mainshock-
induced damage states by a mainshock. Finally, the aftershock fragility of low-ductility
RC frames under various mainshock damage states was analyzed by employing the cloud
method [34], using 65 actual aftershock ground motion records.
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This study aims to provide a theoretical basis for post-earthquake strengthening
and decision-making processes associated with post-earthquake rescue efforts for low-
ductility structures.

2. Aftershock Fragility Analysis on Low-Ductility Structures with Mainshock-
Induced Damage

2.1. Establishment of Mainshock-Induced Damage Levels

It is a crucial step to establish different mainshock-induced damage states (IDS;) in the
aftershock fragility analysis of low-ductility RC frames. The damage stages of structures
induced by a mainshock can be determined by incremental dynamic analysis (IDA). The
damage state in the mainshock simulation is primarily governed by the maximum inter-
story drift ratio of a structure. The fundamental principle of IDA simulation approaches is
described as follows.

The IDA-based approach simulates the different damage states of low-ductility RC
structures by IDA under a mainshock. The specified mainshock damage state is accom-
plished through adjusting the intensity measure of a selected mainshock ground motion.
Initially, IDA is performed on the structure to simulate different mainshock-induced dam-
age states by scaling mainshock ground motion. Subsequently, different aftershock ground
motions are inputted to evaluate the aftershock fragility of the structure characterized by
different mainshock damage states, as shown in Figure 1. The IDA approach evaluates
the seismic performance of a structure by progressively increasing the intensity measure
of ground motion and observing the response of structures at various intensities. This
approach can accurately reflect the realistic response of the structure under earthquake
effects and the damage state of the structure under the mainshock.
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Figure 1. Analysis of different mainshock damage states based on the IDA method (AS;—aftershock
ground motion).

Therefore, this study adopted the IDA method to establish the mainshock-induced
damage states, aiming to investigate the aftershock fragility of low-ductility RC frames
under various mainshock damage states. A mainshock ground motion is used to determine
the initial damage of a structure. Then, a series of actual aftershock ground motions are
used for time-history analysis by employing the cloud method [34].

2.2. Aftershock Fragility Analysis of Low-Ductility Structures
Fragility analysis, which is a core aspect of next-generation performance-based earth-

quake engineering (PBEE), can be used to predict the conditional probability of structural
damage under different earthquake intensities. In this study, the spectral acceleration (S,) is
used as the ground motion intensity index. The traditional fragility function [35] is defined
as follows:
In(mp/mc

( ) 1)

V/Phis, + B+ B

P{D>C|Sa} =¢
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where P{D > C|S,} is the probability that a structure will experience or exceed a specified
level of damage for a given ground intensity measure (IM = S;). mp is the median value
of the seismic demand at IM = S,, mc is the median value of the structural capacity, and
Bpjim and B¢ are the logarithmic standard deviation of the seismic demand and structural
capacity, respectively. By denotes the uncertainty of the model and is assumed to be
0.2 [35].

The fragility analysis of low-ductility structures for different damage states associated
with the mainshock is based on Equation (1). In contrast with the traditional fragility
analysis, the spectral acceleration of aftershocks (S, as) corresponding to the basic period
Ty is used as an aftershock intensity index. A statistical correlation between S, A5 and
seismic demand Dyp is established for the aftershocks of low-ductility structures with
different damage states after the mainshock, as delineated below:

In mDMA\Sa,AS =a+bInS, as 2)

2
(Z InDyia,i — In DMA\sa,AS)
'BDMA‘Sa,AS - N _ 2 (3)

where a and b are regression coefficients, mp,, AIS, A is the median value of the seismic
demand (Dya) under the aftershock intensity (Sa,VAS)/ Bpy, AIS, A5 denotes the logarithmic

standard deviation of the demand corresponding to the aftershock intensity S, as, Dma i
corresponds to the seismic demand under the ith aftershock, and N is the number of
aftershock sequences used in the probabilistic seismic demand analysis. The aftershock
fragility function for low-ductility structures with different mainshock-induced damage
states can then be expressed as follows:

lanMA|Sa,AS —Inmc
2 2 2
\/ Dpa|Sa,as +hct Py

where P{D > C|S, as} denotes the probability of exceeding a certain limit state for low-
ductility structures with different mainshock-induced damage states under an aftershock
intensity (S, As)-

The steps for executing aftershock fragility analysis on low-ductility structures can be
summarized as follows:

P{D > C|Saas} = ¢ (4)

1)  Establishment of a structural analysis model. This involves formulating an analysis
model for low-ductility structures, considering failure mechanisms such as shear
failure in the beam-column joint zone, column shear failure, and bond-slip failure of
longitudinal reinforcement.

2)  Simulation of the initial damaged structure. This process involves using a mainshock
to define mainshock damage states of low-ductility structures by the IDA approach.

3) A nonlinear time history analysis of structures with different mainshock-induced
damage states during the main shock under an aftershock was performed.

4)  Determine aftershock demand parameters and limit states. The cloud method [34]
was employed to establish a structural response cloud map for the structure that
experienced aftershocks under various mainshock-induced damage conditions. The
probabilistic seismic demand parameters under an aftershock (4, b, and fp,, Al AS)

were derived from Equations (2) and (3).

5)  Establishment of aftershock fragility curves for low-ductility structures corresponding
to different mainshock-induced damage states. The aftershock fragility curves of the
low-ductility structures corresponding to different damage states were established
from the obtained probabilistic seismic demand parameters (4, b, and B Dyajs, AS),

combined with Equation (4).
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Based on the above analysis steps, the aftershock fragility analysis method for low-
ductility structures with different damage states resulting from the mainshock can be
visually depicted as illustrated in Figure 2.
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Figure 2. Aftershock fragility analysis of low-ductility structures under different damage conditions

of mainshock.

3. Low-Ductility Structure and Numerical Model
3.1. Prototype Structure

In this study, the prototype building is a specific RC frame in the northwest region
of China, which was designed only considering gravity loads, without any reference to
seismic fortification requirements. The building has a total height of 21 m and a floor height
of 3.3 m for most floors, except for the first floor, which has a height of 4.5 m. The plan,
elevation, and reinforcement diagrams of the structure are shown in Figure 3. The beams
and columns are reinforced with HRB335 hot-rolled steel bars, and the remaining steel bars
are reinforced with HPB235. The concrete grade is C30. The beam is 250 mm in sectional
width and 500 mm in sectional height, the column section size is 500 mm x 500 mm, and
the stirrup specifications are denoted as @6 @ 200.
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Figure 3. Prototype structure (units: mm): (a) plane drawing, (b) elevation drawing, (c) mid-span
beam section, (d) side-span beam section, and (e) column cross section.

3.2. Low-Ductility Structural Model

The shear deformation of the column and the shear deformation failure of the beam—
column joint are primary failure modes of low-ductility RC structures during earthquake
events. In the present studies, the fiber-based nonlinear beam-column element is used,
which only considers bending deformation and cannot simulate shear failure modes. The
modified model considering the shear deformation is illustrated in Figure 4. To model
the shear deformation, the shear spring at the end of the column and the rotation spring
placed in the joint zone are used to simulate the shear deformation of the column and
the shear deformation in the beam—column joint, respectively. The fiber-based nonlinear
beam-column element is used to define the bending deformation.

_ww_

©r—

Shear spring A/‘M Fiber-based nonlinear

Shear spring /bearn-colunm element

V\F Bond slip M J" Joint rotational spring
iber-based nonlinear 7R
beam-column element N7
(a) (b)

Figure 4. Model method of shear behavior: (a) model method of shear behavior of column [33];
(b) model method of shear behavior of beam—column joint [28].

The flexure—shear column model was developed by using the uniaxial hysteretic
material in OpenSees. In Figure 5, V is the shear force of the column end and A represents
the total deformation caused by bending and shear. As shown in the Figure 5a, the bending
and shear deformation of the column is simulated by the deformation of the shear spring at
the column end copulating with the bending deformation of the fiber-based beam—column
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element. When the shear force (V) generated by external loads is less than the shear
bearing capacity of the column (V4,), the bending deformation is the main deformation of
the column. If V is greater than V},, the deformation of the column mainly includes the
shear deformation.

)

Uniaxial hysteretic
material model

A, Ly A, I A,
L

(@) (b) () (d)

Figure 5. Shear spring based on the uniaxial hysteretic material model [33]: (a) model of

shear-bending interaction, (b) shear spring deformation, (¢) beam-column deformation, and
(d) total response.

The shear bearing capacity of the column is presented as the following Equation (5) [28]:

Asfyhy (057 P
Vo = 1 084 5
n s \Carm \ T s 7A, ) ®

where V}, is the shear bearing capacity of the RC columns, Asy is the area of transverse
stirrups, fyv is the yield strength of transverse stirrups, hy is the effective height of a column
cross section, s is the stirrup spacing, a is the shear deformation span of the RC column, f!
is the axial compressive strength of concrete, P is the axial force loaded on the column, and
Ag is the total area of the column section.

The shear stiffness degradation rate is defined as the following Equation (6) [28]:

Asy f yvdc 2

K'Y, = —4.5P(4.6 e +1) L (6)

deg —
where d. is the depth of the column core from the centerline to the centerline of transverse
reinforcement, and L is the column length.

Figure 6 shows the Pinching4 material model [36], which is used to model the rotational
spring simulating the shear deformation of the joint zone. The material model can be
defined by several key components, including a response backbone, an unload-reload
path, and three specific damage rules: unloading stiffness degradation, reloading stiffness
degradation, and strength degradation, as shown in Figure 6. The parameters of the eight
control points on the skeleton curve are calculated using the simplified Strut and Tie Model
(STM) described in reference [37], while the remaining parameters are determined based
on references [38,39].

Based on the documented damage mechanisms of the low-ductility structural mem-
bers suggested by Jeon et al. [28], an OpenSees [40] finite element analysis model was
developed. As illustrated in Figure 7, the shear failure of the beam—column joint region, the
column shear failure, and the bond-slip failure of the beam’s longitudinal reinforcement
were considered for this model. The beam and column were modeled using a nonlinear
beam—column element, which captured the distributed nonlinear behavior through fiber
sections. The concrete and steel fibers were designated as concrete01 material and steel02
material, respectively. The concrete01 material adopted the Kent-Scott-Park model, which
considered the stiffness degradation and restraining effect of hoop reinforcement. The
standard unconfined concrete strength was f. = 20.1 MPa. The steel02 material was based
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on the Giuffré-Menegotto—Pinto model with isotropic strain hardening, considering the
Bauschinger effect. Corresponding to HRB335 and HPB235, the yield strength of steel
was 335 MPa and 235 MPa respectively. The shear deformation in the beam—column joint
zone was simulated using a rotation spring, which employed a trilinear Pinching4 material
model that incorporates strength degradation, stiffness degradation, and pinching effect.
The zero-length element was used to define the shear spring assigned by the uniaxial
hysteretic material, as shown in Equation (5), in order to reflect the bending shear failure,
strength degradation, and stiffness degradation of the column. The bond slip of the longi-
tudinal steel bar at the beam-node connection was simulated using zero-length elements
assigned with the Bond_SP01 material [41] to establish the bond slip of the reinforcement.

Force

(dmax, f(dmax))
Y (ePd3.cPd)

(*.uForceP-ePf3) (ePd4.ePf4)

1DispP -gmazﬁ. rForceP-f(dmax

(rDispN-dmm. yForceN-i(dmim))
(eNd4.eNf4) /

/ Deformation

—
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1.eNf1)

2
(eNd3.eNf3) T (eNdz.e
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Figure 7. OpenSees numerical model for the low-ductility RC frame.
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4. Aftershock Ground Motion Records
4.1. Selection of Aftershock Ground Motion

To perform an aftershock fragility analysis of structures with different mainshock-
induced damage states, 65 actual aftershock ground motion records shown in Figure 8 were
selected from the Pacific Earthquake Engineering Research Center (PEER) NGA-West2
database [42] according to the principle proposed by Goda and Taylor [43]. All aftershock
ground motions have a moment magnitude of 5 or greater, a horizontal seismic peak
acceleration (PGA) of 0.04 g or above, a horizontal seismic peak velocity (PGV) of 1.0 cm/s
or above, and an average shear wave velocity (VS30) ranging from 100 m/s to 1000 m/s at
a depth of 30 m.

2.0
Single record spectrum
Mean spectrum
C 1.6 - — China DBE level
5 — China MCE level
b5
S 12F
O
Q
Q
<
g 0.8
Q
]
o
n
0.4
0.0
0 1 2 3 4 5 6

Period, T (s)
Figure 8. Acceleration spectra of selected ground motion records and the China design spectra.

4.2. Analysis of Aftershock Polarity

The aftershock polarity refers to the positive and negative directions of aftershocks
with respect to the mainshock, as shown in Figure 9. Previous studies have demonstrated
that the polarity of aftershocks can either magnify or diminish the residual deformation
in structures caused by the mainshock [44]. Moreover, as the mainshock-induced damage
increases, the influence of the aftershock polarity on the residual deformation increases
correspondingly [44]. The structural fragility can be affected significantly by the aftershock
directivities. Therefore, it is crucial to consider the polarity of the aftershocks when evaluat-
ing the aftershock fragility of low-ductility structures with different mainshock-induced
damage states.

A nonlinear time-history analysis was conducted on a low-ductility structure using
an actual mainshock-aftershock sequence. The inter-story drift ratio was used to evaluate
the structural response. The time-history curves of the inter-story drift ratio depicted in
Figure 10 demonstrate a substantial difference in the influence of aftershocks in the positive
and negative directions on the structural response following the mainshock. Specifically,
aftershock polarity may affect the residual deformation of structures when a mainshock
is experienced.
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Figure 9. Schematic diagram of the polarity of aftershock ground motion.
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Figure 10. Effect of aftershocks in different directions on low-ductility structure under mainshock-

induced damage.

To accurately assess the aftershock fragility of low-ductility structures under different
mainshock-induced damage states and avoid the impact of aftershock polarity on the
analysis results, the positive and negative aftershocks were considered for low-ductility
structures with different mainshock-induced damage when analyzing their aftershock
fragility. An aftershock fragility analysis was used to evaluate the mechanical behavior
of structures under different damage states caused by the mainshock; a larger value was
selected as the representative aftershock response.



Buildings 2024, 14, 1519

11 of 19

5. Aftershock Fragility Analysis
5.1. Classification of Different Mainshock-Induced Damage States

This section analyzed the aftershock vulnerability of a six-story low-ductility structure
under different mainshock-induced damage states and discussed the influence of various
mainshock-induced damage states on the aftershock fragility of the structure.

The maximum inter-story displacement ratio (fmax) of a structure has been demon-
strated as an effective indicator for assessing the structural damage level in terms of collapse
resistance, component failure, and joint rotation capacity [45]. Therefore, the structural
damage caused by the main earthquake was classified by the maximum inter-story drift
ratio. To study the aftershock fragility of the structure under different mainshock-induced
damage states (IDS;), the different mainshock-induced damage states (IDS;) of the structure
were divided into six classes, as listed in Table 1.

Table 1. Division of different mainshock-induced damage states of low-ductility structures.

Mainshock-Induced Damage State (IDS;) IDS, IDS; IDS, IDS; IDS; IDSs
Maximum inter-story drift ratio (max,ms) 0 0.005  0.01 0.02 0.03 0.04

The dynamic time-history analysis of the structure against the IDS, state (no damage
occurring to the intact structure under the main earthquake) was performed solely under
an aftershock. To simulate the structure in the IDS;-IDSs states (representing different
mainshock-induced damage levels), a mainshock IDA was initially performed on the struc-
ture, followed by an aftershock fragility analysis of the structure with various mainshock
damage states.

5.2. Aftershock Probabilistic Seismic Demand Models

IDA was employed to determine the mainshock-induced damage corresponding to the
structural state index of IDS;-IDSs. Then a nonlinear time-history analysis was conducted
on the structure with different mainshock-induced damage states under aftershocks. Based
on Bmay, the aftershock probabilistic seismic demand model for the frame was computed for
each mainshock-induced damage state (IDS;,i=0, ..., 5) shown in Figure 11. These results
indicate that the seismic demand of the structure with different mainshock-induced damage
states under aftershocks and an intensity index (S, as) have log-linear distributions. Initially,
the aftershock probabilistic seismic demand models for the structure in various mainshock-
induced damage states were obtained through the linear regression of (In(6max) — In(S, as)).
Based on the regression findings, the corresponding parameters 4, b, and Sp ASIS, As of the

aftershock probabilistic seismic demand were calculated. The seismic demands and their
parameters are presented in Table 2.

Figure 11 and Table 2 show that the demand for the mainshock-damaged structure is
higher than that for the intact structure. Nonetheless, as the mainshock-induced damage
increases, the trend of the seismic demand for low-ductility structures under aftershocks is
not evident.

Table 2. Aftershock probabilistic seismic demand parameters for low-ductility structures with
different mainshock damage states (IDS;).

Mainshock Damage States Aftershock Probabilistic Seismic Demand Model R? BD1s, A5
IDS, In(Bmax) = 0.698 x In(S, ag) — 3.735 0.845 0.463
IDS; In(Omax) = 0.697 x In(S, ag) — 3.443 0.812 0.520
IDS, In(Omax) = 0.693 x In(S, a5) — 3.316 0.825 0.495
IDS; In(Bmax) = 0.676 x In(S, ag) — 3.242 0.857 0.428
IDS, In(Omax) = 0.642 x In(S, ag) — 3.175 0.803 0.493
IDSs In(Omax) = 0.577 x In(Sa,a5) — 3.103 0.751 0.515
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Figure 11. Median fitting values of seismic demand for low-ductility structures with different
mainshock damage: (a) IDSy, (b) IDS;, (c) IDS,, (d) IDSs, (e) IDSy, and (f) IDSs.

The analysis results of the aftershock probabilistic seismic demand for the low-ductility
structure with different mainshock damage states (IDSy—IDSs) are presented and compared
in Figure 12. As the mainshock-induced damage levels increase from IDS, to IDSs, the
seismic demand under aftershocks increases. When the mainshock-induced damage state is
IDSs, the seismic demand is the highest, and the increase in seismic demand is insignificant
when the mainshock-induced damage state changes from IDS; to IDS4. With an increase in
mainshock-induced damage in low-ductility structures, the corresponding seismic demand
increases under aftershocks.
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Figure 12. Comparison of aftershock probabilistic seismic demand models for low-ductility structures
with different damage states.

5.3. Aftershock Fragility Curves of the Mainshock-Damaged Structure

In the aftershock fragility analysis of structures, the limit states of structures under
earthquakes are generally classified into several levels. In this study, four limit states are
selected for the low-ductility structure under aftershock action, which are light, moderate,
severe, and collapse, as presented in Table 3 [46]. Additionally, Table 3 shows the definitions
of the median m¢ and logarithmic standard deviation B¢ of the seismic capacity for the
four limit states [46].

Table 3. Limit states and the corresponding capacity parameters.

Limit States

Capability Parameters
Light Moderate Severe Collapse
mc 0.182% (1/550) 1% 2% 4%
Bc 0.2 0.3 0.3 0.4

Based on Table 3 and Equation (4), the aftershock fragility curves for the low-ductility
structures with different mainshock-induced damage states (IDS;) across the four limit
states are plotted in Figure 13. It is observed that larger limit states have fragility curves
for larger limit states, such as severe limit state, located at lower positions compared with
smaller limit states, such as light limit state, under the same mainshock-induced damage
states (e.g., Figure 13b IDS;). For a low-ductility structure with the same mainshock damage
state, the failure probability decreases as the limit state intensifies when it is subjected to
aftershock action again. However, the results cannot intuitively reflect the difference in the
fragility curves of low-ductility structures with different mainshock-induced damage states
(IDS;) for the same limit state.

According to FEMA695, the spectral acceleration corresponding to a 50% exceedance
probability of the structure (denoted as mR) was defined as the structural collapse resistance
capability, which can be obtained from Figure 13 and is shown in Table 4. It can be observed
from Table 4 that the collapse resistance capacity of the structure gradually decreased as
the mainshock damage state increased. For instance, for the structure in the IDS, state, mg
is 1.151 g, which is 45.5% less than that of the structure in the IDS; state and 40.4% larger
compared with the structure in the IDSs state. From the above analysis, it can be concluded
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Figure 13. Fragility curves of low-ductility structures with different mainshock damage for aftershock
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Table 4. The structural collapse resistance capabilities.

Mainshock Damage States

IDS,

IDS;

IDS, IDS;

mg (g)

2.096

1.379

1.151 1.037

To better illustrate the influence of mainshock damage on aftershock fragility, Figure 14
compares failure probability curves corresponding to low ductility structures with different

IDS,
0.935
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mainshock damages across four limit states: slight, moderate, severe, and collapse. For
example, Figure 14a represents the impact of mainshock damage on the aftershock failure
probability of the structure in the light limit state, and Figure 14d depicts the impact of
mainshock damage on the aftershock failure probability of the structure when the structure
approaches or surpasses the collapse limit state. The results demonstrate that the damage
induced by the mainshock affects the aftershock fragility curves. For instance, for a given
limit state, the intact structure has a lower failure probability than the mainshock-damaged
structures at the given aftershock ground intensity measure (S, as). The mainshock-induced
damage can increase the exceedance probability of low-ductility structures corresponding to
various limit states during aftershocks. This trend becomes more evident as the mainshock-
induced damage increases, indicating a reduction in the seismic performance of the low-
ductility structures with mainshock-induced damage.

Ww—_———
0.8 F ' ,/
A
! 74
0.6 — IDS(B s =0) 0.6 F 1y — IDSy(Op =)
Al Vo IEZI(ZmaX,msi?;%) - .:' v/ s ;Ezl(zmx.msi?;w
0.4 2( ‘max,ms 0) 0.4 4 2( max,ms 0)
— = = IDS;(B 0, ms=2%) : = = IDS;(0)0 ms=2%)
= = IDS,(Bpaxms=3%) : = = IDSy(B)4 ms=3%)
02F =+ = IDS5(8y05 ms=4%) 0.2 = == = IDS(0)4x ms=4%)
1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 0.5 1.0 1.5 0 0.5 1.0 1.5 20 25 3.0
Sa, AS (g) Sa’ AS (g)
(a) (b)
1.0 1.0
. — IDS(B15,ms=0)
iR ZE T [ - IDS, (8 05 ms=0-5%)
087 T 08 DS By 1%)
T N
o .
0.6 ,;. 7.7 —IDSy(805,ms=0) 0.6 - T
- Ke — =0 59 ~ Lol -
Q- IDS, (64 ms=0-5%) R 3 e
IDS,(6, .. .. =1%) Lt
04 2\ max,ms’ 04 L - ) ‘o —_ o
= = =IDS;(00x s =2%) 57 f ’ DS (O =27%)
= = IDS (B, s =3%) A =7 DS B =3%)
max,ms s o _
0.2 —_ IDSS(emux.ms:4%) 02F I?//’ IDSS(emax.msf4%)
L /;}/
0 0.5 1.0 1.5 2.0 2.5 3.0 0 0.5 1.0 15 2.0 25 3.0
Sa, AS (g) Sa‘ AS (g)
(o) (d)

Figure 14. A comparison of fragility curves of low-ductility structures with different mainshock
damage for aftershock records: (a) light limit state, (b) moderate limit state, (c) severe limit state, and
(d) collapse (IDS;-mainshock-induced damage state).

The results in Figure 14 demonstrate that the probability of the low-ductility structure
in the IDS; state exceeding the light limit state increases by 4.6% compared with the
structure in the IDSy state, at a spectral acceleration of 0.2 g, whereas the exceedance
probability of the same structure in the IDS5 state increases by 10.6% compared with
that in the IDSy state. In the moderate limit state, when the spectral acceleration is 0.5 g,
the exceedance probability of the low-ductility structure corresponding to the IDS; state
increases by 9.1% compared with that in the IDS state. Similarly, the exceedance probability
of the structure in the IDSs state increases by 23.0% compared with that in the IDS state,
and the exceedance probability corresponding to the IDS; state increases by 14.1%. The
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P £ diff

increment in the exceedance probability corresponding to different mainshock-induced
damage states was calculated sequentially under the severe limit state and the collapse
condition. Figure 15 presents the differences in failure probability between the intact
low-ductility structure and various mainshock-induced damage states during aftershock
motions, at each spectral acceleration. The results showed a substantial rise in the aftershock
failure probability for mainshock-damaged structures across the four defined limit states:
light, moderate, severe, and collapse. Notably, the low-ductility structure in the IDS5 state
consistently exhibited the highest increase in the probability of damage. For the light limit
state, the failure probability of the structure with IDSs exhibited a maximum increase of
40.6% at S, as = 0.010 g, where the failure probability exhibited maximum increments of
26.7%, 19.8%, 14.5%, and 9.6% at spectral accelerations of 0.015 g, 0.022 g, 0.024 g, and 0.025 g,
respectively, for the structure with the other damage states (IDSy4, IDS3, IDS;, adIDS;); for
the moderate limit state, where the failure probability exhibited increments of 29.5%, 21.9%,
17.7%, 13.9%, and 9.5% at spectral accelerations of 0.118 g, 0.156 g, 0.183 g, 0.183 g, and
0.183 g, respectively, for the structure with the damage states (IDSs, IDSy, IDS3, IDS;, IDSy);
and for the severe limit state, where the failure probability exhibited increments of 25.3%,
20.6%, 16.7%, 13.5%, and 9.6% at spectral accelerations of 0.352 g, 0.389 g, 0.520 g, 0.535 g,
and 0.535 g, respectively, for the structure with the state (IDSs, IDSy, IDS3, IDS,, IDS;). The
exceedance probability of a low-ductility structure with the mainshock-induced damage
is significantly different from that of an intact low-ductility structure at each limit state.
Furthermore, as the mainshock-induced damage increases for low-ductility structures, the
probability of exceeding various limit states under aftershocks also increases, although this
increase is not substantial.
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Figure 15. The difference of failure probability: (a) light limit state, (b) moderate limit state, (c) severe
limit state, and (d) collapse (IDSg (6max,ms = 0) as a benchmark. Note: Ps 4i¢ = P¢ (IDS;) — P¢ (IDSp),
IDS;-mainshock-induced damage state,i=1...5).
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6. Conclusions

This study investigated the influence of different mainshock-induced damage states
on the fragility of low-ductility RC structures during aftershocks by analyzing 65 actual
aftershock ground motion records. The low-ductility structure was modeled via OpenSees,
in which the flexure—shear interaction of RC and shear deformation in the joint zone was
considered. In addition, the seismic fragility of low-ductility structures under aftershocks
with various mainshock-induced damage states was established. This study provides a
method for the post-earthquake assessment of earthquake-damaged structures to determine
whether the structures can be directly restored for use during subsequent aftershocks. The
main conclusions of this study are as follows:

1)  The seismic demands of low-ductility structures with mainshock-induced damage
during aftershocks are consistently higher than those of intact structures. Further-
more, the levels of mainshock-induced damage in low-ductility structures are directly
correlated with the corresponding increase in seismic demand during the aftershocks.

2)  The exceedance probability of low-ductility structures in the mainshock-induced
damage states is higher than that of intact low-ductility structures in each limit state.
Moreover, as the mainshock-induced damage increases, the probability of exceeding
structural thresholds during aftershocks for the corresponding mainshock-damaged
structure also increases.

3)  Selecting the spectral acceleration corresponding to a 50% exceedance probability as
an index to evaluate the collapse resistance capability of the structure, the results show
that the collapse resistance capability of the structure decreases with the increase in
mainshock-induced damage.

4)  The exceedance probability of the limit states of low-ductility structures in the mainshock-
induced damage state differs significantly from that of intact low-ductility structures.
Specifically, when subjected to a ground motion with a spectral acceleration of 0.2
g, the exceedance probabilities corresponding to the IDS; state are 4.6% and 9.1%
higher than that of the IDSy state for light and moderate damage states, respectively.
Similarly, the exceedance probabilities of the IDSs state are 10.6% and 23.0% higher
than that of the IDS, state for the same damage states, respectively.

Future works should employ multiple building models and multiple seismic motions
to determine the initial damage and consider the effect of the uncertainties of the earthquake
and the uncertainties of the structure.
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