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Abstract: When a structure is subjected to an earthquake sequence, the high rate of aftershocks 
after the mainshock and cumulative damage caused by the earthquake sequence make the structure 
very dangerous. Considering the uncertainty in seismic occurrences, structural damage is often 
predicted using a seismic risk analysis. This approach has become a main measure for seismic 
disaster assessment, and provides a reasonable reference for post-earthquake emergency response 
decision-making and pre-earthquake seismic design. Therefore, it is of great significance to study 
a seismic risk analysis considering the effect(s) of aftershocks. In this study, the aftershock hazard 
is estimated for a post-mainshock environment based on an aftershock probabilistic seismic hazard 
analysis. Considering the uncertainty regarding the mainshock and aftershock occurrences, in 
addition to the functional relationship between the mainshock and aftershock parameters, the 
aftershock seismic hazard is estimated for the pre-mainshock environment. The mainshock 
fragility and aftershock fragility of regular girder bridges are evaluated based on the Kunnath 
damage model. Finally, considering the damage accumulation in bridge structures, the seismic 
hazard and seismic fragility are combined to establish a post-mainshock aftershock seismic risk 
framework and pre-mainshock mainshock-aftershock seismic risk analysis framework. Based on 
these, the mainshock risk and mainshock-aftershock risk are compared to verify the importance of 
considering the aftershock effects in seismic disaster assessments. The aftershock risks for the 
bridges of different post-mainshock damage states are compared, and the influence of the initial 
damage after the mainshock on the damage to the structure in the post-mainshock environment is 
studied. 
Key words: mainshock-aftershock sequence; seismic hazard; aftershock fragility; damage 
transition probability matrix; seismic risk 

1 Introduction 

Bridge structures are highly susceptible to damage during seismic events, potentially resulting 
in substantial property damage and human casualties. Earthquakes often occur in the form of 
earthquake sequences, and the cumulative effect of the high-rate aftershocks and damage caused 
from these sequential earthquakes after the main earthquake causes these structures to remain very 
dangerous in the aftershock environment. Considering the uncertainty in seismic performances 
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and seismic occurrences, seismic structural damage is often predicted via a seismic risk analysis. 
This approach has also become the main measure in seismic disaster assessment (Moehle and 
Deierlein 2004). Therefore, there is great significance in providing a seismic risk analysis able to 
consider the effects of aftershocks. 

The occurrence rate of an aftershock peaks immediately after the mainshock, and decreases 
with time (Yeo and Cornell 2009). Reasenberg and Jones (Reasenberg and Jones 1989) developed 
a statistical model for predicting aftershock occurrence based on a non-homogenous Poisson 
process, and used point estimates for constant model parameters to predict the probability of 
earthquake occurrence. Yeo and Cornell (Yeo and Cornell 2009) also used a non-homogenous 
Poisson process to characterize aftershocks, and proposed the aftershock probabilistic seismic 
hazard analysis (APSHA) by adopting the product of the mean aftershock rate and probability 
distribution of the aftershock intensity as the result of the seismic hazard during the research period. 
This analysis focused on the effects on the structure from the aftershock. Ebrahimian et al. 
(Ebrahimian et al. 2014) improved the accuracy of aftershock hazard parameters using a Bayesian-
based approach. Iervolino et al. (Iervolino et al. 2014) evaluated the seismic hazards of an 
earthquake cluster; they considered that the cluster had the same return period as the mainshock 
(Toro and Silva 2001; Boyd 2012), and evaluated the seismic hazard of the cluster while 
considering the uncertainties in both the mainshock and aftershock. The above studies verify the 
rationality of conducting a pre-mainshock assessment for aftershock hazards. 

As an important part of a seismic risk analysis, the "seismic vulnerability" refers to the 
probability of exceeding the limit state of a structure subjected to a specific intensity of ground 
motion. In fact, the damage exceedance probability of a structure subjected to a mainshock-
aftershock sequence is significantly higher than that to a mainshock, as aftershocks will cause 
additional damage. The expressions for the mainshock-aftershock fragility are different, including 
the state-dependent vulnerability curve (Ryu et al. 2011; Zhang el al. 2020), intensities-dependent 
vulnerability curve (Fu 2015), and event-dependent aftershock vulnerability curve (Ebrahimian et 
al. 2014). 

Ryu et al. (Ryu et al. 2011) obtained the seismic response under a mainshock-aftershock 
sequence using an incremental dynamic analysis method, and generated a state-dependent collapse 
fragility curve for a mainshock-damaged frame while considering the uncertainty in the damage 
state limits. Zhang et al. (Zhang el al. 2020) considered the amplitudes of seismic sequence records 
with moderate scaling factors as the earthquake input, and then calculated the seismic response 
and damage transition probability of a timber frame structure. Fu (Fu 2015) proposed a 
probabilistic seismic demand model under a mainshock-aftershock sequence, and obtained the 
relationship between the structural damage probability and the intensities of both the mainshock 
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and aftershock. A double multiple stripe analysis (double-MSA) was adopted to obtain a sufficient 
number of response samples, in which the intensities of the mainshock and aftershock were scaled 
to a predetermined level to enrich the inputs of the ground motions. Ebrahimian et al. (Ebrahimian 
et al. 2014) obtained the relationship between the structural damage probability and number of 
aftershocks by randomly connecting multiple aftershocks from the same sequence to obtain a 
number of samples. In general, an intensity-dependent fragility is only applicable to a mainshock–
aftershock pair. In contrast, the accuracy of an event-dependent vulnerability is more sensitive to 
the universality of ground motion characteristics and number of selected ground motions. However, 
with an increase in the number of aftershocks, the required amount of calculations increase 
significantly. A state-dependent vulnerability can directly describe the seismic capacity of 
damaged structures with a relatively small number of calculations. Consequently, it is currently 
widely used. 

A post-mainshock–aftershock risk assessment is applicable to the prediction of structural 
damage in aftershock environments after the occurrence of the mainshock. It provides a theoretical 
reference to help decision-makers master the operations of a traffic bridge system in the disaster 
area from a probability perspective, and to determine the priorities of bridge reinforcements. 
Ebrahimian et al. (Ebrahimian et al. 2014) comprehensively considered the uncertainties in the 
aftershock intensity and number of aftershocks and an event-dependent vulnerability function to 
obtain the daily damage probability of a structure. Alessandri et al. (Alessandri et al. 2013) 
combined a vulnerability model based on an incremental dynamic analysis with an APSHA to 
estimate the mean annual damage rate of a structure. Although experimental observation data were 
introduced to update the seismic vulnerability, the procedure for obtaining the annual average 
damage rate failed to consider the damage accumulation of the bridge structure during multiple 
aftershocks. 

A pre-mainshock mainshock-aftershock risk assessment framework can be established based 
on the consideration of the uncertainty in the mainshock and aftershock occurrences. It is suitable 
for assessing an earthquake swarm disaster before the occurrence of the mainshock. By predicting 
the damage of the structure when subjected to a future earthquake swarm, it provides a theoretical 
reference for seismic fortification before the mainshock. Simultaneously, it also provides a new 
approach to improving the current seismic design standard (which only considers the mainshock 
condition), and optimizes the seismic design scheme to make the structure capable of withstanding 
the earthquake swarm. Jalayer et al. (Jalayer et al. 2017) simplified the mainshock parameters to a 
uniform distribution and combined an event-dependent vulnerability function curve with Omori’s 
law to obtain a daily damage state exceeding a probability. However, its simplified consideration 
of the uncertainty in the occurrence of mainshocks led to low reliability in the prediction results. 
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Veismoradi et al. (Veismoradi et al. 2018) calculated the annual collapse probability of a structure 
under the effects of a mainshock and aftershock based on a total probability formula, i.e., by 
integrating the conditional collapse probability of the structure in all possible damage states after 
the mainshock. However, the model failed to consider damage accumulation during the damage 
process, and the results could not reflect the time-varying law of the structural damage. 

Accordingly, to predict the bridge damage when a bridge subjected to the mainshock and 
aftershock, a mainshock risk model and aftershock risk model are respectively established, in this 
study, as discussed in Section 2. Based on the APSHA method, the aftershock hazard curve for a 
specific mainshock and mainshock-aftershock hazard curve are obtained, in consideration of the 
uncertainty in the mainshock parameters. A finite element model of the bridge is established using 
OpenSees, as discussed in Section 3. The scaled real mainshock and aftershock records are input 
into the finite element model of the bridge to obtain the seismic response. The mainshock 
vulnerability and aftershock vulnerability of the bridge are evaluated based on the Kunnath 
damage model. As discussed in Section 4, considering the damage accumulation from earthquakes, 
the seismic vulnerability and seismic hazard are combined to establish a (1) post-mainshock 
aftershock risk assessment framework and (2) pre-mainshock mainshock-aftershock risk 
assessment framework. Through comparative analysis, the influence of aftershocks on the seismic 
risk and of the post-mainshock damage state on the aftershock risk are elaborated on. 

2 Probabilistic mainshock-aftershock seismic hazard analysis 

2.1 Probabilistic mainshock seismic hazard analysis model 

A ground motion intensity can directly describe the impact of an earthquake on a structure at 
a research site. A solution to a ground motion intensity problem is not only helpful for grasping 
the situation of an earthquake, but can also be used for the prediction of structural damage (which 
is of great significance). The specific steps are as follows: a) determine the fault and seismic 
parameters, such as the upper limit of magnitude, lower limit of magnitude, and distribution 
parameter of the magnitude b; b) determine the probability density function of the magnitude based 
on the relationship between the magnitude and frequency (Gutenberg et al. 1944); and c) determine 
the probability density function of the source-to-site distance according to the relative positional 
relationship between the site and fault rupture. When the length of the earthquake rupture is 
unknown, it can be calculated using an empirical formula (Wells et al. 1994). The rupture is 
assumed to extend symmetrically from the epicenter to both sides (Kiureghian et al. 1977). The 
location is assumed to be uniformly distributed. As an additional step, the process further 
comprises d) integrating the magnitude distribution function, source site distance distribution 
function, and conditional intensity exceedance probability given by the ground motion prediction 
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equations (Boore et al. 2008) to calculate the ground motion intensity exceedance probability, as 
shown in Eq. (1). 

 

max

min
|( ) ( | , ) ( | ) ( )d d

                 { ( ) [ ( | , ) ( | )]}

m

R M M
R m

i i j j i

M R

P IM x P IM x m r f r m f m m r

P M m P IM x m r P R r m

  

   

 
 

 (1) 

In the above, ( )
M

f m  denotes the probability density function for M ; | ( | )
R M

f r m  denotes 
the probability density function of the source-to-site distance for the specific mainshock with a 
magnitude of m  ; and ( | , )P IM x m r   can be obtained through ground motion prediction 
equations. 

By introducing the mean annual rate of the research fault, the exceedance rate of the ground 
motion intensity of the research site can be further calculated according to Eq. (2). 
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Here, min( )M m   denotes the mean annual rate of an earthquake with a magnitude larger 
than minm . It can be determined through an analysis of seismicity trends. 

2.2 Aftershock probabilistic seismic hazard analysis model 

2.2.1 Mean number of aftershocks 

The rate of occurrence of aftershocks is not constant, with the peak value immediately 
following the mainshock, followed by decreasing with increasing elapsed time from the 
occurrence of the mainshock. The modified Omor’s law is still the most widely used method for 
describing the average occurrence rate of aftershocks. Yeo and Cornell (Yeo and Cornell 2009) 
derived the daily average occurrence rate of aftershocks based on a modified Omor’s Law (Utsu 
et al. 1995) and the magnitude-frequency relationship (Gutenberg et al. 1944), as follows: 

 
m l( )

m

10 10
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a b m m a

p
v t t m
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In the above, 1m  is the lower limit of the aftershock magnitude, and m( ; )t m  denotes the 
mean daily rate density of aftershocks with magnitudes between 1m   and mm   at time t

following a mainshock of magnitude mm  . The mean number of aftershocks with magnitudes 
between 1m  and mm  in the time interval [ , ]t t T  following a mainshock of magnitude mm  
(denoted as m( , ; )t T m ) can be calculated as follows: 
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Similar to the traditional probabilistic seismic hazard analysis (PSHA), the exceedance 
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probability of the aftershock intensity can be obtained as follows. First, the magnitude-frequency 
relationship is adopted, where the lower limit of the magnitude is the same as the lower limit of 
the mainshock, and the upper limit of magnitude is the mainshock magnitude (Yeo and Cornell 
2009). Second, it is assumed that the aftershock epicenter location is uniformly distributed within 
only the mainshock rupture, and that the aftershock rupture extends symmetrically to both sides 
along the mainshock fault direction (Kiureghian et al. 1977). In addition, its length is obtained by 
an empirical formula. Third, based on the full probability formula, the exceedance probability for 
all possible aftershock magnitudes and source-to-site distance conditions are integrated. 

 
m

l
| m( ) ( | , ) ( | ) ( ; )d d

m

R M M
R m

P IM x P IM x m r f r m f m m m r     (5) 

Here, m( ; )
M

f m m  is the probability density function of the aftershock magnitude for a given 
mainshock with a magnitude of mm  , and | ( | )

R M
f r m  is the probability density function of the 

aftershock source-to-site distance. The mean number of aftershocks exceeding a specific seismic 
intensity within a specific time interval is expressed as the product of the mean number of 
aftershocks and the probability of exceeding the ground motion intensity, as shown in Eq. (6). 

 
m

l
m m | m( , , ; ) ( , ; ) ( | , ) ( | ) ( ; )d d

m

R M M
R m

x t T m t T m P IM x m r f r m f m m m r     (6) 

In the above, m( , , ; ) x t T m  is the mean number of aftershocks exceeding a site ground 
motion y within the time interval [t, t+T ] following a mainshock of magnitude mm . 

2.2.2 Aftershock parameters 

The aftershock parameters determine the mean number of aftershocks, including a , c , and
p  , and are usually estimated according to a historical earthquake catalogue. Page et al. [20] 

proposed a procedure for estimating aftershock parameters based on the Reasenberg and Jones 
model (Reasenberg and Jones 1989) and a newly proposed time-varying magnitude completeness 
function. Aftershock parameters are different in different regions, e.g., according to the global 
seismotectonic zoning map proposed by Garcia et al. (Garcia et al. 2012). The generic parameters 
for the different regions are determined by using a worldwide earthquake catalogue; these can be 
used as the aftershock parameters for a pre-mainshock analysis for an unknown aftershock 
catalogue. When the catalogue of aftershocks is collected after the mainshock, the updated 
aftershock parameters (updated based on a Bayesian law) can increase the accuracy of the 
aftershock prediction. However, the research shows that the estimation results for all parameters 
updated simultaneously are not stable. Thus, the parameters c and p of the aftershock prediction 
remain constant for a long time after the main earthquake, and Bayesian updating is only carried 
out for the parameter a  (Page et al. 2016) . A Bayesian update is conducted based on the 
likelihood function formula proposed by Ogata (Ogata 1983) to determine the influence of the 
aftershock catalogue on the parameter distribution. 
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Here, 0t   is the moment of occurrence of the mainshock. 1t   is the end moment of the 
observed catalogue. i

t  is a different moment when a different aftershock occurs. 
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The generic distribution of the parameter is adopted as the prior distribution. The posterior 
distribution is obtained as follows (Michael et al. 2019): 
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Bayes
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j j

j

a L a
a

a L a
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In the above, 
j

a  are discretized values. The United States Geological Survey recommends 
a value range of [- 4.5, - 0.5] to ensure that 99.73% of the values are considered. 

2.3 Mainshock seismic hazard analysis 

In 2008, the Wenchuan Earthquake occurred in Wenchuan, Sichuan Province, causing a large 
number of casualties and structural damage. Wenchuan is close to the Longmenshan fault, which 
has high seismicity. Therefore, this section considered Guxigou Bridge in Wenchuan County as 
the site for conducting the mainshock risk analysis. In this study, the Longmenshan Central Fault 
was taken as an example fault to predict future earthquakes. This fault passes through Yingxiu, 
Beichuan, and so on, and is a reverse strike slip fault. In this study, the fault was simulated by a 
line source with a length of approximately 486 km and a strike of N 45°E. Because there were 
earthquakes with magnitudes of 8.0 in the Longmenshan Fault, the upper limit of the magnitude 
is 8.0, and considering that earthquakes with magnitudes less than 5.0 have little influence on a 
structure, the lower limit of the magnitude was 5.0. The parameter b from the magnitude-frequency 
relationship was 0.728, according to the division scheme of the seismic zones in the original zoning 
map. Spectral acceleration was selected as the ground motion intensity index. The mainshock 
seismic hazard curve is shown in Fig. 2. 

Wenchuan

Yinxiu

Qingchuan

Beichuan

Baoxing

0 60 km

Longmenshan Central Fault
Mainshock epicenter
Research site
Main cities  

Fig. 1 Location of the site and the fault 
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Fig. 2 Mainshock intensity exceedance probability curve 

Fig. 2 shows the exceedance probability of ground motion intensity for the site as caused by 
the earthquake of the Longmenshan Central Fault. It can be seen from the figure that the 
exceedance probability of ground motion intensity decreases with an increase of the ground motion 
intensity. The decrease is faster when the spectral acceleration is smaller, and becomes slower as 
the spectral acceleration increases. 

2.4 Aftershock probabilistic seismic hazard analysis 

As discussed in this section, based on the APSHA approach, we first considered the 
Wenchuan earthquake as an example to analyze the post-mainshock aftershock seismic hazard. 
Then, considering the uncertainty of the mainshock parameters, the Longmenshan Central Fault 
was taken as an example to analyze the pre-mainshock mainshock–aftershock seismic hazard. The 
generic parameters were determined according to the location of Wenchuan as mean 2.13a  

0.52a  . The parameters satisfied a normal distribution with 0.018c  , 0.98p  , and 1.0b  . 
Based on the catalogue of aftershocks from within 3 days after the mainshock, Bayesian updating 
was performed, and the updated parameters were -1.852a  , 0.018c  , 0.98p  , and 1.0b  . 

2.4.1 Aftershock seismic hazard curve for specific mainshock 

The purpose of this study was to analyze the time-varying seismic damage exceedance 
probability of the bridge structure. In general, considering that an aftershock hazard declines after 
the mainshock, it is commonly at a low level 30 days after the mainshock. Moreover, reinforcement 
measures may be installed within this 30 days. As such, it is not necessary to analyze the seismic 
risk once 30 days have passed after the mainshock. Therefore, this study assumed a period of 30 
days for the research period of aftershock seismic risk, and that the structure was repaired after 30 
days. The research period was divided into sections according to a time step of 0.0005 days. The 
exceedance rate of the aftershock intensity in each time window was calculated. 
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upper limit of the magnitude is 7.9, and the lower limit of the magnitude is 5.0. According to the 
empirical formula, the rupture length of the mainshock is 131 km 30 519 m/s

S
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rate of aftershock intensity is shown in Fig. 3. 
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Fig. 1 Aftershock intensity exceedance rate curve for specific mainshocks 

The five aftershock hazard curves in Fig. 3 correspond to five star points of the research time 
window with a length of 0.0005 days. The aftershock hazard is higher than that of the mainshock, 
verifying the necessity of considering the influences of aftershocks on a structure. The curves are 
basically parallel (when the ordinates are logarithmic coordinates, the parallel lines indicate that 
that the ratio of the values for every spectral acceleration is always equal). This is because the 
APSHA assumes that the intensity exceedance probabilities of aftershocks occurring at different 
times as triggered by the same mainshock are independent of each other, and meet the same 
distribution. The differences in the ordinates of the five curves are owing to the differences in the 
mean aftershock number in the different time windows, and reflect that the aftershock occurrence 
rate decreases with time. 

2.4.2 Mainshock-aftershock seismic hazard curve 

There are many uncertain factors in the occurrence of a mainshock, but the most important 
factors affecting the aftershock hazard are the magnitude and epicenter location of the mainshock. 
Therefore, a prediction of the aftershock hazard when the mainshock information is unknown can 
be conducted by combining the PSHA and APSHA to comprehensively consider the uncertainty 
of the mainshock and aftershock occurrences. This section considers the Longmenshan Central 
Fault as an example. 

In the APSHA, the mean number of aftershocks and upper limit of the aftershock distribution 
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are determined based on the magnitude of the mainshock. The possible location of the aftershocks 
is determined based on the magnitude of the mainshock and the location of the epicenter. The 
procedure for obtaining the aftershock hazard while considering the uncertainty of the mainshock 
parameters is as follows: a) the uncertainty of the mainshock magnitude is considered according 
to the PSHA method; b) the epicenter of the mainshock is assumed to have a uniform distribution 
at any position on the fault line source, an considering each combination of magnitude and 
epicenter location of the mainshock as the known condition, using generic aftershock parameters 
in the Wenchuan area, the procedure of the APSHA is repeated; and c) the product of the 
probability of each group of possible magnitude and epicenter and the corresponding exceedance 
rate of the aftershock ground motion intensity is accumulated with the full probability formula to 
obtain the overall exceedance rate of the aftershock ground motion intensity. The calculation 
process is given by Eq. (11), and the aftershock hazard results before the mainshock are shown in 
the figure below. 
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Here, MS
M  is the mainshock magnitude; ( )MS

i
M  is the mean number of aftershocks 

triggered by the mainshock with a magnitude of MS

i
M in a specific time interval; MS

X  is the 
Variable of the mainshock epicenter; and MS

jX denotes the linear distance between the possible 
location of the mainshock epicenter and the left end of the fault. 
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Fig. 2 Aftershock intensity exceedance rate considering the uncertainty of mainshock 

The curves in Fig. 4 show the aftershock ground motion intensity exceedance rate function 
considering the uncertainty of the occurrence of the mainshock. The duration of the study time 
window is 0.0005 days. It can be seen from the figure that the aftershock occurrence rate with an 
earlier starting time is always above that with a later starting time. The five curves in the figure 
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are basically parallel, indicating that in the pre-mainshock seismic hazard analysis considering the 
uncertainty of the mainshock parameters, the main factor causing the differences in the aftershock 
intensity exceedance rates is the mean number of aftershocks. Comparing the curve in Fig. 4 with 
that in Fig. 3, the hazard from the aftershock predicted before the mainshock is smaller. This is 
because although a strong mainshock can trigger aftershocks with a higher occurrence rate, the 
low probability of a strong mainshock weakens the contribution of the aftershock occurrence rate. 
The aftershock hazard for a small mainshock with a higher occurrence probability is relatively 
lower. 

3 Mainshock-aftershock seismic fragility analysis for regular bridge 

3.1 Case bridge 

In this study, the Guxigou bridge was taken as an example to analyze the seismic vulnerability 
of regular girder bridges while considering the effect of the mainshock-aftershock sequence. It is 
a three-span prestressed concrete simply supported girder bridge. Each span of the bridge is 30 m. 
The superstructure comprises four T-beams. The height of the main beam is 2 m, and the bridge 
deck width is 8 m. The capbeam section is rectangular, with a length of 8 m. There is a double-
column concrete pier with a spacing of 4.8 m, and the section is a circle with a diameter of 1.5 m. 
The thickness of the concrete cover is 0.06 m. In addition, 26 longitudinal reinforcements each 
with a diameter of 25 mm are evenly distributed on the circumference. Spiral stirrups are arranged 
along the full length of the pier, and the distance between them is 0.15 m. The foundation is a pile 
foundation with a diameter of 1.8 m, spacing of 4.8 m, and length of 20 m. According to the 
Chinese code for the seismic design of highway bridges (Ministry of Transport 2020), this bridge 
is a regular beam bridge. In this study, the numerical simulation of the bridge example in this 
section was performed using OpenSees software (Mazzoni et al. 2006). 

Force-Based
Beam-Column
Element

zeroLength
Element

Foundation spring

zeroLength
Element

RigidLink

RigidLink

Pounding
element

Elastic Beam Column Element

Pile foundation
action

Longitudinal
bridge action of
abutment back
filling

Transverse action of
wing wall

X

Z
Y

②

Pounding
element

Vertical
bearing

Bearing

Bearing

②

①

①  

Fig. 5 Finite element model of bridge 
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In particular, elastic beam column elements were adopted to model the beam, and a force-
based beam column element was used to model the substructure. The "Concrete02" material was 
selected to simulate the constitutive relationship of the concrete in the substructure. A hysteretic 
material was selected to simulate the effect of the steel reinforcement used in the substructure. In 
the finite element simulation of the abutment, a hyperbolic gap material was selected to simulate 
the constraining effect of the passive earth pressure produced by the backfill after pounding on the 
longitudinal displacement of the abutment. Moreover, a hysteretic material was selected to 
describe the restriction of the pile foundation on the longitudinal displacement of the abutment. 
Rigid arm and zero-length elements were used to connect the abutment and main beam as a whole 
to adequately describe the stiffness of the abutment. A bilinear model was selected for the 
simulation of the plate rubber bearing (Ye et al. 2001). 

3.2 Damage model 

In general, to quantify structural damage according to the different damage mechanisms of 
bridge structures under earthquakes, scholars have established damage models based on specific 
performance indexes of bridge structures during earthquakes, including single-parameter and 
double-parameter types. A double-parameter model uses a deformation-energy-related composite 
index to describe the damage to the structure. Because it can comprehensively reflect the combined 
effect of cyclic loading and the damage caused by large displacements, the double-parameter 
damage model has additional advantages when considering the effects of seismic sequences. The 
commonly used double-parameter models mainly include the Park Ang damage model (Park et al. 
1985), Kunnath damage model (Kunnath et al. 1990), and Kumar model (Kumar and Usami 1996). 
Kunnath (Kunnath et al. 1990) used a yield curvature to modify the displacement term. In this 
study, the Kunnath damage model was selected, and its specific model formula is shown in Eq. 
(12). 

 
yy

m y

u y

E
D β

φ φ
φ Mφ φ







 (12)  

In the above, the first term represents the deformation contribution; the second term 
represents the hysteretic energy contribution; m

φ  is the curvature limit under the loading of the 
ground motion; u

φ is the ultimate failure curvature under monotonic loading; and y
φ  is the yield 

curvature. y
M  denotes the yield moment, and reflects the contribution of the hysteretic energy 

consumption to the damage index. The value generally depends on the size, reinforcement, and 
axial force of the component, and can be calculated as follows: 

 0( 0 447 0 073 0 24 0 314 ) 0 7 wρ
t

β . . l / d . n . ρ .       (13) 
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Here, w
ρ represents the stirrup ratio of the component volume; l / d is the shear-span ratio; 

0n  represents the axial-compression ratio of the component; and t
ρ  represents the longitudinal 

reinforcement ratio of the member. According to the information of the bridge, XTRACT is used 
to conduct the moment-curvature analysis of the pier section (Chadwell and Imbsen 2004), where 

2 20E 03
y
φ .  , 2 07E 02

u
φ .  , =3.44E+06N m

y
M  , and 1.40E 01   . 

Based on the Kunnath damage model, Stone and Taylor (Stone and Taylor 1993) proposed a 
four-level performance classification model based on a large amount of experimental data for 
circular section piers, as shown in the table below. 

Table 1 Kunnath four-level performance classification model 
Performance 

Level Damage Index Damage State DS  

Level I 0.11DI   Intact 1 

Level II 0.11 0.4DI   Repairable 2 

Level III 0.4 0.77DI   Unrepairable 3 

Level IV 0.77DI   Collapse 4 

3.3 Double-multiple stripe analysis (MSA) 

Next, 61 mainshock and aftershock records were selected from the Pacific Earthquake 
Engineering Research Center-Next Generation Attenuation database, and the records were 
modified and truncated to ensure the accuracy of the calculations while reducing the amount of 
calculations required. The mainshock and aftershock were connected in series, and a free vibration 
interval of 20 s was inserted between them. 

To obtain sufficient mainshock and aftershock response samples, Zhang et al. (Zhang et al. 
2020) identified an appropriate overall equal scale for real mainshock and aftershock sequences. 
Wen et al. (Wen et al. 2017) limited the scaled intensity of a mainshock to within the scope of a 
bridge collapse, and scaled the corresponding aftershocks according to the intensity ratio

/
AS MS

IM IM . In this study, the 61 selected mainshocks and aftershocks were used for a double 
MSA. First, each mainshock was scaled to generate a series of ground motions with increasing 
strength as the input for the finite element analysis. The structural response under each level of 
ground motion intensity was obtained through a nonlinear dynamic time history analysis. Second, 
scaled aftershocks with different intensities were applied to the damaged bridge structure after the 
mainshock to obtain the sequence response samples of the structure. The specific double-MSA 
scheme was as follows. 

The intensity of the mainshock was set from 0.1 g to 1.3 g in steps of 0.1 g. The ratio 
/

AS MS
Sa Sa  was set as 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 1.0, respectively. The intensity of 
the aftershock was determined according to the ratio. The number of samples was 

13 8 634461   . 
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3.4 Mainshock seismic fragility analysis 

The fundamental period of the bridge was 0.89 s. The spectral acceleration at the fundamental 
period was selected as the ground motion intensity index. A lognormal distribution was used to fit 
the seismic fragility curves. 

 
ln( ) ln( )

( | ) MS MS
MS MS

MS

IM
P LS j IM im




 
     

 
 (14) 

Here, MS
LS  denotes the post-mainshock limit state; MS

IM denotes the mainshock ground 
motion intensity; MS

   and MS
   denote the median and logarithmic standard deviation, 

respectively. 
After obtaining the samples, a method based on an engineering demand parameter (EDP) 

criterion was used to estimate the two parameters of the above seismic vulnerability function. 

 
1

( | )
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j

MS c MS
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 (15) 

In the above, MS
DI is the damage index of the structure after the mainshock, c

DI  represents 
a limit state value based on the Kunnath damage model, and 

j
F is the limit state function. N is 

the total number of response samples corresponding to the same seismic intensity level. According 
to the seismic response results from the MSA for a single mainshock, the frequency values of the 
intact structure beyond the limit value of each damage state can be obtained for different intensities 
of mainshock ground motions. In this study, the statistical parameters of the seismic vulnerability 
function were obtained based on the least square method. 

Table 2 Bridge fragility function parameters 

Repairable Unrepairable Collapse 

Median 
Logarithmic standard  

deviation 
Median 

Logarithmic standard  
deviation 

Median 
Logarithmic standard  

deviation 

0.880 0.255 1.073 0.270 1.229 0.255 

As shown in the table, the median value of the ground motion intensity corresponding to the 
three damage states increases with the aggravation of the damage state, indicating that an intact 
structure needs a greater ground motion intensity to transition to a more serious damage state with 
the same exceedance probability. The corresponding mainshock vulnerability curve can directly 
show the conditional damage exceedance probability of the bridge structure. 
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Fig. 6 Mainshock fragility curve for intact bridge 

As shown in the figure, the exceedance probability increases with the increase in the abscissa, 
and gradually approaches from ( ) 0

MS c
P DI DI   to ( ) 1

MS c
P DI DI  . This shows that the 

greater the mainshock intensity, the more prone the structure is to damage transition, and the more 
dangerous the structure. In addition, the vulnerability curve of the low-damage state is always on 
the left side of the vulnerability curve corresponding to the high damage state, indicating that an 
intact structure needs a greater ground motion intensity to transition to a more serious damage state 
with the same exceedance probability. 

3.5 Aftershock fragility analysis 

The research object for the aftershock vulnerability is the damaged bridge structure. 
Compared with an intact bridge structure, it is more likely to suffer further damage when subjected 
to the same earthquake intensity. Therefore, it is necessary to establish a corresponding aftershock 
vulnerability model for a damaged structure. The vulnerability function of the damaged structure 
is assumed to satisfy a lognormal distribution, as shown in Eq. (16). 

 
ln( ) ln( )

( | , ) AS AS
AS AS MS

AS

IM
P LS j IM im DS i




 
      

 
 (16) 

Here, AS
LS   represents the final damage state of the bridge structure after the successive 

actions of the mainshock and aftershock, AS
IM  represents the aftershock ground motion intensity, 

and MS
DS represents the damage state of the structure after the action of the mainshock. AS

  and 

AS
 represent the aftershock seismic vulnerability function parameters. The vulnerability model 
parameters in the formula are calculated based on the EDP criterion method, and the probability 
of the damaged bridge structure reaching or exceeding the limit state under a specific ground 
motion is calculated according to Eq. (17). 
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In the above, 
seq

DI  denotes the damage index of the bridge subjected to the mainshock and 
aftershock. 

The aftershock vulnerability can be analyzed as follows: a) according to the MSA results of 
the mainshock, the bridge damage samples are classified into three categories according to their 
post-mainshock damage state: no damage, repairable damage, and unrepairable damage; b) 
according to the response results of Double-MSA, the frequency point for the bridge reaching or 
exceeding a higher damage state under different relative strengths of the mainshock and aftershock 
are obtained, and c) the statistical parameters of the lognormal distribution function of the seismic 
vulnerability corresponding to the different transition paths are estimated by the least squares 
method. 

Table 3 Aftershock fragility function parameters 

Damage 
state 

Repairable Unrepairable Collapse 

Median 
Logarithmic 

standard  
deviation 

Median 
Logarithmic 

standard  
deviation 

Media
n 

Logarithmic 
standard  
deviation 

Intact 0.388 0.867 0.742 0.596 0.978 0.573 

Repairable - - 0.075 2.156 0.423 1.568 

Unrepairab
le 

- - - - 0.134 2.198 

As it is assumed that the bridge structure can only transition from a lower damage state to a 
higher damage state, the probabilities corresponding to the transition from the high-damage state 
to the low-damage state are zero. In the same row, corresponding to the same damage state after 
the mainshock, the more serious the damage state after the aftershock, the larger the median value 
of the required ground motion intensity. This shows that the structure needs a higher aftershock 
intensity to transition from the damage state after the mainshock to the more serious damage state 
after the aftershock with the same probability. In the same column, with the damage state after the 
aftershock fixed, the lower the damage state after the mainshock, the larger the median value of 
the ground motion intensity. This means that it is easier for a more seriously damaged bridge to 
transition to a highly damaged state. The results show that the median value of the aftershock 
strength for the repairable structure after the mainshock is 57% less than that for the intact structure 
after the mainshock, and 86% less than that for an unrepairable structure after the mainshock. 

The aftershock vulnerability curves of the damaged bridges are shown in Fig. 7. The three 
figures correspond to the three different structural damage states after the mainshock. It can be 
seen that the curve increases monotonously with the increase in the abscissa, and that the 
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exceedance probability changes from 0 to 1; this reveals that the greater the aftershock intensity, 
the more likely the structure is to be further damaged. 
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 (a) Intact bridge (b) Repairable bridge (c) Unrepairable bridge 

Fig. 7 Aftershock fragility curves for bridges in different post-mainshock damage states 

When keeping the damage state after the mainshock fixed, the vulnerability curve 
corresponding to the lower damage state after the aftershock is always on the left side of the 
vulnerability curve corresponding to the higher damage state after the aftershock. For example, 
when the exceedance probability is 50%, the aftershock intensities corresponding to the 
unrepairable damage and collapse damage states are 0.742 g and 0.978 g, respectively, increasing 
by 31.8%. This means that a damaged structure needs a higher-intensity aftershock to transition 
with the same exceedance probability. Comparing the three figures, it can be found that when the 
damage state after the aftershock is fixed, the more serious the damage after the mainshock, the 
more vulnerable the structure is to damage transition after the aftershock. This verifies that the 
initial damage after the mainshock has an adverse effect on the structure's further operation. 

4 Seismic risk analysis for regular bridge considering the effect of the 

mainshock-aftershock sequence 

4.1 Post-mainshock aftershock seismic risk analysis framework 

In this study, multiple aftershocks are considered in the calculation model of the aftershock 
risk, and damage accumulation is considered in the final damage probability. This study selected 
30 days after the main earthquake as the time period for studying the aftershock earthquake risk. 
According to the assumption that the damage of a structure subjected to an earthquake is only 
related to the current aftershock intensity and the damage state immediately before this aftershock, 
and has nothing to do with the damage history (Shokrabadi and Burton 2018; Kumitani and Takada 
2009), this study used a non-homogeneous Markov process to simulate the damage of the bridge 
structure. Therefore, it was necessary to segment the aftershock seismic risk study period with a 
fixed small time step to ensure that the probability of an aftershock occurring more than once in 
each small time window could be ignored. 
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The calculation steps for the aftershock seismic risk are as follows: a) Bayesian updating of 
the seismicity parameters is conducted to obtain the updated parameters for the seismicity; b) based 
on the updated parameters and known mainshock information, the aftershock seismic hazard 
analysis is conducted, and the aftershock intensity exceedance rate function in each time window 
is obtained; c) the vulnerability curves of the whole bridge structure and the damaged bridge 
structure are obtained; d) a damage transfer probability matrix is constructed for each time window 
by convolving the aftershock vulnerability function and the aftershock seismic hazard function of 
the damaged bridge structure; and e) the probability vector of the initial damage state as determined 
by the assumed initial damage state after the mainshock is multiplied by the transition probability 
matrix before the studied time, so as to obtain the time-varying function of the aftershock damage 
probability corresponding to the initial damage state after different mainshocks. 

The convolution in step d is performed according to Eq. (18). 

 , , , 1 , 0
[ ( ( ) ( ))]d ( )s AS AS AS

i j i j i j IM sP im P im im 


    (18) 

In the above, s  represents the serial number of the time window; , ( )AS

i jP im  represents the 
conditional damage exceedance probability function; , ( )AS

IM s im  indicates the aftershock intensity 
exceedance rate of in the time window s  ; and the damage transition rate ,

s

i j   is obtained by 
integrating the product of the conditional damage transition probability and the aftershock intensity 
exceedance rate on all possible intensities. 

Based on the assumption that the damage state transition of the bridge structure satisfies the 
Poisson model, the probability of one occurrence of a damage state transition can be calculated. 
The probability of the damage state transition is calculated according to Eq. (19), with the 
occurrence rate of the damage state transition as the rate of the Poisson distribution. 

 , , ,exp( )s s s

i j i j i j     (19) 

Here, ,
s

i j  represents the probability of the damage transition in the time window s . The 
obtained damage transition probability is placed in the corresponding position of the damage 
transition matrix according to the subscript to construct the damage transition probability matrix, 
as shown in Eq. (20). 
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In the above, m  represents the total number of damage states, and s
M  represents the bridge 

structure damage transition matrix in the time window s  . The damage to a structure without 
reinforcement or repair is irreversible, and the bridge structure can only transition from a low-
damage state to a high-damage state or maintain the original damage state. Therefore, the diagonal 
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elements and upper triangle position elements of the damage transition matrix are all non-zero 
values, whereas the lower triangle position elements are all zero. Because the damage state of the 
structure corresponding to the diagonal elements in each row does not transition, and the damage 
state transition paths corresponding to other positions in the same row are independent and 
complementary, the diagonal elements can be calculated directly from the known non-diagonal 
elements in the same row. According to Eq. (20), the s

n damage transition matrices before the 
research time t   are obtained, and the complex aftershock damage transition matrix s

t
M  is 

obtained using Eq. (21). 
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  (21) 

Here, t  represents the research time, and s
n  denotes the number of time windows before t . 

The damage transition matrices in each time window are independent of each other. The structure 
is not repaired during the seismic risk study period. The complex aftershock damage transition 
matrix is obtained by multiplying several damage transition matrices in time order. 

The goal of step (5) is to obtain the time-varying probability of the bridge structure in each 
damage state. This can be calculated as follow: 

 0 0 0 0
1 2 1 2 0
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In the above, 0
k

P  represents the probability that the structure is in the k damage state at 
time zero. In an actual engineering application process, the value is determined according to the 
actual damage after the mainshock. For example, if the structure is in damage state 2 after the 
mainshock, the vector is shown as 0 1[0,1,0 ,0]

m
d  L  . sn

k
P  represents the probability that the 

structure is in the k damaged state after the mainshock and subsequent aftershocks. 

4.2 Pre-mainshock mainshock-aftershock risk analysis framework 

The pre-mainshock mainshock-aftershock risk analysis was performed according to the 
occurrence of the mainshock. The seismic performance of the bridge structure over its entire life 
cycle was evaluated by comprehensively considering the impact of the mainshock and aftershocks 
on the bridge structure at the research site. The impacts of aftershocks occurring within 30 days 
after the occurrence of the mainshock on the seismic risk of the mainshock and aftershocks were 
considered in this study. The pre-mainshock mainshock-aftershock risk analysis followed the same 
logic as the process discussed above for the post-mainshock risk evaluation. In the pre-mainshock 
mainshock-aftershock risk analysis, the specific information of the future mainshock was unknown, 
leading to an unknown initial damage state of the bridge structure after the action of the future 
mainshock. In addition, the prediction model for the aftershock seismic hazard determined that the 
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possible time, location, and magnitude of the aftershock depended on the specific situation of the 
triggering mainshock. 

In this study, the steps for obtaining the pre-mainshock mainshock-aftershock risk are as 
follows: a) the generic parameters of the research bridge site provided by the existing literature are 
used as the seismicity parameters; considering the uncertainty of the mainshock parameters, the 
mainshock-aftershock seismic hazard analysis is conducted, and the aftershock intensity exceeding 
the rate function in each time window is obtained; b) the mainshock fragility curves and aftershock 
fragility curves are obtained; c) in each time window, the damage transition matrix for each time 
window is obtained by convolving the mainshock-aftershock hazard function with the aftershock 
vulnerability function; d) the mainshock risk is obtained by convoluting the mainshock 
vulnerability function and mainshock hazard function, and is expressed by the damage probability 
vector; e) the annual mean occurrence rate of the mainshock, risk of the mainshock, and damage 
transition matrices of all time windows are multiplied to obtain the annual mean exceedance rate 
of each damage state; and f) based on the calculated annual mean occurrence rate, the time-varying 
damage probability of the mainshock and aftershock in the whole life cycle of the bridge structure 
is calculated. 

The damage state probability in step d can be calculated using Eq. (23). 

 | 1|0
( ( ) ( )) ( )dMS MS MS

j j IM j IM MSP P im P im f im im


   (23) 

Here, | ( )MS

j IMP im  is the conditional damage exceeding the probability of the bridge structure 
under the action of the mainshock. ( )

MS
f im  represents the probability density function of the 

mainshock intensity. MS

jP  represents the probability that the bridge structure reaches the damage 
state j under the action of the mainshock, and is obtained according to the integral of the product 
of the mainshock vulnerability curve and mainshock seismic hazard curve. 

 0 1 2[ , , , , , ]MS MS MS MS MS

k m
d P P P P L L  (24) 

In the above, 0
MS

d   is the probability vector of reaching each damage state of the bridge 
structure under the action of an unknown mainshock. 

The occurrence frequency of the earthquake swarm and mainshock-aftershock damage 
probability are combined to predict the damage rate of the structure in step (5), as shown in Eq. 
(25). 
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Here, MSAS

k
   represents the annual mean occurrence rate of the structure reaching the 

damage state k  under the actions of the mainshock and aftershock. v   is the annual mean 
occurrence rate of the mainshock. s

N  represents the total number of segmented time windows 
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during the seismic risk study period. 
The annual damage probability in step (6) is calculated based on the assumption that the 

annual damage of the structure satisfies the homogeneous Poisson model, which has been used by 
many scholars (Jalayer and Ebrahimian 2017; Trevlopoulos et al. 2020) to represent the time-
varying damage of a structure. The homogeneous Poisson model assumes that the structure is 
damaged to a certain extent after one earthquake swarm (mainshock + multiple aftershocks), but 
is restored to the initial damage state before the next earthquake swarm. The damage probability 
of the structure in its life cycle is calculated as follows: 

 1 LST

LS
P e

   (26) 

In the above, LS
P  represents the damage probability of bridge structure in time window (year)

[0, ]T ; T represents the research time of the study, where the maximum value is the life cycle of 
the bridge structure (100 years); and LS

  represents the annual mean damage rate for all seismic 
scenarios. In this study, to analyze the influences of aftershock hazards on structural damage, a 
single mainshock scenario and mainshock-aftershock scenario were considered. The calculation 
process of the mainshock damage probability was similar to that of the mainshock-aftershock 
scenario. The annual mean occurrence rate of the mainshock was the same as that of the earthquake 
swarm. The structure was damaged to a certain extent after one mainshock, but the structure was 
restored to the damage state before the next mainshock. 

4.3 Post-mainshock aftershock seismic risk analysis 

In this study, the Wenchuan Mw7.9 earthquake was taken as an example to study the time-
varying damage probability of a bridge structure corresponding to three defined damage states 
within 30 days after the mainshock under the action of the subsequent aftershocks. To satisfy the 
condition that the probability of more than one aftershock occurrence in each time step could be 
ignored, this study selected 0.0005 days as the time step, and the probability of more than one 
aftershock occurring in the time window (day) 0 1[ , ] [0,0.0005]t t   as calculated based on the site 
generic parameters was ( >1) 0.015

AS
P N  , which is small. When the step was further reduced, the 

result of the trial aftershock risk remained unchanged. 

Table 4 Damage transition matrix M1 

DS  1 2 3 4 

1 9.99E-01 1.03E-03 3.30E-05 1.57E-05 

2 0 9.35E-01 5.68E-02 8.11E-03 

3 0 0 9.53E-01 4.72E-02 

4 0 0 0 1 

Table 5 Damage transition matrix M60000 

DS  1 2 3 4 
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1 1 7.28E-07 2.33E-08 1.11E-08 

2 0 1 4.26E-05 5.77E-06 

3 0 0 1 3.50E-05 

4 0 0 0 1 

By convolving the aftershock intensity exceeding the rate function and conditional damage 
probability function in each time window, the damage state transition rate of the structure was 
obtained. Then, the damage state transition probability and component damage state transition 
probability matrix were calculated. Taking the first transition probability matrix 1M and the last 
transition probability matrix 60000M as examples, the results are shown in Tables 4 and 5. It can be 
seen that the diagonal elements in the same line elements in the table are significantly larger than 
those in the non-diagonal elements. The longer the time after the mainshock, the more evident this 
law, indicating a low probability of a bridge structure transition to a high damage state in the 
aftershock environment. In addition, the diagonal element gradually approaches 1, as a result of 
the decreasing aftershock hazard with time. With the increase in time, the value of the non-diagonal 
elements decreases, and the ratio of the non-diagonal elements in 1M  to those in 60000M is more 
than 1000. 

The aftershock earthquake risk is shown in Fig. 8. The curves in the figure correspond to 
different transition paths. After the mainshock, the damaged structure maintains the original 
damage state or transitions to a highly damaged state with a certain probability. The higher the 
curve, the greater the transition probability at this time, indicating that the structure is more likely 
to transition according to this path. In addition, overall, the curve corresponding to each state 
transition path changes most rapidly at earlier times. This is because the occurrence rate of the 
aftershock is large just after the occurrence of the mainshock, and the high-frequency aftershocks 
cause a rapid change in the bridge damage probability. With the decrease in the occurrence rate of 
the aftershocks, the transition probability varying speed gradually decreases. 
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 (a) Intact bridge after mainshock (b) Repairable bridge after mainshock (c) Repairable bridge after mainshock 

Fig. 8 Damage probability 

From observing the curves of the different types of transition paths in the figure, it can be 
seen that the initial probability value of the bridge remains in the original damage state after the 

( | )
AS MS

P DS i DS i   is 1, and decreases with an increase in time. This indicates that in the 
aftershock environment, the possibility of the bridge structure being in the original state decreases, 
and the possibility of further damage increases. The more serious the damage state is after the 
mainshock, the more difficult it is for the structure to remain in its original state. 

The collapse probability after the aftershock changes monotonically from the zero point. 
Immediately after the mainshock, the probability is in a short rapid rise, but the rising speed 
gradually slows down. It can be seen from the figure that with the aggravation of the damage state 
after the mainshock, the collapse probability of the bridge structure also increases. The difference 
in the collapse probability of the structure 30 days after the mainshock is the most evident. The 
collapse probability corresponding to the intact damage state after the mainshock is 0.245042, the 
corresponding collapse probability of repairable damage is 0.99998, and the corresponding 
collapse probability of unrepairable damage is 0.999999. The collapse probability of the structure 
in the repairable damage state after the mainshock is four times that of the structure in the intact 
damage state after the mainshock. The collapse probability of the structure in the unrepairable 
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damage state after the mainshock is greater than that of the former two paths. Because the collapse 
state is the final damage state, there is no "turn out" path. Therefore, when the damage state after 
the aftershock is "collapse," regardless of the damage state after the mainshock, the corresponding 
damage state transfer probability always increases. When the damage state after the mainshock is 
aggravated, the probability of collapse of the damaged bridge structure is greater. It also shows 
that the more serious the damage, the more dangerous the bridge structure is in the aftershock 
environment. 

4.4 Pre-mainshock mainshock-aftershock seismic risk analysis 

According to the generic parameters of the aftershocks in Wenchuan, the process of the 
mainshock-aftershock risk analysis in Section 4.2 can be conducted. The annual mean occurrence 
rate of the Longmenshan Central Fault, with a lower limit of magnitude of 4.0, is 4.76. According 
to the magnitude-frequency relationship, the annual mean occurrence rate of the lower limit of 
magnitude 5.0 is 0.89. Finally, the annual mean damage rates of the mainshock and mainshock-
aftershock can be obtained, as shown in Table 6. Because the intact structure is not damaged, the 
mainshock-aftershock probability of reaching an intact damage state is not considered here. 

Table 6 Annual mean damage rate for mainshock scenario and mainshock-aftershock scenario ( -610 ) 
DS  Repairable Unrepairable Collapse 

Mainshock scenario 7.34 2.83 2.26 

Mainshock-aftershock scenario 8.12 2.85 2.27 

Increased percentage 10.63% 0.71% 0.44% 

It can be seen from the table that the seismic risk considering the effects of the mainshock 
and aftershock is greater than that from considering the mainshock only, verifying that aftershocks 
cannot be ignored in the damage probability prediction. However, the corresponding increase in 
the percentage of repairable damage is 10.63%, whereas those of unrepairable damage and 
collapse are 0.71% and 0.44%, respectively. This is because, on the one hand, this bridge is 
relatively safe, and the bridge structure is not easily seriously damaged at low aftershock hazards. 
Nevertheless, considering the uncertainty in the magnitude of the mainshock, a large-magnitude 
mainshock leads to a high aftershock hazard. However, the occurrence probability of such a large-
magnitude mainshock is low. While the occurrence probability of a small-magnitude mainshock 
is high, the triggered aftershock hazard is low. As a result, the mainshock-aftershock hazard is 
relatively low. The time-varying damage transition probability before the earthquake can be 
calculated based on Eq. (33), as shown in Fig. 9. 



 

 25 

0 20 40 60 80 100
1E-6

1E-5

1E-4

1E-3
D

am
ag

e 
p
ro

b
ab

il
it

y

Time(years)

 A：DS
MS

=2

 B：DS
MS

=3

 C：DS
MS

=3

 D：DS
MSAS

=2

 E：DS
MSAS

=3

 F：DS
MSAS

=4

2.5E-4

2.6E-4

2.7E-4

2.8E-4

2.9E-4

90 92 94 96 98 100
2E-4

2.1E-4

2.2E-4

2.3E-4

 B

 E

D
am

ag
e 

p
ro

b
ab

il
it

y
D

am
ag

e 
p
ro

b
ab

il
it

y

Time(years)

 C

 F

 

Fig. 9 Damage probability for the bridge in the time window (years) [0, ]t  

As shown in the figure, each curve presents a monotonic increasing law, owing to the 
irreversibility of the damage state and existence of the seismic hazard. The probability value of 
each damage state in the figure is low, as a result of a low seismic hazard. However, if three types 
of damage states are compared, for both the mainshock risk and mainshock-aftershock risk, the 
probability of being in a repairable damage state is the highest. This indicates that if the bridge 
analyzed in this study has a state transition, it is easier to reach a repairable damage state in its 
service life. In addition, the pre-mainshock damage state transition probability curve considering 
aftershocks is always above the mainshock damage state transition probability curve, indicating 
that the damage state transition probability considering aftershocks is always greater than that 
considering only the mainshock. This further verifies the influence of aftershocks on bridge safety, 
and that bridge damage predictions considering aftershocks are safer. 

5 Conclusion 

In this study, for a regular girder bridge, an aftershock seismic risk analysis framework and 
mainshock-aftershock seismic risk framework considering the uncertainty of the mainshock are 
established. The process involves a mainshock-aftershock seismic hazard analysis and a 
mainshock-aftershock vulnerability analysis. 

Based on a homogeneous Poisson model and the magnitude-frequency relationship, a 
mainshock hazard analysis model is established. Based on the APSHA model and Bayesian 
aftershock parameter updating method, a rapid aftershock seismic hazard analysis model is 
established. Considering the uncertainty regarding the occurrences of the mainshock and 
aftershock, the seismic hazard analysis model for the mainshock and aftershock is established by 
combining the PSHA and APSHA. Then, the occurrence rate functions of the ground motion 
intensity in three earthquake scenarios are produced. It can be found that the occurrence rate of 
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aftershocks is higher than that of the mainshock just after the mainshock; this indicates the 
necessity of studying the influence(s) of aftershocks on the structure. In addition, the occurrence 
rate of aftershocks decreases monotonously with time, and the decrease speed gradually decreases. 

Based on the Kunnath damage model, a mainshock vulnerability model and aftershock 
vulnerability model are established for bridges. Aftershocks can aggravate the structural damage 
caused by a mainshock, and even lead to collapse. This proves that aftershock effects should not 
be ignored during earthquake disaster assessments. The mainshock causes structural damage to a 
certain extent, and the initial damage after the mainshock is not conducive to the bridge structure 
bearing the aftershock load. When the damage state after the aftershock is fixed, the more serious 
the initial damage state after the mainshock, the more prone the bridge structure is to a damage 
state transition under the same aftershock strength, and the bridge structure becomes more 
dangerous. 

The 30-day time-varying damage probability is calculated for a bridge structure subjected to 
aftershocks occurring after the mainshock, and the influence of the initial damage state on the 
aftershock risk is verified. It is concluded that in the same aftershock environment, with the 
aggravation of the initial damage state, the possibility of maintaining the original damage state 
decreases, whereas the possibility of reaching the collapse state increases. Thus, the initial damage 
state has an adverse effect on the seismic capacity of the bridge structure. 

A mainshock-aftershock seismic risk analysis framework is established, and the annual 
average damage rate and time-varying damage probability over the entire life cycle of a bridge 
subjected to a mainshock-aftershock sequence are calculated. Compared with the results of seismic 
risk analysis under the mainshock alone, the necessity to consider the aftershock effects during 
seismic damage predictions is verified. It can be observed that the mean annual damage rate of the 
bridge structure subjected to the mainshock-aftershock sequence is higher than that of the 
mainshock sequence alone. The value of the damage probability as predicted under the 
mainshock–aftershock condition is larger over its entire life cycle. This shows that the aftershocks 
have adverse effects on the safety of the bridge structure, and that a seismic fortification decision 
based on the damage prediction value for a mainshock-aftershock scenario is relatively safe. 
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