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Abstract

Reinforced concrete highway bridges often experience seismic events coupled with pro-
gressive deterioration due to corrosion over their lifespan. In many cases, the seismic
mainshocks are followed by significant aftershocks, causing cumulative damage that dis-
rupts normal operations and delays the restoration of bridges. Current research however
lacks detailed assessment of seismic resilience considering the effects of aftershocks and
corrosion deterioration over the lifetime of bridges. This study proposes a methodology
for evaluating the life-cycle seismic resilience of deteriorating structures under mainshock
and aftershock (MS-AS) sequences. Three multi-span reinforced concrete highway bridges
with different geometries are used as benchmarks. A suite of 80 pairs of ground motion
sequences is selected for undertaking the resilience evaluations based on the seismic sce-
narios considered. The Park-Ang damage index is adopted for the purpose of quantifying
the cumulative damage. Nonlinear dynamic analysis is used to provide detailed insights
into the mechanisms through which the aftershocks affect the cumulative damage. Based
on the results, time-dependent system fragility curves under MS-AS sequences are de-
veloped in conjunction with a cumulative damage capacity model for the bridge piers.
The seismic resilience of the bridges is subsequently assessed under ground motion se-
quences at different service times, and the effects of aftershocks and corrosion-induced
deterioration on the resilience are examined. Finally, the life-cycle seismic resilience of
the deteriorating benchmark bridges under MS-AS sequences is evaluated using the sug-
gested framework. It is shown that the influence of aftershocks on the cumulative damage
depends on a number of inter-related factors, including the relative mainshock-aftershock
intensity as well as the dynamic characteristics of the bridges. The findings highlight the
merits of the proposed framework in evaluating the life-cycle seismic resilience of bridges
for different hazard scenarios and deterioration conditions.
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1 Introduction

Highway bridges are a crucial component of the transportation network, facilitating eco-
nomic exchange and social development between regions. Past notable seismic events
worldwide have shown that earthquakes typically occur in sequences, whereby a main-
shock (MS) is generally followed by aftershocks (AS) (Goda 2012; Di Sarno 2013; Li et al.
2014; Raghunandan et al. 2015; Yu et al. 2021). Numerous post-earthquake reconnaissance
reports have indicated that bridges are highly susceptible to severe damage during ground
motion sequences (Priestley 1988; Ruiz-Garcia et al. 2008; Di Sarno et al. 2019; Ozkula
et al. 2023). For instance, several reinforced concrete (RC) piers of the 1-5/I-605 separa-
tor, a nine-span highway overpass, sustained damage during the October 1, 1987, Whittier
Narrows earthquake (M, = 5.9) and experienced further structural damage after the main
aftershock (M,, = 5.3) three days later. During the August 2016 earthquake sequence in
Central Italy (M, = 6.1), several masonry bridges located at transportation hubs suffered
severe damage to components such as the partial collapse of wing walls. Other bridges
were also heavily damaged during the February 6, 2023, Turkey earthquake sequence (M,
= 7.8). Consequently, the seismic performance of highway bridges during mainshock-after-
shock (MS-AS) sequences has attracted considerable attention from both practitioners and
researchers, prompting extensive studies on the topic.

The assessment of seismic behavior of highway bridges under MS-AS sequences pri-
marily includes deterministic (Ruiz-Garcia et al. 2008; Fakharifar et al. 2015; Shin and
Kim 2017) and probabilistic analysis methods (Alessandri et al. 2013; Jeon et al. 2016;
Omranian et al. 2018; Abdollahzadeh et al. 2021; Chen et al. 2022, 2024; Sedaghati et al.
2022), as well as experimental shake table studies (Di Sarno et al. 2017; Zhou et al. 2019).
Using deterministic approaches, Ruiz-Garcia et al. (2008) assessed the nonlinear response
of typical Mexican RC highway bridges exposed to MS-AS sequences, and found that after-
shocks could increase the lateral drift demands. Shin and Kim (2017) emphasized the sig-
nificant influence of the frequency content of aftershocks on the seismic response of bridge
piers by comparing the peak and residual displacements under spectrally-matched and
real aftershock records. Fakharifar et al. (2015) compared the performance of three types
of repair jackets on RC bridge columns damaged by a mainshock and subjected to after-
shocks, concluding that the three repair jackets can effectively improve the collapse capac-
ity of the bridge. With the development of the performance-based earthquake engineering
(PBEE) framework (J Moehle and GG Deierlein 2004), researchers have incorporated the
uncertainties of ground motions, structural parameters, and material properties to provide a
more comprehensive probabilistic assessment of the performance of highway bridges under
MS-AS sequences. For example, Alessandri et al. (2013) proposed an effective tool to expe-
dite the decision-making process for assessing the seismic risk of bridges damaged by main-
shocks, and subjected to aftershocks. Jeon et al. (2016) introduced a methodology within
the PBEE framework to develop aftershock fragilities, enhancing post-earthquake evalua-
tion of damaged bridges and ensuring the functionality of transportation networks. Chen
et al. (2022) examined the seismic fragility and direct financial losses of bridges with tall
piers under MS-AS sequences, using a vector-based intensity measure that accounts for both
mainshocks and aftershocks. Their findings suggested that completely ignoring the impact
of aftershocks could lead to underestimating the probability of failure and financial losses
for such bridges, especially in cases where strong aftershocks follow mainshocks. Chen et
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al. (2024) established a framework for MS-AS fragility analysis using an input-output Hid-
den Markov Model, providing a novel approach and insights into seismic fragility under
multiple aftershocks. Zhou et al. (2019) investigated the low-cycle fatigue performance of
transverse steel dampers (TSDs) under ground motion sequences using a 1/35-scale model
of a cable-stayed bridge in a shake table test. The test results indicated that the TSD exhibits
excellent low-cycle fatigue performance, maintaining its original performance without any
fatigue failure even under multiple strong earthquakes.

Although existing research has made progress in exploring the seismic response and risk
assessment of bridges under MS-AS sequences, previous studies primarily used the peak
response of bridge components as the engineering demand parameter (EDP). Given that MS and
AS constitute a continuous loading process, where bridge structures may undergo multiple load-
ing cycles resulting in cumulative damage, there is a need for further research on these cumula-
tive damage effects under ground motion sequences. Within the few available studies, Jung and
Andrawes (2018) evaluated the effectiveness of external shape memory alloy (SMA) spirals in
retrofitting multiple-frame bridges during strong MS-AS sequences by capturing the cumulative
damage of reinforcing bars, and concluding that SMA confinement helps reduce fatigue damage.
Ghosh et al. (2015) also proposed a framework to predict damage accumulation in structures
subjected to multiple shock scenarios by developing damage index prediction models account-
ing for the probabilistic nature of the hazard. It was shown that repeated shocks within the time
window of interest significantly increased the damage index exceedance probabilities. However,
the aforementioned studies did not delve in detail into the mechanisms by which aftershocks
contribute to the cumulative damage of bridge piers.

Beyond assessing the seismic behavior of structures, understanding their functionality
loss during disasters, and the associated post-disaster recovery costs, is essential for making
informed decisions regarding the operation, maintenance, and management of civil infra-
structure (Zhou et al.2024). To this end, resilience assessment has become a crucial tool,
attracting significant attention from the academic and engineering communities (Bruneau et
al. 2003; Bruneau and Reinhorn 2007; Cimellaro et al. 2010). Dong and Frangopol (2015)
and Gidaris et al. (2022) independently developed probabilistic methods for assessing the
seismic resilience of bridges under MS-AS sequences. However, RC bridges are subjected
to the detrimental effects of aging processes throughout their service life due to aggressive
chemical attacks, such as chlorides (Frangopol 2011; Biondini et al. 2015). This leads to
corrosion of steel reinforcement and deterioration of concrete, which in turn reduces the
capacity of the structure to withstand seismic loading and negatively impacts the resilience
of the system (Titi and Biondini 2013). Other previous studies have demonstrated that cor-
rosion-induced deterioration significantly affects the cumulative damage to highway bridges
(Panchireddi and Ghosh 2019; Otarola et al. 2022), highlighting the necessity for evaluating
the life-cycle seismic resilience of bridges from a cumulative damage perspective. How-
ever, there is currently a lack of research on the seismic resilience of deteriorating individual
bridges over their service life under MS-AS sequences.

In addition to the above considerations, since earthquakes occur randomly throughout
the service life of a bridge, it is necessary to incorporate the stochastic nature of hazard
occurrence in life-cycle resilience assessments (Li et al. 2020b). Among the limited avail-
able studies, Yang et al. (2019) introduced a renewal theory to model lifetime hazards and
proposed a general approach for the life-cycle management of civil infrastructure under nat-
ural and/or manmade hazards. On the other hand, Li et al. (2020b) developed an integrated
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framework for assessing the long-term resilience and losses of highway bridges exposed to
multiple hazards and subsequently proposed a long-term loss higher-order analysis method
based on the moment-generating function (Li et al. 2020d). However, the resilience loss due
to deterioration from aggressive environments has not been incorporated in these studies.
Moreover, existing studies have not considered the influence of aftershocks within the life-
time resilience assessment framework.

To address the aforementioned research needs, this study deals with the life-cycle seis-
mic resilience of deteriorating highway bridges subjected to mainshock and aftershock
(MS-AS) sequences. An integrated framework to quantify the long-term seismic resilience
of deteriorating structures is developed. The seismic behavior of bridges is assessed using
cumulative damage, with the Park-Ang damage index serving as the quantification metric.
Three continuous multi-span RC highway girder bridges with different geometric configura-
tions are adopted as the benchmark structures. Based on the hazard scenarios considered, 80
pairs of MS-AS sequences are selected. Nonlinear time history analyses are conducted on
the benchmark bridges. Drawing from the nonlinear dynamic analysis results, the mecha-
nisms through which aftershocks affect the cumulative damage of bridges are elucidated,
and the influence of corrosion-induced deterioration on cumulative damage is examined. By
integrating the capacity model of the structure, the time-dependent system fragility curves
are established. Finally, the proposed framework is applied to estimate the life-cycle resil-
ience of bridges under MS-AS sequences.

2 Framework for long-term seismic resilience of deteriorating
structures

2.1 Assessment of seismic resilience

Seismic resilience refers to the ability of the system to mitigate hazards, manage disaster
effects when they occur, and execute recovery efforts that minimize social disruption and
reduce the consequences of future earthquakes (Bruneau et al. 2003). Figure 1(a) illustrates
the concept of seismic resilience. As shown in the figure, once an earthquake occurs, the
functionality (Q) rapidly declines to Q,. During the recovery period (J,), various recovery
measures are implemented to restore the functionality of the system to the desired level
(0Q)). Here, 6,=t,. - 7;, where t; is the start time of recovery activities, calculated as 7,+J,. In
this equation, 7, signifies the onset of the earthquake, and J; is the time interval between the
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Fig. 1 Illustration of seismic resilience quantification: a concept of seismic resilience, b recovery func-
tions, and ¢ fragility curves used to determine resilience
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occurrence of the earthquake and the start of recovery activities, while 7, is the completion
time of the recovery process.

Based on this definition, a commonly used expression for quantitatively calculating the
resilience (R) (Frangopol and Bocchini 2011) is adopted in this study, as follows:

R= L / 1Q(T)dT €))

Th — T0 To

where 7, represents the time horizon under investigation, and Q( 7) denotes the function-
ality level of the considered infrastructure. The rapidity of the post-earthquake recovery
process of a structure is related to its damage state (DS). According to Biondini et al. (2015),
the functionality recovery profile Q(*) (1) for a given damage state k can be effectively
described by the following mathematical expression:

70

Q0=+ HE-n-0) (RN ) @me) @

where j is the indicator of the damage state, and j=1, 2, 3, and 4 correspond to slight, mod-
erate, extensive, and complete damage state, respectively. H(-) denotes the Heaviside step
function, and R/(-) represents the recovery functions. Different R(-) functions can reflect
varying speeds of recovery, corresponding to different damage states of the structure after
the earthquake. In this study, three types of R(-) functions are adopted as shown in Fig. 1(b),
and can be expressed as follows:

Rp(n)=1—e "

s 1 — cos(m
Rj(y) = L)

Rij(n) = e~

3)

where o is a shape parameter with a value of 10 (Biondini et al. 2015; Pang and Wang
2021a; Zhou et al. 2024), and = (7 — 7;) /0, € [0,1] represents the normalized time vari-
able. The negative-exponential-type function R%(s7) models recovery processes where the
majority of functionality is rapidly restored following the seismic event. It is applied to the
recovery process of a slightly damaged state. The function R}(7), a sinusoidal-type, depicts
the gradual restoration of functionality over time and applies to the moderate damage state.
Lastly, the positive-exponential-type function R’f’ () effectively models recovery processes
where functionality is primarily restored towards the end of the recovery period, applicable
to both extensive and complete damage states.

Due to the complex and stochastic nature of structural post-earthquake recovery in engi-
neering practice, uncertainties in parameters are considered during the development of the
recovery profile. Table 1 gives the probabilistic distributions of key parameters in the func-
tionality recovery profile across different damage states. Using the provided probability dis-
tributions, key parameter samples of the functionality recovery curve corresponding to the
specified damage state are obtained through 10* Monte Carlo simulations (MCS). In each
simulation, every set of sampled key parameters, combined with the recovery function R/(-)
from Eq. (3), is applied in Eq. (2) to calculate the bridge functionality Q*) (7) at specified
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Table 1 Distribution and values of random variables associated with the recovery evolution of functionality
across different damage states (Deco et al. 2013; Pang and Wang 2021a)

Key param-  Parameter distribution Damage state (DS)
eters in recov- Type Parameters No Slight Moderate Extensive Com-
ery profile damage plete
Residual Triangular Min 1.00 0.50 0.00 0.00 0.00
functional-
ity O,

Mode 1.00 075 025 0.10 0.00

Max 1.00 1.00  0.50 0.20 0.00
Idle time 9, Uniform Min - 1.00 1.00 1.00 1.00
(month)

Max - 2.00  2.00 2.00 2.00
Recovery Triangular Min - 033  0.67 2.00 2.50
duration 9, Mode - 267 367 5.17 6.25
(month) Max - 500 667 833 10.00
Target func-  Triangular Min - 1.00 1.00 1.00 1.00
tionality Q,

Mode - 1.00 1.00 1.00 1.00

Max - 1.00 1.00 1.00 1.00

time instants for a specified damage state. Ultimately, the expected functionality curve for
each damage state is generated by averaging the bridge functionality from 10* MCS at every
time instant.

The functionality of the structure under a given seismic intensity measure (/M) level,
Q(7|IM), can be estimated using Eq. (4) (Deco et al. 2013; Pang and Wang 2021a):

4
Q(r[IM) =P} (IM)-1+Y PP (IM)- QY (r) @)
k=1
where QY)( 7) is the expected functionality considering uncertainties in the recovery process
(see Eq. (2), PJQ (IM) represents the probability of remaining in the undamaged state fol-
lowing the earthquake, while P}j ) (IM) indicates the probability of being in the j damage

state (where j=1,2,3, and 4). Both probabilities can be derived from the fragility curves
depicted in Fig. 1(c). The mathematical expression for obtaining the probability of damage
(i.e., fragility) typically follows the following general form (Nielson and DesRoches 2007):

Fragility = P[D > C|IM]=P[C — D < 0|IM] (5)

where D represents the seismic demand on the structure, and C denotes the structural capac-
ity. In this study, system fragility is employed to derive functionality and resilience. It is
assumed that when any component reaches a specific damage state (Fail, ;), the system

comp—
is considered to have reached that damage state (Fail;y,), such that:

P [Failsys} =P U Failcompfi (6)

i=1
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Detailed information on developing system fragility curves can be found in previous studies
(Nielson 2005; Nielson and DesRoches 2007). Finally, substituting Eq. (4) into Eq. (1) gives
the value of R for a given /M. Repeating this process for all relevant /M levels generates
the R versus IM curve for the structure. It should be noted that the functionality recovery
model used in this procedure does not account for the specific influence of repair or ret-
rofit methods on the recovery process. If such information is available, recent approaches
(e.g. Sharma et al. 2018) can be used to integrate these factors into the seismic resilience
quantification.

2.2 Long-term seismic resilience model considering corrosion

Based on the resilience assessment method described in Sect. 2.1, and considering the ran-
domness of earthquake occurrence and structural degradation due to corrosion over the
life-cycle, this section introduces a methodology for estimating the long-term seismic resil-
ience. Figure 2 illustrates the framework for the long-term seismic resilience assessment.
This study assumes the entire lifespan of the structure (0, ] as the timeframe. For ordinary
bridges, the f,,, is basically set to 100 years (MOT 2015). Seismic events occurring within
this lifespan are denoted by the index k. The non-negative random variables {7}, T5,..., T}}
represent the times when seismic events occur. The time intervals between any two consecu-
tive seismic events are denoted by {W,, W,,..., W,}. The relationship among the aforemen-
tioned time variables gives T}, = W7 + Wy + - - - + Wy This study utilizes the stochastic
Poisson process to integrate the uncertainties associated with the occurrence and intensity of
seismic activities for long-term forecasting (Matthews 2002; Li et al. 2020d). In the Poisson
process, the total number of seismic events N(#,,,) follows a Poisson distribution. The time-
interval time ¥ follows an exponential distribution, and the probability density function of
the inter-arrival time W is given by:

fw (x) = Aexp (=Az) @)

where \ is the constant occurrence rate, and A herein denotes the annual rate of exceedance
conditioned on an /M level.

Based on the established stochastic model, the seismic resilience of the bridge, both with-
out and with the consideration of corrosion associated with each seismic occurrence, can be
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Fig.2 Schematic representation of the long-term seismic resilience assessment framework
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described by {R|, R,,..., R} and {R,, R...., R}, respectively. The reduction in resilience
due to corrosion can be defined as a series of random variables, denoted by {AR,, AR,,...,
AR,}. Consequently, for the k-th seismic event, the associated resilience considering corro-
sion can be described as.

Rep, = Ry — ARy, )

Assuming that the necessary interventions are appropriately implemented after each seismic
event to restore the functionality of the structure to its undamaged state (Deco et al. 2013;
Pang and Wang 2021a), the resilience without accounting for corrosion can be determined
using the method described in Sect. 2.1. In this context, the objective is to assess the long-
term resilience considering corrosion by cumulating the values of {R_,}. The challenge lies
in quantifying the decrease in seismic resilience {AR;, AR,,..., AR;} due to corrosion.
According to Fig. 2, the occurrence of seismic events is a stochastic process and the associ-
ated AR, is random, but the values of AR increase over time as corrosion progresses (e.g.,
AR, > AR,_,). To incorporate such time-dependent characteristics, the random AR, can be
modeled by the expected reduced resilience E[AR}], and it can be obtained by multiplying
the time interval W, and the average annual resilience reduction E[AR,] due to corrosion.
Thus Eq. (8) can be rearranged as.

Re, = Ry, — Wiy E[AR,) ©9)

Since the life-cycle for bridge ¢, is usually taken as 100 years, if E[AR,] is determined by
taking the average of the yearly reductions in resilience, the computation can be extremely
expensive and time-consuming. To simplify the computational process, instead of calculat-
ing the annual resilience decrease due to corrosion, a time interval A¢, (taken as 10 years)
is selected to assess the reduced resilience due to corrosion. It should be noted that this
simplification is for numerical simplification. If sufficient computational capability is avail-
able, Az, can be set to 1 year to compute the annual reduction. Based on the defined interval,
the number of intervals N, selected to assess resilience reduction due to corrosion can be
defined as

tint

Ne = Al (10)

For instance, with Az, =10 years, the number of intervals N, within the 100-year lifespan
is 10. For the newly defined time interval, the average annual resilience reduction E[AR,]
can be calculated through:

ARtint

E[AR,] = N A?

(11
where ARy, . is the resilience reduction due to corrosion in the final year of the service life
of the bridge. In this study, ARy, , = ARj. Additionally, the average annual resilience
reduction is denoted as ARGJU - and it is assumed to follow a probability distribution with
amean of E[AR,]. Meanwhile, the uncertainty of R, is also considered, and an appropriate
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probability distribution is assigned to it. In this context, the seismic resilience considering
corrosion R.j can be solved according to Eq. (9) by using MCS. With the m-th MCS, the

reduced seismic resilience Rykn) can be computed as
R = R — W AR, (12)

Consequently, the long-term seismic resilience (R;;) can be calculated through the m-th
MCS as.

N (ting) ™

In this study, the total number of MCS is 10°. The final long-term seismic resilience is cal-
culated as the mean of the results from these 10° MCS. Figure 3 illustrates the flowchart of
the long-term seismic resilience assessment framework.

3 Corrosion-induced deterioration modelling

Chloride-induced corrosion is a major cause of degradation in RC bridges (Cui et al. 2018;
Zhou et al. 2024). When chloride ions penetrate RC members, they reduce the cross-sec-
tional area and mechanical properties of the reinforcing steel, as well as the strength of the
concrete. This section describes the quantitative methods adopted for assessing the deterio-
ration of reinforcing steel and concrete due to chloride-induced corrosion.

3.1 Corrosion initiation

The infiltration of chloride ions into RC structures primarily occurs through the diffusion
process (Li et al. 2024). After being exposed for a certain duration, chloride ions penetrate

Derive samples of inter-arrival times

Conduct seismic hazard analysis based ,,,) (Egs. (7)), se1smlc resilience

on the earthquake rupture scenario Wlthout corroion ( Rk ) and average
and calculate the occurrence rate 4
resilience reduction (R('"m ) through MCS
Y Y
Given the /, calculate resilience with L o )
. . Calculate reduced seismic resilience
and without corrosion, R and Ry, (m)
) ) ek > samples, R 7+ (Eq.(12))
respectively, at various time 1nstants];( ¢
J J
Y Y
Calculate the average annual reduction in Calculate the long-term resilience samples
resilience due to corrosion, E[AR,] "') ") (Eq.(13) ) and determine the final
(Egs.(10) and (11))
long-term seismic resilience )

Fig. 3 Flowchart of the framework for assessing the long-term seismic resilience
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the concrete cover, compromising the passivation layer of the embedded steel, and trigger-
ing the onset of corrosion (Pinto et al. 2024). This process subsequently results in the dete-
rioration of reinforced concrete structures. One of the most critical parameters influencing
the corrosion process in reinforced concrete (RC) is determining the initial time of corro-
sion (T,;,). The commonly used probabilistic model for estimating 7,;, can be expressed as
(Engelund et al. 2000):

x? 1 C, 2
- _— - — or 14
Tznzt 4ke ch() (tg) |:6Tf (1 Cs ) :| ( )

where x is the thickness of the concrete cover; k, and k, are the environmental factor and
curing factor, respectively; D, denotes the reference diffusion coefficient, determined via
compliance testing; #, denotes the age of concrete, measured in years, at the time the compli-
ance assessment is carried out; # represents the age exponent that accounts for densification
of the cement paste resulting from ongoing hydration; erf'(-) is the Gaussian error function;
C,, refers to the chloride concentration threshold when corrosion initiates, and C; signifies
the equilibrium concentration of chloride present on the exposed surface of the concrete,
and can be calculated through:

Cs = Acs (’U}/b) + €es (15)

where 4 is the regression parameter for chloride content at the surface, ¢, is the error term,
and w/b denotes the water-binder ratio. The probability distributions of parameters estimat-
ing the initial time of corrosion (7},;,) are listed in Table 2.

3.2 Deterioration model for reinforcing steel

Once corrosion starts in the reinforcement, the corrosion rate becomes the primary factor
determining the speed of its propagation. The corrosion rate (r,,,(?,), in mm/year, after 7,

corr

years of corrosion can be empirically expressed as (Vu and Stewart 2000):

Table2 Probabilistic distribution  parameter Unit Distribution Mean  Standard Refer-
of parameters for calculating the deviation ences
corrosion initiation time D, mm¥  Normal 473.00 4320  (Pintoct
(w/c=0.5) year al. 2024)
C, mass %  Normal 0.50  0.10 (Pinto et
(w/c=0.5) of binder al. 2024)
A mass %  Normal 7.76 1.36 (Pinto et
of binder al. 2024)
[ mass %  Normal 0.00 1.11 (Pinto et
of binder al. 2024)
k, / Normal 1.00  0.30 (Cui et
al. 2018)
k. / Normal 0.80  0.10 (Cui et
al. 2018)
n / Beta 0.25 0.05 (Cui et
w/c is the water-to-cement ratio al. 2018)
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Teorr (tp) = 0.0116 X icopr (tp) (16)

where i, (,) refers to the corrosion rate in pA/cm? and can be calculated through:

corr

icorr (tp) = 0.856 copr oty 2 (17)

where i, ( represents the corrosion rate once the corrosion starts propagating, and is given
by:

8(1 — —1.64
7:607'7',0 = 37 8( ;U/C) (18)

The deterioration process in reinforcing steel can be categorized into two forms: uniform
corrosion and pitting corrosion (Du et al. 2005a; Kashani et al. 2014; Ghosh and Sood 2016;
Cui et al. 2018; Shekhar et al. 2018; Li et al. 2020a; Pinto et al. 2024). A schematic diagram
illustrating different types of corrosion mechanisms of reinforcement is shown in Fig. 4.
More detailed descriptions of the two corrosion models are provided below.

In the case of uniform corrosion, it is assumed that the reduction in cross-sectional area
of the reinforcing steel is consistent along its circumference and length following the onset
of corrosion (see Fig. 4b). The residual cross-sectional area of the steel rebar under uniform
corrosion, 4,(f), can be calculated using the following relationship:

2
t
7[do =2 [, Teorr () dty (19)
4

Ay (t) =

where t=T; + 1, is the service time, and d, is the diameter of the pristine rebar.
In addition to the uniform area loss observed in steel rebars, the issue is further worsened
by localized corrosion at various points along the rebars. This leads to the creation of deep

dy=2 .., (1,)d,

e

d | d, —2]}" r(t,)at,
—
/ (b) \ p({

4;

]

o
(@) \ / @
App(D)
(©)

Fig.4 Schematic diagram of combined corrosion mechanisms for reinforcing steel: a uncorroded rebar, b
uniform corrosion, ¢ pitting corrosion, and d combined uniform and pitting corrosion
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pits, a phenomenon also referred to as pitting sectional area loss. This study employs the
commonly-used hemispherical pit formation method to determine the residual steel area
(denoted as 4,(?), see Fig. 4d) (Ghosh and Sood 2016; Broomfield 2023). The mathematical
expression for 4,(?) is given in Eq. (20).

Ap (t) = |:1 — C;l(;;):| [Au (t) — Ao] +App (t) (20)

where 4, is the area of the pristine rebar, a(f) and 4,p(f) represent the width of the pit and
residual area, respectively, without considering uniform section loss, as depicted in Fig. 4c,
and can be calculated through:

2
() =201~ (42) e
f Apg— Ay —Ayforp(t) < L

ADP (t) - { Al - A2 for d() v (22)

where the pit depth p(), and areas 4, and 4, can be represented as:

plt) = R /T Feore bty 23)
A1 =05 [91(0.5d0)2 —a(t) ’0.5d0 - pgoy] ;01 = 2arcsin [aa(lz)} 24)
Ay =05 {92(}?(15))2 —a®)® SO) } ;0 = 2arcsin {;p((tg)] 5)

where R is the pitting factor, representing the ratio of maximum pit depth to average depth
under uniform corrosion. In this study, R is assumed to follow the Extreme Value Type |
Gumbel distribution with parameters x,=>5.56 and a,=1.16, respectively (Stewart and Al-
Harthy 2008; Pinto et al. 2024).

Besides diminishing the cross-sectional area of the steel, pitting has been shown in pre-
vious studies to also reduce the yield strength and ultimate strength of the steel (Du et al.
2005a, b). The reduced yield strength and ultimate strength, represented as f,(¢) and f,(?)
respectively, can be determined using Eqgs. (26) and (27).

fy (t) = [1 - 0-005Qcorr (t)] fy (O) (26)
fu (t) = [1 = 0.005Qcorr (t)] fu (0) 27

@ Springer



Bulletin of Earthquake Engineering (2025) 23:2137-2169 2149

where f;, (0) is the yield strength of uncorroded rebars, f, (0) is the ultimate strength of the
uncorroded rebars, Q,,,,. denotes the percentage area loss of reinforcing steel induced by
corrosion at time ¢ (Panchireddi and Ghosh 2019), and can be calculated as:

Qe (1) = 2= 2210 ® 100 (28)

where A4, () represents the time-varying residual cross-sectional area of reinforcement
resulting from corrosion. Similarly, the corrosion also leads to a reduction in the elastic
modulus of the steel reinforcement (Pinto et al. 2024). The reduced elastic modulus at time
tis given by Eq. (29):

Es(t) =[1-0.01" Qeorr (t)] Eso (29)

where E refers to the elastic modulus of the pristine rebars. Additionally, due to the influ-
ence of corrosion, the volumetric stirrup ratio (p, (f)) of RC members will also change over
time. The consideration of corrosion in stirrups is related to the deterioration model of lon-
gitudinal reinforcement, and the relationship between p; (f) and Q,,,, is as follows (Firouzi
et al. 2020):

ps (t) = [1 = 0.3113 - Qcorr ()] pso (30)
where p,, is the pristine volumetric stirrup ratio, and is given by (Mander et al. 1988) in
Eq. 31)

= 4w 31
Ps0 = d.s (€2

where 4, denotes the cross-sectional area of the stirrups, and d, represents the diameter of
spiral between bar centers, and s is the center-to-center spacing of the stirrups.

3.3 Deterioration model for concrete

The expansive force caused by the rust products of the rebars leads to the formation of
micro-cracks in the cover concrete. This subsequently results in secondary effects such as
a reduction in strength for both the cover and core concrete, as well as the decreased com-
pressive strain and ultimate strain of the core concrete (Otarola et al. 2022; Pinto et al.
2024; Zhou et al. 2024). The loss of cover concrete strength can be considered using models
proposed in previous studies (Coronelli and Gambarova 2004; Rao et al. 2017), as follows:

fe(0)
fet) = —== (32)
*(t)
1 Tk Ecv
where f! (0) denotes the compressive strength of the cover concrete in uncorroded RC
bridge piers, « is a coefficient influenced by the diameter and surface texture of the reinforc-

ing bar and is assumed to be 0.1 for ribbed bars of medium diameter, ¢, is the concrete com-
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. . / * . .
pressive strain at the stress f (0), and ¢ (t) represents the mean tensile strain across the
transverse direction that initiates microcracking as a consequence of corrosion, as defined
in Eq. (33):

NparsWer (t)

e (t) = D.

(33)

where n,,, denotes the number of reinforcing bars in the cross-section of the bridge pier, D,
represents the diameter of the cross-section, and w,,(?) signifies the cumulative crack width
associated with a specific level of corrosion, which can be determined through Eq. (34) as
suggested by Molina et al. (1993):

Wer = 4T (Vrs - 1) Trs (34)

where v, represents the volumetric expansion ratio of rust products relative to the volume
of the uncorroded steel rebar, which is assumed to be 2 according to Molina et al. (1993),
r,, indicates the extent of corrosion penetration, which is equal to the reduction in the radius
of the bar.

Due to the corrosion of stirrups, the compressive strength of the core concrete will
decrease. The reduced compressive strength ( f/, (t)) of the degraded confined concrete is
considered in this study based on the theoretical stress-strain model proposed by Mander et
al. (1988), as follows:

/ _ gt 7.94f (t) _ fi (t) _
fre @)= f. (0) <2.254 1+ 77(0) 2f£ 0) 1.254) (35)

where f; () represents the time-varying lateral confining pressure exerted on concrete and
can be obtained from:

Fi(6) = Skens (0) () (36)

where k, is the confinement effectiveness coefficient and can be determined for circular
hoops using the following equation:

L, 2
1 =
)

where s’ signifies the clear vertical spacing between the hoops, and p_.(?) is the ratio of the
area of longitudinal reinforcement to the area of the core.

Additionally, the time-dependent strain at maximum strength ( e.. (¢)) and the crushing
strength (., (t)) of the core concrete can be obtained as per Mander et al. (1988) through
Egs. (38) and (39), respectively.
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0= (15[ 50 1] o

(39

Ecu () = 0.004 + 1.4 [P(t)/fu(t)fu}

e (1)

where eg,, represents the strain corresponding to the peak strength of the stirrups. The dete-
rioration model used in this study has been widely employed in previous research (e.g.
Ghosh and Padgett 2010; Ghosh and Sood 2016; Shekhar et al. 2018; Panchireddi and
Ghosh 2019; Pinto et al. 2024) for life-cycle vulnerability assessment of corroded bridges.
Future research also needs to account for other specific effects, such as the influence on
ductility, low-cycle fatigue, and compression buckling, into the modeling of corroded rein-
forcing bars (Kashani 2024; Kashani et al. 2024), in order to capture more accurately the
cumulative damage in corroded bridges.

4 Structural configurations and numerical models
4.1 Details of benchmark bridges

Three four-equal-span RC continuous highway girder bridges, with different span lengths
and pier heights, are selected as benchmark bridges in this study. Figure 5 depicts the geo-
metric configuration of the three bridges, with span lengths of 20 m, 30 m, and 40 m. The
deck consists of a single-box single-cell section, with a width of 8.5 m and a depth of 1.9 m.
The deck is supported at both external far ends by two piers with a diameter of 1.2 m (i.e. P1,
P2 and P6, P7 in Fig. 5), while the interior spans rest on single-column piers with a diameter
of 1.5 m (P3, P4, P5). The deck is connected to each pier using spherical steel bearings.
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Fig.5 Geometric configuration of the selected benchmark bridges
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Unidirectional sliding bearings (B1 and B6 in Fig. 5) are installed on Piers P1 and P6,
bi-directional sliding bearings (B2, B3, BS, and B7) are placed on Piers P2, P3, P5, and P7,
and fixed bearings are used to connect the deck to the middle pier. The piers are built on a
5.6 m X 4.4 m pile caps. The cap for double-column piers is supported by 3 % 3 pile groups,
while the cap for single-column piers rests on 4 x4 pile groups. Each pile has a diameter
of 0.6 m. The deck is constructed from concrete with an axial compressive strength of 32.4
MPa (MOT 2018). The piers are built using concrete that has an axial compressive strength
0f 26.8 MPa, reinforced with 25 mm-diameter longitudinal bars (yield strength of 400 MPa)
and 16 mm-diameter stirrups placed at 0.1 m vertical intervals. The foundations are com-
posed of concrete with a compressive strength of 23.4 MPa.

4.2 Finite element modeling

The finite element models of the benchmark bridges are constructed using the nonlinear
analysis platform OpenSees (McKenna 2011), as illustrated by the overview in Fig. 6. The
deck is modeled using elastic beam-column elements, with the sectional properties of the
box-girder assigned to these elements. The total mass of the deck is distributed at each node,
with the translational masses at each node calculated based on the sectional properties and
element length. The spherical steel bearings are modeled using zero-length elements. For
the sliding bearings, the horizontal force-displacement relationship is simulated using an
elastic-perfectly plastic material object. The initial stiffness (k,) of the bearings is calculated
using the relationship k,=u F/d,, where u is the coefficient of friction, taken as 0.02 (MOT
2020), F,, is the vertical reaction force, and dy is the sliding-initiated displacement, taken as
0.003 m. The vertical constitutive relationship of the bearings is modeled using an elastic
uniaxial material object. Given that the vertical displacement of the bearings is minimal, a
large value is assigned to the vertical stiffness (k,). For the fixed bearings, an elastic uni-
axial material object is used for modeling. A stiffness of 1x10® kN/m (Feng et al. 2024)
is assigned to each translational direction (i.e., &, and k,), ensuring minimal displacement
under seismic loads. The modeling approaches used for the bridge piers are similar to those
adopted in previous studies (Pinto et al. 2024; Zhou et al. 2024), which have been validated
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Fig. 6 Finite element model of the benchmark bridges

@ Springer



Bulletin of Earthquake Engineering (2025) 23:2137-2169 2153

against experimental tests or in-situ data. The piers are simulated using nonlinear beam-
column elements with fiber sections. Within the fiber sections, the stress-strain relationship
of the reinforcement is modeled using the Steel()2 material (Filippou et al. 1983), while the
constitutive relationships for the cover and core concrete is defined using the Concrete04
material (Mander et al. 1988). The pile cap is simulated using elastic beam-column ele-
ments. The translational nodal masses are determined based on the sectional properties and
element length and lumped at their respective nodes. Soil-structure interaction is not consid-
ered herein, hence the nodes at the bottom of the pile cap have fixed constraints. The influ-
ence of deterioration caused by corrosion is considered by updating the model with reduced
parameters (e.g., diameter and strength of the rebar, and compressive strength of concrete)
as determined from the corrosion model.

The implicit Newmark integration scheme (Newmark 1959) is employed for the dynamic
analysis of the bridges, with coefficients § and y set to 0.25 and 0.5, respectively. The bridge
models incorporate Rayleigh damping, with the mass and stiffness proportional coefficients
(o and By) determined using the circular frequencies of the first mode and the sum of
modal effective masses reaching 90%, along with a modal damping ratio of 0.05. Uncer-
tainties in the modeling parameters are considered in the simulation process. Based on the
probabilistic distributions in Table 3, the Latin hypercube technique (Olsson et al. 2003) is
used for random sampling to obtain modeling parameter samples.

5 Ground motion sequences

For the seismic resilience assessment, a sufficient number of representative ground motion
sequences should be selected based on the earthquake scenario and the seismic hazard spe-
cific to the bridge site (Feng et al.2021). In this study, the benchmark bridges are assumed to
be located in California in a site of Soil Class C according to the NEHRP site classification
(NEHRP 2001), characterized by an average shear wave velocity (Vgs() in the top 30 m of
480 m/s. The Joyner-Boore distance (R;) is 5 km, and the fault type of the rupture is strike-

Table 3 Consideration of uncertainties in bridge modeling parameters

Parameter Description Distribution Mean COV  Lower Upper References

(unit)

d; (mm) Diameter of longitudi- Normal 25 0.1 18.8* 32.3* (Biondini
nal reinforcement etal. 2015)

d, (mm) Diameter of transverse Truncated 16 0.1 10 20 (Zhou et
reinforcement normal al. 2024)

t. (mm) Thickness of cover Truncated 40 0.2 20 60 (Biondini
concrete normal etal. 2015)

f. (MPa) Concrete compressive  Lognormal 345 0.18  20.4* 53.3* (Pang et al.
strength 2014)

Jy (MPa) Rebar yield strength Lognormal 420 0.106 327.1* 541.0% (Barbato et

al. 2010)

E (GPa)  Elastic modulus of Lognormal 201 0.033 185.1* 219.4* (Barbato et
rebars al. 2010)

K Hardening ratio of Lognormal 0.0083 0.43 le-5*¥  0.2% (Zhou et
reinforcement al. 2022)

The value marked with an asterisk (*) indicates the minimum and maximum values of the parameter
sampling
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slip. Based on the aforementioned target earthquake scenario, the earthquake ground motion
records matching an unconditional spectrum are selected from the PEER NGA-West2 Data-
base (PEER 2013) using the method proposed by Baker and Lee (Baker and Lee 2018).
Although many ground motion records satisfy the target earthquake rupture scenario, those
that include aftershocks are very limited. Ground motion from events with aftershocks are
selected and the mainshock and aftershock are matched accordingly. Considering the inher-
ent correlation and differences in ground motion characteristics between mainshocks and
aftershocks (Chiou and Youngs 2008; Ruiz-Garcia and Negrete-Manriquez 2011; Abraham-
son et al. 2013), this study defines the following mainshock-aftershock matching criteria: (i)
the mainshock and the aftershock are from the same seismic event, (ii) the mainshock and
the aftershock are recorded at the same station, and (iii) the magnitude of the mainshock is
greater than or equal to that of the aftershock.

Based on the above criteria, 40 natural mainshock and aftershock ground motion records
are selected. Table 4 summarizes the main information regarding the selected MS-AS
ground motion sequences. From Table 4, it is evident that the overall selected ground
motion records have relatively low intensity. To produce larger inelastic responses, in addi-
tion to the natural unscaled records, these ground motion acceleration time histories are also
uniformly amplified by a factor of 2, resulting in an additional 40 ground motion records.
It is worth noting that this scale factor is generally acceptable from an engineering prac-
tice perspective (Bommer and Acevedo 2004; Watson-Lamprey and Abrahamson 2006).
Accordingly, a total number of 80 MS-AS record pairs are used for the subsequent seismic
fragility and resilience assessment. The range of magnitudes (,,) for the mainshocks varies
from 5.77 to 7.62, with seismic intensity, represented in terms of PGA in this study, ranges
from 0.1 g to 1.79 g. In contrast, the magnitudes of the aftershocks range from 4.80 to 6.30,
with PGAs between 0.04 g and 1.25 g. Figure 7 illustrates the response spectra of the 80
mainshock and aftershock ground motions. Within the analysis, a time gap of 30 s is set
between the application of the mainshock and aftershock ground motion (Wen et al. 2018)
in order to ensure that the bridge stops oscillating before the aftershock phase.

6 Seismic performance and fragility assessment of deteriorating
bridges under MS-AS sequences

6.1 Assessment procedures

In the seismic performance assessment of bridges, the piers are primary components (Ram-
anathan et al. 2015) which typically govern the vertical stability and load-carrying capacity
of the structure. Due to the continuous loading process of possible mainshock and after-
shock sequences, the structure may undergo multiple loading cycles, resulting in cumulative
damage. This study primarily focuses on the cumulative damage of bridge piers. A well-
established damage quantification metric, the Park-Ang damage index (Park and Ang 1985)
(denoted as DIy, hereafter), is utilized and can be expressed as follows:

67” ﬂ

Dlpa ="+ 55 | dE (40)
u yYu
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Table 4 List and information on selected ground motion sequences
Sequence Event name Year  Station name Mainshock Aftershock
D Mag- PGA Mag- PGA
nitude  (g) nitude  (g)
M) M)
1 Mammoth Lakes 1980  Convict Creek 6.06 043 534 0.16
2 Mammoth Lakes 1980 Long Valley Dam 6.06 0.34 594 0.63
3 Mammoth Lakes 1980 Mammoth Lakes H. S. 6.06 0.28 5.69 0.41
4 Mammoth Lakes 1980  Long Valley Dam 591 031 5.70 0.09
5 Mammoth Lakes 1980 Convict Creek 5.94 0.29 5.69 0.17
6 Mammoth Lakes 1980 Fish & Game 5.94 035 4.8 0.19
7 Mammoth Lakes 1980 Long Valley Dam 5.94 0.63 5.70 0.22
8 Coalinga 1983  Skunk Hollow 5.77 0.30 5.09 0.33
9 Coalinga 1983 Transmitter Hill 5.77 0.89 5.18 0.18
10 Whittier Narrows 1987  Alhambra - Fremont School  5.99 034 527 0.20
11 Whittier Narrows 1987  Altadena - Eaton Canyon 5.99 022 527 0.23
12 Whittier Narrows 1987  Arcadia - Campus Dr 5.99 0.23 5.27 0.17
13 Whittier Narrows 1987 Compton - Castlegate St 5.99 031 5.27 0.10
14 Whittier Narrows 1987  Glendale - Las Palmas 5.99 023 527 0.18
15 Whittier Narrows 1987  Inglewood - Union Oil 5.99 024 527 0.12
16 Whittier Narrows 1987 LA —116th St School 5.99 033 527 0.14
17 Whittier Narrows 1987 LA - N Westmoreland 5.99 021 5.27 0.07
18 Whittier Narrows 1987 LA - Obregon Park 5.99 043 527 0.33
19 Whittier Narrows 1987 Pasadena - Old House Rd 5.99 025 527 0.40
20 Whittier Narrows 1987  Studio City - Ventura & 5.99 023 527 0.07
Coldwater Cyn Av
21 Whittier Narrows 1987 Sun Valley - Roscoe Blvd 5.99 022 527 0.09
22 Whittier Narrows 1987 Tarzana - Cedar Hill 5.99 0.53 5.27 0.08
23 Northridge 1994  Glendale - Las Palmas 6.69 0.28 5.28 0.18
24 Northridge 1994 LA - Obregon Park 6.69 045 6.05 0.06
25 Northridge 1994  Los Angeles —7-story Univ  6.69 0.33 5.28 0.04
Hospital
26 Chi-Chi 1999 HWAO032 7.62 0.13  6.20 0.13
27 Chi-Chi 1999 TCU088 7.62 0.52 590 0.06
28 Chi-Chi 1999 TCU071 6.2 0.27  5.90 0.08
29 Chi-Chi 1999 TCU129 6.2 0.61  6.20 0.25
30 L’Aquila 2009 L’Aquila - V. Aterno -Colle 6.3 0.50 5.60 0.13
Grilli
31 Chi-Chi 1999 CHY041 7.62 044  6.30 0.17
32 Irpinia 1999  Rionero In Vulture 6.9 0.10  6.20 0.10
33 Chi-Chi 1999 CHYO010 7.62 020 6.20 0.07
34 Chi-Chi 1999 CHY087 7.62 0.13  6.30 0.09
35 Chi-Chi 1999 TCUO078 7.62 0.37  6.20 0.35
36 Chi-Chi 1980 CHY024 6.2 025 6.30 0.14
37 Chi-Chi 1994 TCUI129 6.2 038  6.30 0.61
38 Chi-Chi 1999 TCU138 6.2 0.18  6.20 0.13
39 Chi-Chi 1999 TCU141 6.2 0.19  6.20 0.06
40 Northridge 1994 LA - UCLA Grounds 6.05 0.18 5.28 0.11
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Fig. 7 Acceleration response spectra of the selected ground motion sequences: a mainshock ground mo-
tions and b aftershock ground motions

where J,, represents the maximum deformation observed during nonlinear dynamic analy-
sis, while 6, denotes the ultimate deformation under monotonic loading; O, stands for the
yield strength, dE signifies the incremental absorbed hysteretic energy, and f is a non-neg-
ative parameter that indicates the structural damage induced by cyclic loading. The expres-
sion for £ is given by (Park and Ang 1985):

l
B = <O.447 + 0.073a + 0.24n¢ + 0.314pt> x 0.7°w (41)

where //d represents the shear span ratio, n, is the normalized axial load, p, is the longitudi-
nal reinforcement ratio as a percentage, and p,, stands for the confinement ratio. Based on
previous research (Panchireddi and Ghosh 2019; Zhou et al. 2023), this study assumes that
the Park-Ang damage index is applicable to corroded structures. It is worth noting that other
studies (Afsar Dizaj and Kashani 2020) suggest that future research should consider further
assessment of the cumulative damage index to account for the effects of corrosion.

Due to the consideration of deterioration induced by corrosion over the entire service
life (i.e., 100 years), this study divides the lifespan of the bridge into intervals of 10 years,
starting from Year 0 (uncorroded) to Year 100. Additionally, the study examines two seismic
excitation scenarios: mainshock-aftershock (MS-AS) and mainshock only (MS), in order to
investigate the effects of aftershocks on the cumulative damage. Cloud Analysis (Shome et
al. 1998) is used in the nonlinear time history analysis (NTHA) to characterize the relation-
ship between the cumulative damage and seismic intensity. In total, 22 analysis scenarios
(2 excitation scenarios x 11 corrosion scenarios) are considered, resulting in 5, 280 NTHAs
(80 ground motions x 3 benchmark bridges x 22 analysis scenarios). Based on the results of
nonlinear dynamic and static analyses, the cumulative damage and fragility of benchmark
bridges are assessed, as discussed in detail in Sect. 6.2 and 6.3 below.

6.2 Cumulative seismic damage evaluation
This section separately examines the impact of aftershocks and corrosion-induced dete-
rioration on the cumulative damage to the bridge. To study the influence of aftershocks

alone, the structural response in the uncorroded scenario is primarily analyzed. Using Pier
P4 which has the highest cumulative damage among all the piers as a representative, Fig.
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8 illustrates the comparative results of the average DIp, over different service times for
MS-AS and MS only scenarios. It can be observed from the figure that the aftershock can
exacerbate the cumulative damage to the bridge. This can be explained through Eq. (40), in
which the maximum deformation ratio J,,/d, is represented by r;, and the energy dissipa-
tion 3/(Qy0,) [ dE is denoted by ry. Figure 9 compares r; and r, of benchmark bridges
under MS only and MS-AS conditions. It is shown that, overall, the value of r; is greater
than that of rg, indicating that the peak displacement of the pier during earthquakes pre-
dominantly influences the DIp,. Since the peak is associated with the spectral response,
Fig. 10 compares the average response spectra of the mainshock and aftershock for strong
motion records where r, under MS-AS is significantly greater than those under MS only
(i.e., Record nos. 2, 35, 37, 38, 42, 43, 75, 76, 77, 78, 79). It can be observed that the aver-
age spectral acceleration of the aftershock corresponding to the fundamental period of the
bridge is significantly greater than that of the mainshock. This shows that the influence of
aftershocks on the cumulative damage to bridge piers depends on the difference in spectral
seismic intensity between the aftershock and the mainshock. The higher intensity of the
aftershock compared to the mainshock is the primary cause of the increased cumulative
damage.

To further quantify the influence of aftershocks on cumulative damage, an additional
indicator, denoted the cumulative damage ratio (r,), is defined as follows:

_ DIpams-as)

c =

42
DIpams) (“42)

in which DIpns-as) and Dlpys, are the average Park-Ang damage index under MS-AS
and MS only, respectively. Figure 11 depicts the average cumulative damage ratio () of
the benchmark bridges over their entire lifespan. It is observed that the aftershock has a
greater influence on the cumulative damage for bridges with relatively tall piers compared
to those with comparatively short piers, as a consequence of their dynamic characteristics.
To further illustrate this, Fig. 12 presents the average response spectra of all the mainshock
and aftershock ground motion records. The fundamental periods of the three benchmark
bridges vary within specific ranges. Specifically, Bridge #1 exhibits a fundamental period
between 0.53 and 0.60 s, Bridge #2 falls between 1.26 and 1.44 s, and Bridge #3 ranges
between 2.14 and 2.52 s. As shown in Fig. 12, for relatively long-period bridges, the spectral
accelerations under MS and AS corresponding to the fundamental period tend to become
comparable. Therefore, the increase in the relative cumulative damage due to aftershocks
is greater for Bridge #2 and Bridge #3 compared to Bridge #1. Although Bridge #3 has the
longest period, the response spectrum indicates that the intensity of the seismic excitation is
very low. Moreover, as shown in Fig. 9c, the bridge remains largely in an elastic state under
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Fig. 8 Comparison of the average cumulative damage index of the middle pier of different benchmark
bridges under the MS and MS-AS over their lifetime: a Bridge #1, b Bridge #2, and ¢ Bridge #3
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most MS and AS excitation scenarios. However, for Bridge #2 (see Fig. 9b), aftershocks
still cause more energy dissipation than the mainshocks under some strong motion records.
Therefore, the influence of aftershocks on the relative cumulative damage to Bridge #2 is
greater than that for Bridge #3. It should be noted that the possible influence of low-cycle
fatigue of longitudinal rebars is not considered herein in the numerical modeling of bridge
piers. This factor may exacerbate the cumulative damage of the structure under repeated
cyclic loading, as suggested in recent studies (Salami et al. 2019; Afsar Dizaj et al. 2022),
potentially amplifying the influence of aftershocks on cumulative damage.

Figure 11 also illustrates the impact of corrosion-induced deterioration on the cumula-
tive damage under MS-AS sequences. It is indicated that, overall, as the level of corrosion
in bridges intensifies over the years, the influence of aftershocks on the cumulative damage
ratio increases. For Bridges #1, #2, and #3, the r, values increase from 1.53 to 1.92, 2.59 to
3.07, and 2.06 to 2.12, respectively. This is because as the corrosion level increases, the fun-
damental period elongates, and the spectral response values for MS and AS corresponding
to the fundamental period tend to converge. From the comparative average response spectra
for MS and AS (see Fig. 12), it is evident that for Bridge #3, the change in the bridge period
due to corrosion has a minimal impact on spectral acceleration. Therefore, the influence of
corrosion on the seismic damage in Bridge #3 is negligible.

6.3 Time-dependent fragility curves

To establish the time varying fragility curves under different seismic excitation scenarios,
the capacity limit states of the bridge piers are also required. Table 5 shows the damage
states (DS) considered in this study along with their corresponding ranges of DIp,. It is
worth noting that this study draws on the damage state definitions used in previous relevant
studies (Ghosh et al. 2015; Panchireddi and Ghosh 2019), based on criteria proposed by
Park et al. (1985). The effect of time-dependent corrosion (Dizaj et al. 2018) on DS defini-
tions, may require further consideration in future work to assess the possible influence on
the cumulative damage index.

According to Egs. (5) and (6), the system fragility curves for different years under MS
and MS-AS conditions are developed based on the cumulative damage of each pier and
the defined DS. Using the uncorroded scenario, the 50th year, and the 100th year as rep-
resentative cases, Fig. 13 shows the fragility curves of the benchmark bridges. Overall,
as the bridge period increases, the probability of damage (denoted as P, [DS|/M]) for the
bridge decreases, hence the likelihood of complete damage for Bridge #2 and Bridge #3 is
extremely low.

Fig. 12 Average response spectra of all the main- 1.2
shocks and aftershocks

—— Mainshocks

1.0 ---= Aftershocks

Spectral acc. (g)

Period (s)
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Table 5 Definition 9f diffe.rent Damage state Damage index Physical appearance
damage states of bridge piers DI
based on DI, (Park and Ang Olpy)
PA : : :
1985: Ghosh et al., 2015 Pan- Slight 0.1<DIp,<0.25 Light crackm.g throug}.lout
chireddi and Ghosh 2019) Moderate 0.25<DIp,;<0.40  Severe cracking; localized
spalling
Extensive 0.40<DIp,<1.0 Crushing of concrete; rein-

forcement exposed
Complete DIp,>1.0 Loss of element load resistance
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Fig. 13 Time-dependent system fragility curves for different bridges under MS and MS-AS: a Bridge #1,
b Bridge #2, and ¢ Bridge #3

In general, as indicated in the figures, the aftershocks significantly increase the fragility of the
bridge system. As the damage state worsens, the influence of the aftershock gradually decreases.
Using Bridge #1 in the uncorroded scenario as an example, the maximum differences in system
fragility between MS and MS-AS for various DS are 0.19, 0.16, 0.14, and 0.10, respectively. This
result indicates that bridges in lower DSs are severely affected by earthquake sequences. Also,
the effect of aftershocks on fragility increases with the passage of service time. For instance,
for Bridge #1 in the slight DS, the maximum difference in fragility between MS and MS-AS is
0.19 for the uncorroded scenario. When the earthquake occurs in the 50th and 100th years, this
difference increases to 0.25 and 0.28, respectively. Furthermore, corrosion-induced structural
deterioration increases the probability of damage to the bridge system. However, as the service
time increases, the influence of corrosion on the fragility diminishes. For example, for Bridge #1
in a moderate DS, the maximum difference in fragility under MS is 0.24 between the uncorroded
scenario and the 50th year, while the difference between the 50th year and the 100th year is 0.05.
Similarly, for MS-AS, the maximum difference in fragility is 0.23 between the uncorroded sce-
nario and the 50th year, and 0.07 between the 50th year and the 100th year. Additionally, as the
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fundamental period of the bridge increases, the influence of corrosion on fragility decreases. For
instance, for the ‘extensive DS’, the maximum differences in fragility between the uncorroded
scenario and the 50th year under MS and MS-AS are 0.28 and 0.28, respectively, for Bridge #1;
while the corresponding values are 0.08 and 0.10 for Bridge #2; decreasing to 0.01 and 0.02 for
Bridge #3.

7 Long-term seismic resilience evaluation

Substituting the system fragility P, into Eq. (4) provides the functionality recovery profiles
of the benchmark bridges under different seismic intensities for both the MS and MS-AS
cases. Similarly, considering the uncorroded condition, the 50th and the 100th year as repre-
sentative scenarios, Fig. 14 shows the time-dependent functionality recovery curves. Over-
all, as the fundamental period of the bridge increases, the expected loss of functionality
decreases. For the same bridge, seismic intensity has a significant influence on the function-
ality. As the PGA increases, the residual functionality (Q, in Fig. 1a) of the bridge decreases,
and the duration required to restore it to its target functionality lengthens. In general, the
aftershocks can have a significant effect on the functionality of the bridge. For Bridge #1,
when the PGA is 0.9 g, the maximum difference in expected functionality between the MS
and MS-AS cases reaches 0.17. Corrosion-induced deterioration affects bridges with differ-
ent fundamental periods differently. For Bridge #1, the maximum differences in expected
functionality between the uncorroded condition and the 100th year are 0.23 and 0.25 under
MS-only and MS-AS conditions, respectively. As the service time increases, the influence
of corrosion on functionality gradually decreases. For Bridge #2 and Bridge #3, the effect
of corrosion on functionality also decreases over time, with the maximum differences in
expected functionality between the uncorroded condition and the 100th year being 0.08 and
0.02, respectively.

According to Eq. (1), integrating the functionality recovery curves over time for different
seismic intensities of MS and MS-AS conditions at various years provides the seismic resil-
ience (R) of the benchmark bridges over their lifespan, as shown in Fig. 15. It is found that,
overall, the seismic resilience increases with the elongation of the fundamental period of the
bridge. For the same bridge, higher seismic intensity leads to reduced resilience. The after-
shocks reduce seismic resilience, but the extent of this effect varies among different bridges.
For instance, in the uncorroded scenario with PGA=0.3 g, the maximum difference in the
R value between MS and MS-AS is 0.056 for Bridge #1, while for Bridge #2 and Bridge
#3, the maximum differences are reduced to 0.046 and 0.019, respectively. Furthermore,
corrosion-induced deterioration reduces the resilience of the bridge, with the magnitude of
this reduction decreasing as the fundamental period of the bridge increases. In particular, for
Bridge #3, the effect of deterioration can be considered negligible. It is worth noting that for
Bridge #1 and Bridge #2, seismic resilience decreases most significantly during the initial
10 years of their service life, primarily due to the higher corrosion rate (r,,,,(¢,)) during this
time period, as shown in Fig. 16.

After determining the seismic resilience values for the bridges under various excitation
scenarios at different years, and considering the risk of earthquake occurrence as well as the
randomness of seismic resilience and resilience loss (AR) due to deterioration, the method
outlined in Sect. 2.2 is used to calculate the long-term resilience (R;;) of the benchmark

@ Springer



2162 Bulletin of Earthquake Engineering (2025) 23:2137-2169

2 2
E 30
2 S
E g 0.6
=
hoy < 0.4
2 2
3 202 %
PGA=0.3g z PGA=0.6g g . Co=~’ PGA=0.9g
0 50 100 150 200250 300 350 400 0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Time from recovery phase (days) Time from recovery phase (days) Time from recovery phase (days)
1.0
2
£
&
S
k5t
=}
&
=
2
3
&
} o4 :
0 50 100 150 200250 300 350 400 0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Time from recovery phase (days) Time from recovery phase (days) Time from recovery phase (days)

o
o
o

2 [E £ : £ -

g g g =

=08 = 0.8F7 =08

5 S 2 =

2 2 2

To06 To6 To06

] ] ]

S o S

I3 I3 I3

D04 o4 o4

0 50 100 150 200250 300 350 400 0 50 100 150 200 250 300 350 400 0 50 100 150 200250 300 350 400
Time from recovery phase (days) Time from recovery phase (days) Time from recovery phase (days)

—MS (uncorroded) --- MS (50" year) --=MS (100® year)

—MS-AS (uncorroded) --- MS-AS (50"year)  --MS-AS (100 year)

Fig. 14 Time-dependent functionality recovery profiles for different bridges under MS and MS-AS:
a Bridge #1, b Bridge #2, and ¢ Bridge #3

= |@ Bridge #1 & &

= 1.0 g & 1.0 =

g 09 £ 09 g

= Y = Y- =

9 \Mg_e_e_e 2 8

708 7 0.8 7 08

2 N 2 2

g 0T N g 0.7 g 0.7
0.6 ARt SR T SR 0.6 0.6

A e S T S S S S Bridge#2| & Bridge #3
0 S S s osb—v v TR osb—v v v 0B

0 10 20 30 40 50 60 70 80 90100 0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90100
Lifetime (years) Lifetime (years) Lifetime (years)
——MS(03g)  -x- MS(0.6g)  -=- MS (0.9g)

—— MS-AS (0.3g) -%- MS-AS (0.6g) -+~ MS-AS (0.9g)

Fig. 15 Seismic resilience of different bridges over their lifespan under MS and MS-AS: a Bridge #1,
b Bridge #2, and ¢ Bridge #3

bridges under MS and MS-AS conditions. In this study, it is assumed that R and AR follow
a normal distribution, with coefficients of variation of 0.1. Moreover, three different earth-
quake intensity scenarios with return periods of 475 years (2% in 50 years), 975 years (5%
in 50 years), and 2475 years (10% in 50 years) are considered for the investigated bridges.
The corresponding occurrence rates (4) in Eq. (7) are 0.0021, 0.001, and 0.0004, respec-
tively. Given these return periods, the PGA values for the three earthquake intensity levels
are 0.46 g, 0.6 g, and 0.8 g, respectively.

Figure 17 illustrates the results of the life-cycle resilience for various bridges. Overall,
as the fundamental period of the bridge increases, the R, ; of the bridge also increases. Con-
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Fig. 17 Life-cycle resilience (R; ;) for benchmark bridges under MS and MS-AS: a Bridge #1, b Bridge
#2, and ¢ Bridge #3

versely, R, r decreases with the increase in seismic intensity. Moreover, it is found that after-
shocks have a non-negligible impact on the long-term resilience of Bridge #1 and Bridge
#2, while the influence on Bridge #3 is minimal. The maximum differences in R, ; between
MS-AS and MS for Bridge #1 and Bridge #2 are 9.6% and 8.7%, respectively, whereas for
Bridge #3, the maximum difference in R; ;- is only 4.4%. This is mainly because aftershocks
induce substantial additional cumulative damage to Bridge #1 and Bridge #2, significantly
reducing their seismic resilience (see Fig. 15a and b). In contrast, aftershocks have a mini-
mal influence on the cumulative damage of Bridge #3, resulting in only a slight decrease
in seismic resilience and, consequently, minimal variation in its life-cycle resilience. Addi-
tionally, it is also observed that the effect of aftershocks on the long-term resilience is mar-
ginally influenced by seismic intensity. For the investigated bridges, the differences in the
reduction of resilience caused by aftershocks under different PGAs are within 3%.

8 Conclusions

This study investigated the cumulative damage of deteriorating RC highway bridges exposed
to mainshock and aftershock (MS-AS) sequences. An integrated framework for assessing
the life-cycle seismic resilience was proposed and applied to representative bridge struc-
tures. The investigation included the following underlying components: (i) development of
life-cycle seismic resilience assessment methodology for deteriorating structures; (ii) iden-
tification of the influence of aftershocks and corrosion-induced deterioration on cumulative
damage in bridges; (iii) generation of time-dependent system fragility curves under MS-AS
sequences; and (iv) implementation of life-cycle seismic resilience evaluation for deterio-
rating RC highway bridges under MS-AS sequences. The role of repair and maintenance in
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improving bridge functionality throughout its entire life cycle can be considered in future
developments of the framework. The main findings of the study are summarized below.

(1) The influence of aftershocks on the cumulative damage to bridges depends on the dif-
ference in seismic intensity between the aftershock and the mainshock. In some cases,
depending on the ground motion sequence and the dynamic characteristics of the struc-
ture, it was shown that the aftershocks can significantly exacerbate the cumulative dam-
age to the benchmark bridges.

(2) Aftershocks were shown to have a higher influence on the relative cumulative damage in
bridges with relatively taller piers (i.e. Bridges #2 and #3 in this study), which typically
exhibit relatively long fundamental vibration periods. For comparatively long funda-
mental periods, the spectral accelerations for the MS and AS scenarios tend to become
comparable, resulting in more relative cumulative damage. However, the increase in
relative cumulative damage with the fundamental period is dependent on whether the
structure experiences notable inelastic demands. It was shown that the bridge with the
longest period (i.e. Bridge #3) remained largely elastic, hence exhibiting a lower cumu-
lative damage ratio compared to the medium-period structure (i.e. Bridge #2).

(3) As the level of corrosion in bridges escalates, with increasing service years, the influ-
ence of AS on the cumulative damage ratio becomes more pronounced. For the con-
sidered benchmark structures, Bridges #1, #2, and #3, the cumulative damage ratio (r,)
increased from 1.53 to 1.92,2.59 to 3.07, and 2.06 to 2.12, respectively. This is because
as corrosion progresses, the fundamental period of the bridge elongates, causing the
spectral response values for the MS and AS cases corresponding to the fundamental
period to converge.

(4) Aftershocks were shown to significantly increase the fragility of the bridge system,
especially for lower damage states (DSs). As the DS increases, the influence of AS
gradually decreases. For Bridge #1, which exhibited the highest fragility, the maximum
difference in system fragility between the MS and MS-AS scenarios for various DS
were 0.19, 0.16, 0.14, and 0.10, respectively. The influence of aftershocks on the fragil-
ity also increased with the service life of the bridge. For instance, in the ‘slight DS’ of
Bridge #1, the maximum difference in fragility between MS and MS-AS was 0.19 for
the uncorroded scenario. When seismic events occur in the 50th and 100th years, this
difference increased to 0.25 and 0.28, respectively.

(5) Aftershocks were also shown to diminish the seismic resilience, albeit with vary-
ing effect across different bridges. For instance, under the uncorroded scenario with
PGA=0.3 g, Bridge #1 exhibited the largest difference in R value between MS and
MS-AS at 0.056, while Bridge #2 and Bridge #3 showed reduced differences of 0.046
and 0.019, respectively. Additionally, corrosion-induced deterioration decreased the
bridge resilience, with the magnitude of reduction diminishing as the fundamental
period of the bridge increased. While the influence of deterioration on Bridge #3 was
minimal, due to its largely elastic response, Bridges #1 and #2 experienced the most
pronounced decline in seismic resilience within the initial 10 years of service life, pri-
marily due to higher corrosion rates during this period.

(6) Aftershocks were found to have a non-negligible effect on the life-cycle resilience (R, ;)
of Bridges #1 and #2, while their influence on Bridge #3 was minimal. The maximum
differences in R, between MS-AS and MS for Bridge #1 and Bridge #2 were 9.6%
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and 8.7%, respectively, whereas the maximum difference in R for Bridge #3 was only
4.4%. The influence of aftershocks on the long-term resilience was also marginally
influenced by seismic intensity. For the considered bridges, the differences in resilience
reduction caused by aftershocks under different PGAs were within 3%.

Opverall, the findings of this investigation highlight the merits of the proposed framework in
evaluating the life-cycle seismic resilience of bridges for different hazard scenarios and deterio-
ration conditions.
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