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Bridges in a marine environment have been suffering from the chloride attack for a long period of time. Due to the fact that different
sections of piers may be exposed to different conditionals, the chloride-induced corrosion not only affects the scale of the deterioration
process but also significantly modifies over time the damage propagation mechanisms and the seismic damage distribution. In order to
investigate the seismic damage of existing RC bridges subject to spatial chloride-induced corrosion in a marine environment, Duracrete
model is applied to determine the corrosion initiation time of reinforcing steels under different exposure conditionals and the
degradation models of reinforcing steels, confined concrete, and unconfined concrete are obtained based on the previous investigation.
According to the seismic fragility assessment method, the damage assessment approach for the existing RC bridges subject to spatial
chloride-induced corrosion in a marine environment is present. Moreover, a case study of a bridge under two kinds of water regions
investigated the influence of spatial chloride-induced corrosion on the seismic damage of piers and other components.&e results show
that the spatial chloride-induced corrosion may result in the section at the low water level becoming more vulnerable than the adjacent
sections and the alteration of seismic damage distribution of piers.&e corrosion of pier will increase the seismic damage probability of
itself, whereas it will result in a reduction of seismic damage probability of other components.Moreover, the alteration of seismic damage
distribution of piers will amplify the effect. Due to the fact that the spatial chloride-induced corrosion of piers may alter the yield
sequence of cross section, it then affects the seismic performance assessment of piers. Amethod to determine the evolution probability of
yield sequence of corroded piers is proposed at last. From the result, the evolution probability of yield sequence of piers in longitudinal
direction depends on the relationship between the height of piers and submerged zone. Moreover, the height of piers, submerged zone,
and tidal zone have a common influence on the evolution of yield sequence of piers in transversal direction.

1. Introduction

In the past decades, many coastal bridges have been built in
different countries with long coastlines to meet the growing
requirement of fast transport and economic development.
Overall, most of these bridges are reinforced concrete
structures and are located in the severe marine environ-
ments. Under such environments, chloride-induced cor-
rosion is a major environmental stressor for RC bridges,
because it may result in the decrease of the effective cross-
sectional area of the reinforcing steels and the deterioration
of the mechanical properties of reinforcing steels and
concrete. Obviously, the performance of coastal bridges is
expected to be significantly affected by chloride-induced
corrosion. &erefore, it is of interest to investigate the effects

of chloride-induced corrosion on the performance of aging
RC bridges in marine environments and to improve the
performance level of these bridges with the corrosion effects.

On the other hand, chloride-induced corrosion may also
result in the decrease of the seismic performance of aging RC
bridges; thereby bridges exhibit different seismic damage
probability as time increases. In this respect, many studies
have focused on the seismic damage assessment of RC
bridges with chloride-induced corrosion. Choe et al. [1]
developed the probabilistic drift and shear force capacity
models for corroding reinforced concrete columns to predict
the service-life and life-cycle cost of the columns. Kumar
et al. [2] assessed the seismic damage probability of the aging
bridges with the cumulative seismic damage and chloride-
induced corrosion. Alipour et al. [3] investigated the effects
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of reinforcement corrosion on the seismic damage proba-
bility of the aging bridge in California with different
structural parameters. &anapol et al. [4] developed the
seismic fragility curves of the deteriorating piers through the
field instrumentation of the corrosion measurements. Cui
et al. [5] applied an improved deterioration model of the
reinforced concrete steel to carry out the seismic fragility
analysis of the reinforced concrete bridges with the marine
chloride-induced corrosion. Panchireddi and Ghosh [6]
proposed an analytical strategy to consider the deterioration
of the damaged bridge through updating the pier section
properties. Zhang et al. [7] proposed a seismic risk assess-
ment method for the corrosion RC bridges with shear-
critical columns. Crespi [8] presented a procedure for the
collapse mechanism evaluation of the existing reinforced
concrete motorway bridges under horizontal loads.

Overall, the previous studies have enriched the knowl-
edge of the seismic damage assessment of aging RC bridges.
However, only uniform exposure condition was considered
in these studies when performing the seismic damage as-
sessment of aging RC bridges with the corrosion effects. In
fact, exposure conditions exhibit significant spatial variation
characteristic along the pier direction for many coastal
bridges, and the nonuniform degradation phenomenon
occurs in the corroded piers, resulting in the nonuniform
distribution of seismic damage of piers. Obviously, these
studies may be inappropriate and/or inadequate to com-
pletely investigate probabilistic seismic damage of aging RC
bridges and to reveal the effects of spatial chloride-induced
corrosion. On the other hand, the knowledge of plastic
hinges of piers will contribute to the ductile seismic design of
RC bridges. Recently, Yuan et al. [9] investigated the damage
characteristics of the coastal bridge piers suffering non-
uniform corrosion by the shaking table tests. However, the
yield characteristic of piers subject to the spatial chloride-
induced corrosion has not been comprehensively investi-
gated in the previous studies, and the evolution mechanism
of yield sequence of corroded piers has not been clarified.

In this study, the probabilistic seismic damage assessment of
aging RC bridges subject to spatial chloride-induced corrosion
in marine environments is presented. Overall, the major ob-
jectives of this study are threefold: (1) to develop a probabilistic
seismic damage assessment procedure for aging RC bridges
suffering spatial chloride-induced corrosion, (2) to reveal the
effects of spatial chloride-induced corrosion on the seismic
damage characteristics of piers and other components, and (3)
to discuss the evolution probability of yield sequence of piers
subject to spatial chloride-induced corrosion. &e paper is
organized as follows: In Section 2, we describe the corrosion
process of reinforcing steels and degradation properties of
various materials under different marine exposure conditions.
Section 3 presents the probabilistic seismic damage assessment
procedure for aging RC bridges subject to spatial chloride-in-
duced corrosion. Subsequently, details of the case study bridge
are described in Section 4, and the finite element models are
developed. In Section 5, the corrosion level and seismic capacity
of RC piers in different exposure conditions are investigated.
Moreover, the seismic damage of piers and other components is
discussed in Section 6. Furthermore, a method to determine the

evolution probability of yield sequence of piers subject to spatial
chloride-induced corrosion is proposed in Section 7. A brief
summary of the results is presented in Section 8.

2. Chloride-Induced Corrosion Effects

&e coastal bridges are often exposed to high concentrations of
chloride ions. &e concentration gradient between the exposed
surface and the pore solution of the cement makes the chloride
ions penetrate from the external environment through the
concrete cover and reach the surface of reinforcing steels.
Moreover, the chloride ions decrease the pH in the concrete and
break down the passive film of reinforcing steels, resulting in the
corrosion of reinforcing steels and the damage of concrete. In
this section, the corrosion processes of reinforcing steels and the
deterioration mechanism of RC members are presented.

2.1. Corrosion InitiationTime. &e corrosion initiation time is
an important parameter during the chloride-induced corrosion
process of RCmembers, which can be defined as the time when
the chloride ions concentration near reinforcing steels reaches a
threshold concentration Ccr. To calculate the corrosion initi-
ation time, it is necessary to describe the diffusion process of
chloride ions and determine the chloride ions concentration at
different depths of RC members. In this respect, Duracrete
provided a probabilistic model to predict the chloride con-
centration in the concrete by taking into account the time-
dependent characteristics of chloride diffusion, as well as the
different types of uncertainties associated with themodelling of
these complex processes [10]. &e chloride concentration at
depth x after time t can be expressed as follows:

C(x, t) � Ccs 1 − erf
x
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the empirical diffusion coefficient; ke is an environmental
coefficient; kt represents the influence of test methods on
determining D0; kc is a coefficient that accounts for the
influence of curing; t0 is the reference period for D0; n is the
age factor; Ccs is the chloride concentration at concrete
surface and can be represented as

Ccs � Acs
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where w/b is the water binder ratio and Acs and εcs are the
model parameters.

If the cover depth of reinforcing steels dc is known, the
corrosion initiation time can be determined as follows:
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For many coastal bridges, the bottom of piers may be
submerged in the water, whereas the middle and top of piers
are exposed to chloride dry-wet cycle and atmosphere en-
vironment, respectively. &e discrepancies of humidity,
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temperature, oxygen, and chloride concentration will cause
the different corrosion initiation time of reinforcing steels in
various marine exposure conditions. &erefore, the corro-
sion level of reinforcing steels is highly dependent on the
type of exposure conditions. Overall, four categories of
exposure conditions are included in the Duracrete model:
(a) submerged zone, (b) tidal zone, (c) splash zone, and (d)
atmospheric zone. Table 1 summarizes the statistical pa-
rameters for corrosion coefficients in the Duracrete model.

2.2.CorrosionPropagation. Generally, the corrosion form of
reinforcing steels can be divided into two types: uniform
corrosion and pitting corrosion (Figure 1). &e former is
caused by carbonation, whereas the latter is caused by
chloride penetration [11]. &erefore, the pitting corrosion is
considered during the corrosion analysis in this study.

&e classical model proposed by Val and Melchers
simplified the geometry of pitting into a quadrilateral form
approximately to consider the reduction of reinforcement
area [12]. &e time-dependent residual cross-sectional area
of a reinforcing steel with pitting corrosion Ares(t) can be
represented as follows:

Ares(t) � 1 − Qcor(t) A0 � A0 − Acor,p(t) , (4)

where Qcor(t) is the time-dependent percentage mass loss of
corroded reinforcing steels; A0 is the initial cross-sectional area
of reinforcing steels; Acor,p(t) is the time-dependent pitting
area of reinforcing steels and it can be calculated as follows:
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where ds0 is the initial diameter of reinforcing steels; P(t) is
the time-dependent pitting depth, and it can be expressed by

P(t) � R 
t

Tcor

λ(t)dt, (8)

where is λ(t) is uniform corrosion rate; R is pitting factor,
which represents the ratio of maximum pit depth to average
depth considering uniform corrosion.

A Gumbel (Extreme Value Type I) distribution can be
applied to predict the pitting factor of reinforcing steels [13].
Consequently, the statistical parameters of R can be cal-
culated as

μ � μ0 +
1
α0

ln
AU

A0
 , (9)

α � α0, (10)

where μ0 and α0 are the scale and location parameters in the
Gumbel distribution, respectively; A0 is taken as the surface area
of reinforcing steels with 125mm length and 8mmdiameter;AU

is the surface area of reinforcing steels with other sizes.
In theory, the uniform corrosion rate of reinforcing

steels λ(t) is related to the corrosion current density. &e
corrosion current density will reduce and approach a
constant level with the development of corrosion. Moreover,
the unconfined concrete cracking will lead to easier ingress
of chlorides, oxygen, and water, entailing the corrosion rate
of reinforcement undergoing a large continuous increase
after crack initiation and subsequent crack growth [14, 15].
To fully consider these effects, an improved time-dependent
uniform corrosion rate model is proposed by Cui et al. [5]
based on the Vu and Stewart model [16]:

λ(t) �
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(11)

λ′(t) � 0.0116 × 0.85 ×
37.8(1 − w/c)

− 1.64

dc

× t − Tcor( 
− 0.29

, (12)

where w/c is the water cement ratio; Tcr and TWcr are initial
cracking time and initiation of severe cracking time,

respectively. &e detailed calculation method is illustrated in
[5].
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2.3. Material Properties. As stated, chloride-induced cor-
rosion will affect the effective sectional area and mechanical
properties of reinforcing steels. Moreover, the expansive
pressure localized at the interface between reinforcing steels
and concrete can also result in the cracking and spalling of
concrete cover. At the same time, the deterioration of
transverse reinforcement may reduce the lateral confine-
ment of core concrete, resulting in the decrease of strength
and ultimate strain of confined concrete. To fully consider
the overall performance of corroded RC members, the
degradation properties of reinforcing steels, concrete cover,
and confined concrete should be determined.

2.3.1. Reinforcing Steels. Du et al. [17] proposed a linear
strength reduction model as a function of the percentage
mass loss Qcor of corroded reinforcing steels:

f � 1 − βQcor f0, (13)

where f0 and f are the strength of uncorroded and corroded
reinforcing steels, respectively; β is coefficient of strength
degradation, which is taken as 0.49 for the yield strength and
0.65 for the ultimate strength.

2.3.2. Concrete Cover. &e reduction in concrete cover
strength fc can be calculated as follows [18]:

fc �
fc0

1 + Kε1/ε0
, (14)

where fc0 is the peak compressive strength of the un-
damaged concrete; K is a coefficient related to the roughness
and diameter of reinforcing steels, which can be 0.1 for
medium diameter ribbed reinforcing steels [19]; ε0 is the
strain at peak stress in compression; ε1 is the average tensile
strain of cracked concrete perpendicular to the direction of
stress, which can be calculated as follows:

ε1 �
nbarsκw ΔAs − ΔAs0( 

b0
, (15)

where b0 is the width of pristine cross section; nbars is the
amount of longitudinal reinforcement in compressed re-
gions; κw is the empirical coefficient, which is taken as
0.0575mm−1; ΔAs is the area loss of reinforcing steels; ΔAs0
is the critical area loss of reinforcing steels for cracking
initiation, which can be evaluated as [20]

ΔAs0 � As − As 1 −
δ 7.53 + 9.32dc/ds0( 

1000ds0
 

2

, (16)

where δ is the pitting concentration factor, which is taken as
4 to 8; As is the area of pristine cross section.

Table 1: Statistical parameters for corrosion coefficients in the Duracrete model.

Parameter Distribution type
Atmospheric Splash Tidal Submerged

Mean Std. Mean Std. Mean Std. Mean Std.
D0(w/b � 0.4) Normal 220 25.4 220 25.4 220 25.4 220 25.4
D0(w/b � 0.45) Normal 315.6 32.5 315.6 32.5 315.6 32.5 315.6 32.5
D0(w/b � 0.5) Normal 473 43.2 473 43.2 473 43.2 473 43.2
n Beta (A� 0.0, B� 0.98) 0.362 0.245 0.362 0.245 0.362 0.245 0.362 0.245
Acs Normal 2.565 0.356 7.758 1.36 7.758 1.36 10.348 0.714
εcs Normal 0 0.58 0 1.105 0 1.105 0 0.405
Ccr Normal 0.9 0.15 0.9 0.15 0.9 0.15 1.6 0.2
kt Normal 0.832 0.024 0.832 0.024 0.832 0.024 0.832 0.024
ke Gamma 0.676 0.114 0.265 0.045 0.924 0.155 0.325 0.223
kc(t � 1 days) Beta (A� 1.0, B� 4.0) 2.4 0.7 2.4 0.7 2.4 0.7 2.4 0.7
kc(t � 3 days) Beta (A� 1.0, B� 4.0) 1.5 0.3 1.5 0.3 1.5 0.3 1.5 0.3
kc(t � 7 days) Determined value 1 - 1 - 1 - 1 -
kc(t � 28 days) Beta (A� 0.4, B� 1.0) 0.8 0.1 0.8 0.1 0.8 0.1 0.8 0.1

d0

ds

Acor,u
A0 Ares

(a)

Ares

p
Acor,p

b

ds

θ2

θ1

(b)

Figure 1: (a) Uniform corrosion and (b) pitting corrosion of reinforcing steels.
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2.3.3. Confined Concrete. &e Mander stress-strain rela-
tionship is utilized to simulate the behaviour of confined
concrete after corrosion [21]. For a circular cross section, the
confined strength fcc′ and ultimate strain εcu of core concrete
are estimated as

fcc′ � fc0 2.254 ×

������������������

1 +
7.94 × 0.5Keρhfyh

fc0



− 2 ×
0.5Keρhfyh

fc0
− 1.254⎛⎝ ⎞⎠,

(17)

εcu � 0.004 +
1.4ρhfyhεu

fc0
,

(18)

where Ke is the effective confined coefficient of section; ρh

is the residual volumetric ratio of corroded transverse
reinforcement; fyh and εu are the yield strength and ul-
timate strain of corroded transverse reinforcement,
respectively.

3. Time-Dependent Fragility Method

In this study, the analytical seismic fragility is applied to
quantify the seismic damage probability of bridges. Fragility
functions describe the conditional damage probability of a
component or structure exceeding a specific damage state
(DS) for a given ground motion intensity measure (IM) [22].
Considering the time-dependent effect, the damage prob-
ability of aging bridges at t year after construction can be
described as follows:

P[DS(t) > ds(t) | IM � im] � P
SD(t)

SC|ds(t)
| IM � im , (19)

where SD(t) is a time-dependent structural seismic demand
for the specific IM; SC|ds(t) is the time-dependent structural
seismic capacity corresponding to the given DS.

For a specific service time, SD(t) and SC|ds(t) can be
assumed to follow lognormal distributions. &erefore, the
time-dependent seismic fragility functions take the follow-
ing form:

P[DS(t) >ds(t) | IM � im] � P
μ(t)

σ(t)
| IM � im , (20)

where μ(t) and σ(t) are the median estimate and standard
deviation of ln[SD(t)/SC|ds(t)], respectively; Φ(·) is the
standard normal cumulative distribution function.

Generally, μ(t) can be predicted by a power model using
the least-square method as follows:

μ � a(t) · ln(IM) + b(t), (21)

where a(t) and b(t) are the time-dependent regression
coefficients.

Moreover, the standard deviation σ(t) is determined as
follows:

σ(t) �

�����������������


N
i�1 yi(t) − μi(t) 

2

N − 2



, (22)

where yi(t) and μi(t) are the actual and predicted values of
ln[SD(t)/SC|ds(t)], respectively; N − 2 represents the free-
dom degree of simulations when the log-linear model is
adopted in the probabilistic seismic demand analysis.

Combining the above corrosion analysis method and the
time-dependent seismic fragility method, we can perform
the probability seismic damage assessment of aging RC
bridges subject to spatial chloride-induced corrosion.
Overall, Figure 2 summarizes the analysis procedure, and the
critical steps are included as follows:

(1) Corrosion Analysis. For given details of piers (e.g., the
thickness of concrete cover, the diameter of piers, the
arrangement of reinforcing steels, the water binder
ratio of concrete, the properties of materials, etc.),
the corrosion initial time of reinforcing steels under
different exposure conditions can be calculated
(equations (2) and (3)). Subsequently, the time-de-
pendent percentage mass loss of reinforcing steels is
determined by using the pitting corrosion model
(equations (4)∼(10)) and time-dependent uniform
corrosion rate model (equations (11) and (12)). On
this basis, the time-dependent properties of rein-
forcing steels, concrete cover, and confined concrete
in the corroded piers are determined (equations
(13)∼(18)).

(2) Bridge Model Updated. &e exposure conditions of
each part of piers should be first determined
according to the layout of bridge and the hydro-
logical data (e.g., high level, low level, height of
marine splash, etc.). Subsequently, the finite element
model of bridge at pristine condition is developed.
Moreover, elements of piers should be divided
reasonably to ensure that each element of piers is
located in the same exposure condition. For a
specified time, the degeneration properties of various
materials are obtained from step (1) and are asso-
ciated with each part of piers.

(3) Time-Dependent Seismic Fragility Analysis. &e
nonlinear time history and nonlinear static analysis
are performed to obtain seismic demand and seismic
capacity of components, respectively. By comparing
the seismic demand and seismic capacity of com-
ponents, the seismic demand capacity ratio can be
determined, and the median estimate and standard
deviation in seismic fragility function are calculated
by using the regression fitting (equations (21) and
(22)). By repeating step (2) and step (3), the time-
dependent seismic fragility functions can be devel-
oped (equation (20)).

4. Case Study

4.1. BridgeDescription. To investigate the seismic damage of
aging bridges, a four-span continuous RC bridge is taken as
the case study, as shown in Figure 3(a). Each span of the
bridge is 30m. &e deck consists of four box-shaped con-
crete girders. &e width and height of deck are 13.25m and
1.6m, respectively. Each pier bent consists of two circular
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columns with 1.5m diameter. &e heights of three piers are
6m, 10m, and 8m, respectively. &e concrete strengths of
the substructure and superstructure are 30MPa and 50MPa,
respectively. Each column consists of 48 longitudinal re-
inforcements with a diameter of 28mm and yield stress of
335MPa. &e longitudinal reinforcement ratio is 1.67%.
Moreover, rebars with a diameter of 12mm and yield stress
of 335MPa are used as circular stirrups with a spacing of
80mm (corresponding to a volumetric ratio of 0.6%). &e
thickness of concrete cover is 50mm. Four rubber bearings
are installed at the top of each bent, and four PTFE elas-
tomeric bearings are located on the top of each abutment. In
this study, two analysis cases are considered: (a) the bridge
located in shallow water and (b) the bridge located in deep
water. &e high water level and low water level of two
analysis cases are present in Figures 3(b) and 3(c).&e height
of marine splash is assumed to be 1m.

4.2. Finite Element Modelling. &e finite element model is
developed by OpenSees (Open System for Earthquake En-
gineering Simulation), the PEER Center’s finite element
platform [23]. Figure 3(a) shows the three-dimensional finite
element model of bridge. Overall, the girder is modelled by
the linear elastic beam-column elements and the nonlinear
beam-column element with fiber cross sections is used to
simulate the piers. &e element of piers is divided based on
the different exposure conditions. &e piers fibers use
Concrete04 and Steel02 for concrete and longitudinal re-
inforcement, respectively. &e zero-length element with the
elastic and elastic PP materials is used to simulate the rubber
bearings and the PTFE bearings, respectively. Shear keys are
simulated in parallel with the hysteretic and elastic PP gap

materials. Furthermore, the interaction effects of abutments
and backfill soil are considered by using hyperbolic gap
material. &e expansion joints at the deck end are modelled
through the gap elements. In order to consider the effects of
spatial chloride-induced corrosion, five group time-depen-
dent finite element models of bridge under different time
after construction (i.e., pristine, 20, 40, 60, 80, and 100 years,
etc.) are developed according to the above modelling ap-
proach. &e Monte Carlo approach is used to fully consider
the uncertainties in the development of seismic fragility
curves. Based on the finite element model, modal analysis of
the bridge at pristine condition is performed to determine
the fundamental periods. &e result shows that the funda-
mental periods of model in longitudinal and transverse
directions are 1.67 s and 1.35 s, respectively.

4.3. GroundMotions. To fully consider the uncertainties of
ground motions, a broad range of intensities should be
included in a reasonable ground motion suite. In this re-
spect, 100 ground motions are selected to perform non-
linear time history analysis [24]. &e selected ground
motions include different source-to-site distances and
magnitudes (Figure 4(a)): small magnitude and small
epicentre distances (SMSR), small magnitude and large
epicentre distances (SMLR), large magnitude and small
epicentre distances (LMSR), large magnitude and large
epicentre distances (LMLR), and near field (NF). Moreover,
the spectra acceleration at the geometric mean of the pe-
riods with 5% damping SAGM is chosen as intensity
measure in this study [25]. &e linear acceleration spectra
and the distribution of SAGM of 100 ground motions are
present in Figure 4(b).

Determine pristine material properties and
sectional arrangements of piers

Divide each part of piers based on exposure conditions 

Calculate corrosion initiation time of reinforcing
steels in four exposed conditions (atmospheric,

splash, tidal, and submerged)

Determine time-dependent material properties in
four exposed conditions

Set initial analysis time

Update material properties of each part of piers

Perform nonlinear time history analysis of bridge and
nonlinear static analysis of various components

Develop time-dependent seismic fragility functions

Calculate percentage mass loss of longitudinal
and transversal reinforcement

Chloride-induced corrosion analysis Time-dependent seismic fragility analysis

Develop the finite element model

End?
No

Yes

Determine layout of bridge and hydrological data

Determine time-dependent uniform corrosion rate

Calculate pitting depth of longitudinal and
transversal reinforcement

Figure 2: Flowchart of probabilistic seismic damage assessment for aging RC bridges subject to spatial chloride-induced corrosion.
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5. Corrosion Process and Seismic
Capacity Analysis

5.1. Corrosion Process of Reinforcing Steels. To consider the
uncertainties during the corrosion process, 10000 samples
are randomly generated using the Monte Carlo simulation
method. Figure 5 illustrates the probability density of cor-
rosion initiation time of transverse and longitudinal rein-
forcement. Overall, the significant dispersions of corrosion
initiation time can be observed owing to the uncertainty of
chloride ions diffusion process and outside environment.
&e corrosion initiation time of reinforcing steels can be well
described by the lognormal distributions. Given that the
distance varies in the outside environment, the transverse
reinforcement presents a relatively smaller corrosion initi-
ation time than the longitudinal reinforcement. Moreover,
the corrosion of reinforcing steels exposure in tidal zone is
most likely to be corroded, followed by the splash zone,

atmospheric zone, and submerged zone. Furthermore, it
should be noted that the general thickness of concrete cover
(i.e., 50mm) is unlikely to effectively prevent the corrosion
of reinforcing steels of bridges in a marine environment
during the lifetime.

Based on the corrosion initiation time, the time-de-
pendent corrosion level of reinforcing steels can be de-
termined. Figure 6 presents the distribution and mean
value of the percentage mass loss of corroded transverse
and longitudinal reinforcement at different time. As ex-
pected, the corrosion level of reinforcing steels also exhibits
significant dispersions. From the mean of the percentage
mass loss, we can observe that the corrosion level of
transverse reinforcement is obviously larger than that of the
longitudinal reinforcement due to its smaller diameter and
shorter corrosion initiation time. Similar to the corrosion
initiation time, the corrosion of reinforcing steels in tidal
zone is more serious than that in other exposure conditions.
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Figure 3: Schematic and finite element model of case study bridge.
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On the other hand, a nonlinear relationship between time
and the mean of percentage mass loss of reinforcing steels
can be observed. In particular, the increase rate of the
percentage mass loss is relatively small at initial years. One
reason is that most of samples will not be corroded at the
initial years, and another reason is that the influence of
corrosion depth on the pitting corrosion area is relatively
slight when the corrosion level is low. Meanwhile, the
percentage mass loss has a remarkable increase as time
increases, and the increase rate keeps an approximate
constant value. Moreover, the increase rate of the per-
centage mass loss of transverse reinforcements decreases
when the corrosion level exceeds a threshold value (about

50% percentage mass loss). It is because the sensitivities of
pitting corrosion area to the corrosion depth decrease when
the corrosion level is high.

5.2. Seismic Capacity of Piers. To investigate the influence of
chloride-induced corrosion on the seismic capacity of piers,
the properties of degradation materials should be deter-
mined. Table 2 shows the time-dependent properties of
reinforcing steels and concrete. Based on the material
properties and nonlinear static analysis, the time-dependent
moment-curvature relationships of cross section of piers are
obtained, as shown in Figure 7.
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Figure 4: (a) R-M distribution and (b) acceleration response spectra of 100 ground motions (ξ � 0.05).
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Figure 5: Probability distribution of corrosion initiation time in (a) tidal zone, (b) atmospheric zone, (c) submerged zone, and (d) splash
zone.

8 Advances in Civil Engineering



Referring to Figure 7, it is seen that the effects of cor-
rosion on the initial stiffness of cross section are relatively
slight. Meanwhile, the moment capacities and the ultimate
curvatures of cross section exhibit a remarkable degradation.
&e phenomenon is consistent with the findings from some
experiments [26, 27]. However, an increase in the ultimate
curvature of cross section after corrosion can be observed in
some previous studies [28, 29]. &e main reason is that these
studies ignore the degradation effect of confined concrete on
the seismic capacity of corroded piers. In fact, the corrosion
of longitudinal reinforcement will decrease the compression
area of cross section of piers. Had the reduction of ultimate
compression strain of confined concrete not been consid-
ered, the ultimate curvature of corroded piers would have
increased slightly rather than decreasing significantly.

To further investigate seismic capacity of corroded
piers, the curvatures of cross section in various exposure
conditions at four-level damage states (i.e., slight, mod-
erate, extensive, and complete [30]) are shown in Figure 8.
Overall, two different variation trends of the curvature
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Figure 6: Distribution andmean value of the percentage mass loss of reinforcement at different years in (a) tidal zone, (b) atmospheric zone,
(c) submerged zone, and (d) splash zone.

Table 2: Time-dependent material properties under four categories of exposure conditions.

Material parameters 0 20 40 60 80 100
Tidal zone
Yield strength of longitudinal reinforcement 335 332 319 288 267 252
Compressive strength of unconfined concrete 30.0 20.4 12.8 8.7 6.3 4.7
Compressive strength of confined concrete 37.5 34.0 32.8 31.9 31.5 31.3
Ultimate strain of confined concrete 0.0116 0.0077 0.0061 0.0052 0.0048 0.0047
Submerged zone
Yield strength of longitudinal reinforcement 335 335 331 322 308 291
Compressive strength of unconfined concrete 30.0 28.7 23.6 18.7 14.7 11.7
Compressive strength of confined concrete 37.5 34.7 34.0 33.3 32.6 32.1
Ultimate strain of confined concrete 0.0116 0.0087 0.0076 0.0066 0.0059 0.0054
Atmospheric zone
Yield strength of longitudinal reinforcement 335 334 330 320 306 289
Compressive strength of unconfined concrete 30.0 28.1 22.9 18.6 15.1 12.3
Compressive strength of confined concrete 37.5 34.6 34.0 33.3 32.7 32.2
Ultimate strain of confined concrete 0.0116 0.0087 0.0076 0.0067 0.0060 0.0055
Splash zone
Yield strength of longitudinal reinforcement 335 334 330 320 305 287
Compressive strength of unconfined concrete 30.0 28.1 22.7 17.7 13.9 11.1
Compressive strength of confined concrete 37.5 34.6 33.9 33.0 32.4 32.0
Ultimate strain of confined concrete 0.0116 0.0086 0.0074 0.0064 0.0057 0.0053
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Figure 7: Time-dependent moment-curvature relationships of
piers in tidal zone.
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capacities at four damage states can be observed. As the
slight and moderate damage states are defined as the first
longitudinal reinforcement yields and the fully formed
plastic hinge of section, respectively, the corresponding
curvatures highly depend on the properties of longitudinal
reinforcement. In consequence, the curvature capacities of
piers at these two damage states exhibit a similar variation
trend to the percentage mass loss of corroded longitudinal
reinforcement. Meanwhile, the compressive strength and
ultimate strain of confined concrete play an important role
in the curvature capacity of piers at extensive and com-
plete damage states. &erefore, the variation trend of
curvature capacity of piers at these two damage states is
similar to that of the percentage mass loss of corroded
transverse reinforcement. Moreover, the curvature ca-
pacity of piers in tidal zone is significantly lower than that
of other exposure conditions, as expected. In particular,
the maximum reduction ratios of curvatures capacity in
various exposure conditions at extensive damage states are
49%, 25%, 28%, and 32%, respectively.

6. Seismic Damage Assessment of Aging Bridge

6.1. Fragility Analysis of Piers. According to the damage
assessment procedure, the time-dependent seismic fragility
functions of bridges can be obtained. Figure 9 presents the
time-dependent fragility surfaces of three piers in longitu-
dinal direction when the bridge is located in shallow water.
Due to the stiffness discrepancy of piers, the fragility surfaces
of various piers exhibit significant different. With the in-
crease of service time, the fragility surfaces of each pier at
four damage states present upward trends. &is is particu-
larly seen in the fragility surfaces at extensive and complete
damage states. For example, for an SA value of 0.3 g, the
probabilities of pier 1 exceeding four damage states increase
by 12%, 20%, 73%, and 195%, respectively. It is indicated
that the corrosion has negative effects on the seismic damage
of piers. Moreover, the different variation degrees result in
the decrease of gap between fragility surfaces at each damage
state. It is revealed that the ductility level of piers will sig-
nificantly decrease, entailing the damage state of corroded
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Figure 8: Curvature capacity of piers at (a) slight, (b) moderate, (c) extensive, and (d) complete damage states.
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piers much easier to transform from a low level to a high
level during earthquakes.

On the other hand, it can be observed from Figure 9 that
the damage probabilities of piers at various damage states
demonstrate nonlinear variation trends with the increase of
time. Specifically, the damage probabilities of piers at 20
years are close to those at pristine condition because the
degradation of piers mainly occurs at 30∼40 years after
construction. Moreover, the damage probabilities of piers at
slight and moderate damage states steadily increase after 40
years. Meanwhile, the increase rates of damage probabilities
at extensive and complete damage states reduce after 80
years. Overall, the phenomenon is similar to the variation
trends of curvature capacities (see Figure 8). It can be
inferred that the seismic capacities of piers strongly affect the
seismic fragility of piers.

In order to investigate the effects of spatial chloride-
induced corrosion on the damage distribution of piers,
Figure 10 shows the seismic fragility contour maps of pier 1
at pristine condition and 100 years after construction.
Depending on the inertia force distributions of piers during
earthquakes, the damage probability distribution of piers in
longitudinal direction at pristine condition follows an ap-
proximate linear triangle pattern, whereas the damage in
transverse direction forces on the two ends of piers and
decreases from two ends to the middle of piers. However, a
jaggedness damage probability distribution of piers can be
observed in some cases after spatial chloride-induced cor-
rosion. In particular, the section at the low and/or high water
levels may become more vulnerable than the adjacent sec-
tions in two directions. &e reason is that seismic capacities
of the sections exposed in the tidal zone between the low
water level and high water level will exhibit more significant
degradation. &erefore, the spatial chloride-induced cor-
rosion not only increases the seismic damage probability of
piers but also may alter the damage probability distribution
of piers.

To clearly illustrate the damage distribution of various
piers, Figure 11 presents the distribution of the median SA
(corresponding to a 50% damage probability) exceeding
moderate damage state of each pier at pristine condition and
100 years after construction. A visible alteration of damage
distribution in two directions can be observed from the pier
located in shallow water. Meanwhile, the damage

distribution of pier in transverse direction will be altered
when it is located in shallow water. Moreover, the movement
of inflection points in piers can be found after alteration of
damage distribution. It should be noted that the probability
exceeding moderate damage state of section at the low water
level may exceed that of sections at two ends of piers after
corrosion. It can be inferred that the formation of plastic
hinges of section at the low water level will be earlier than
that of two-end sections. In other words, the spatial chloride-
induced corrosion may alter the yield sequence of piers
during earthquakes. On the other hand, the alteration of
damage distribution is the most significant in pier 1 followed
by pier 3 and pier 2 when the bridge is located in shallow
water. Meanwhile, an opposite trend can be found from the
bridge located in deep water. It is indicated that the height of
piers and water level will commonly affect the damage
distribution of piers. A further discussion in this regard is
presented in Section 7.

6.2. Fragility Analysis of Other Components. Previous in-
vestigation mainly focused on the effects of corrosion on the
seismic damage of piers. In fact, the degradation of piers will
affect the dynamic characteristics and seismic response of
the whole bridge. To fully investigate the seismic damage of
aging bridge, the seismic fragility functions of shear keys,
rubber bearings, and PTFE sliding bearings are developed.
Table 3 shows the seismic capacities of these components at
different damage states.

Figure 12 shows the time-dependent fragility curves of
components at moderate and complete damage states when
the bridge is located in shallow water. Due to the stiffness
discrepancy between various piers and abutments, the
damage of components at abutment is always more serious
than that of components at piers. Moreover, the components
at pier 1 are the most vulnerable followed by the components
at pier 3 and pier 2. On the other hand, a decrease in damage
probability of various components with increasing time can
be observed from the figure, which is opposite to that of
piers. When SA� 0.2 g, the probabilities of shear keys at
abutment, PTFE sliding bearings at abutment, and rubber
bearings at pier 1 exceeding moderate damage reduce by
24.1%, 35.1%, and 29.0%, respectively. &e main reason is
that the corrosion of piers will decrease the inertia force in
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Figure 9: Time-dependent fragility surfaces of (a) pier 1, (b) pier 2, and (c) pier 3 in longitudinal direction.
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the bridge, resulting in a decrease of seismic response of
other components. In this case, the corrosion of piers may
have a beneficial effect on the seismic damage of these

components. Because only the variation of seismic demand
is considered in the development of seismic fragility of these
components, the variation degree of fragility curves is
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Figure 10: Fragility contour maps of pier 1 (a) at pristine condition, (b) at 100 years after construction in shallow water, and (c) at 100 years
after construction in deep water.
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Figure 11: Distribution of median SA of piers at moderate damage state: (a) in shallow water and (b) in deep water.

Table 3: Definition of damage states of different components.

Component EDP Slight Moderate Extensive Complete
Shear keys Deformation (mm) 5.2 51 70 130
PTFE sliding bearings Deformation (mm) 80 150 200 300
Rubber bearings Deformation (mm) 80 120 160 200
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relatively slighter than that of piers. Additionally, Table 4
lists the median SAs of some critical components. By
comparing the seismic fragility of piers in Figure 11(a), we
can observe that the PTFE sliding bearing at abutment is the
most vulnerable component at slight damage state at pristine
condition. Meanwhile, pier 1 tends to dominate the vul-
nerability of the bridge at 100 years after construction. It is
indicated that the opposite degradation trends between piers
and other components may change the most vulnerable
component in the whole bridge.

Figure 13 presents the fragility curves of various com-
ponents at extensive damage state. &e difference between
fragility curves in deep water and shallow water indicates
that the water level will affect the damage probability of other
components. For the components at abutment and pier 1,
the damage probability in shallow water is relatively smaller
than that in deep water. On the contrary, the damage
probability of components at pier 3 in shallow water is
relatively larger than that in deep water. Combined with the
previous analysis, it seems that the alteration of damage
distribution of piers seems to aggravate the variation degree
of damage probability of other components.

7. Evolution Probability of Yield Sequence of
Corroded Piers

Modern RC piers are generally designed to dissipate energy
during strong earthquakes by permitting the controlled
formation of plastic hinges. In this aspect, detailed design of
the plastic hinges is necessary to ensure that piers have
enough dissipation of energy. Meanwhile, the displacement
ductility capacity of piers should be determined according to
the distribution of plastic hinges. &erefore, the plastic
hinges of piers should be predetermined during the ductile
seismic design. In general, the plastic hinges are expected to
form at the bottom and/or top of piers. However, as
mentioned, the spatial chloride-induced corrosion may alter
the yield sequence of corroded piers. In this case, it is im-
portant to determine the yield sequence of the corroded
piers during the ductile seismic design.

In this section, we propose a method to determine the
evolution probability of yield sequence of piers. Based on the
results in Section 6, the plastic hinges of corroded piers may
appear at four sections: (1) the bottom section of piers, (2)
the top section of piers, (3) the section at low water level, and
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Figure 12: Time-dependent fragility curves of (a) shear keys at abutment, (b) shear keys at pier 1, (c) shear keys at pier 2, (d) shear keys at
pier 3, (e) PTFE sliding bearings at abutment, (f ) rubber bearings at pier 1, (g) rubber bearings at pier 2, and (h) rubber bearings at pier 3.
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(4) the section at high water level. In theory, the yield se-
quence of piers can be determined by comparing the cur-
vature demand during earthquakes and yield curvature
capacity (corresponding curvature capacity at moderate
damage state), as shown in Figure 14.

&eoretically, the double-column pier can be regarded as
a cantilever column in longitudinal direction. &erefore, the

distribution of longitudinal curvature demand of piers be-
fore yielding can be simplified to a linear relationship
(Figure 14(a)). On the contrary, the framing effects between
the columns and the bents result in the distribution of
curvature demand of piers in transverse direction presenting
the double triangle curves before the pier yields
(Figure 14(b)) [31]. On the other hand, the yield curvature

Table 4: Median SAs of various components.

Components Damage states Pristine 20 years 40 years 60 years 80 years 100 years

Shear keys at abutment

Slight 0.171 0.173 0.179 0.188 0.197 0.205
Moderate 0.266 0.27 0.28 0.296 0.312 0.326
Extensive 0.307 0.312 0.324 0.344 0.363 0.38
Complete 0.445 0.452 0.471 0.503 0.533 0.561

PTFE bearings at abutment

Slight 0.122 0.123 0.126 0.131 0.136 0.141
Moderate 0.201 0.203 0.209 0.22 0.23 0.239
Extensive 0.339 0.344 0.356 0.376 0.395 0.412
Complete 0.533 0.542 0.563 0.598 0.632 0.663

Rubber bearings at pier 1

Slight 0.28 0.287 0.293 0.31 0.33 0.35
Moderate 0.495 0.51 0.53 0.56 0.58 0.6
Extensive 0.743 0.77 0.8 0.83 0.86 0.9
Complete 0.99 1.04 1.08 1.113 1.16 1.2
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Figure 13: Time-dependent fragility curves of (a) shear keys at abutment, (b) shear keys at pier 1, (c) shear keys at pier 3, (d) PTFE sliding
bearings at abutment, (e) rubber bearings at pier 1, and (f) rubber bearings at pier 3 under different water region.
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capacity of piers presents a stepped distribution due to the
nonuniform degradation. By comparing the slope of cur-
vature demand distribution and curvature capacity

distribution, the evolution probability of yield sequence of
piers can be described as follows:

P � P k1′ ≤ k1( , longitudinal direction,

P � P k1′ ≤ k1( ∪ k2′ ≤ k2(   � 1 − P k1′ > k1( ∩ k2′ > k2(  , transverse direction,

⎧⎪⎨

⎪⎩
(23)

k1 � α − λs( 
H

φ3
,

k1′ � λs

H

φ1 − φ3( 
.

(24)

k2 � λt + λs − α( 
H

φ3
,

k2′ � 1 − λs − λt( 
H

φ2 − φ3( 
,

(25)

where α is the ratio between the distance from inflection
points to the bottom of piers and the height of piers, which
can be assumed to be 1 and 0.5 in longitudinal and transverse
directions, respectively; λs is the ratio between the depth of
submerged zone and the height of piers; λt is the ratio

between the depth of tidal zone and the height of piers; H is
the height of pier; φ1, φ2, and φ3 are the yield curvatures of
section 1 (bottom section), section 2 (top section), and
section 3 (section at low or high water level), respectively.

&us, equation (23) can be rewritten as follows:

P � P α31 ≤ 1 − λs(  , longitudinal direction,

P � 1 − P α31 > 1 − 2λs(  ∩ α32 > 2λs + 2λt − 1(   , transverse direction,
 (26)
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Figure 14: Evolution condition of yield sequence of corroded piers in (a) longitudinal direction and (b) transverse direction.
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where α31 is the yield curvature ratio between sections 1 and
3; α32 is the yield curvature ratio between sections 2 and 3.

Subsequently, the Monte Carlo simulation method is
applied to obtain the evolution probability of yield se-
quence based on equation (26). Figure 15(a) shows the
influences of λs on the evolution probability of yield se-
quence of corroded piers in longitudinal direction. From
the figure, it can be seen that the evolution probability of
yield sequence rapidly decreases with the increase in λs. For
the case study of bridge, the evolution probabilities of pier 1
in shallow water and deep water are 66.4% and 0.1%, re-
spectively. In addition, the evolution probabilities of pier 1
and pier 2 in shallow water are 66.4% and 0.3%, respec-
tively. It is indicated that the yield sequence of corroded
piers in longitudinal direction is more likely to evolve in
shallow water than in deep water. Moreover, the yield
sequence of short pier is more likely to evolve than that of
tall pier in a bridge.

On the other hand, Figure 15(b) represents the influ-
ences of λs and λt on the evolution probability of yield
sequence of corroded piers in transverse direction. For a
constant λt, the evolution probability will first decrease and
then increase with the growth of λs. For example, the
evolution probability of piers will reduce from 49.0% to 9.9%
for λs in the range from 0.1 to 0.3 when λt is equal to 0.3.
Next, the evolution probability increases to 33.2% with λs

reaching 0.8. It can be inferred that the evolution of yield
sequence in transverse direction will be easy to happen in
both the shallow water and the deep water. Moreover, higher
λt is more likely to cause the evolution of the yield sequence
of corroded piers in transverse direction.

8. Conclusion

&is study assessed the seismic damage of aging RC bridges
subject to spatial chloride-induced corrosion in marine
environments. Moreover, a method is proposed to deter-
mine the evolution probability of yield sequence of corroded

piers, and the influence factors are further investigated.
Generally, the following conclusions can be obtained:

(1) &e corrosion level of reinforcing steels in tidal zone
is the most serious, followed by the splash zone,
atmospheric zone, and submerged zone. Moreover,
the transverse reinforcement experiences more re-
markable corrosion than the longitudinal rein-
forcement. &e chloride-induced corrosion will
significantly decrease the moment capacity and
curvature ductility of piers. Meanwhile, the influence
of corrosion on the initial stiffness of piers is rela-
tively slight.

(2) &e seismic damage probability will present non-
linear increase trends with the increase of time when
the piers suffer spatial chloride-induced corrosion.
Moreover, the corroded pier is easy to turn from low
damage states to high damage states during earth-
quakes because of its poor ductility level. Further-
more, the nonuniform degradation along the pier
direction may result in the sections at the low water
level and/or high water level becoming more vul-
nerable than the adjacent sections, entailing the al-
teration of damage distribution of corroded piers or
even the yield sequence of corroded piers in some
cases.

(3) &e spatial chloride-induced corrosion of piers will
decrease the seismic response of other components,
resulting in a reduction of seismic damage proba-
bility of various components. Moreover, the alter-
ation of seismic damage distribution of piers will
aggravate the variation degree of damage probability
of components. It should be noted that the opposite
degradation trends between piers and other com-
ponents may change the most vulnerable component
in the whole bridge.

(4) &e evolution probabilities of yield sequence of
corroded piers are dependent on the relationships
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Figure 15: Effects of λs and λt on the evolution probabilities of yield sequence of corroded piers in (a) longitudinal direction and
(b) transverse direction.
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among the height of piers and the depths of sub-
merged zone and tidal zone. A lower ratio between
the depth of submerged zone and the height of piers
will increase the evolution probabilities of yield se-
quence of corroded piers in longitudinal and
transverse directions. Moreover, the yield sequence
of corroded piers in transverse direction is also more
likely to evolve in a higher ratio between the depth of
submerged zone and the height of piers. Meanwhile,
a lower ratio between the depth of tidal zone and the
height of piers will relieve the evolution of yield
sequence of piers.
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