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Offshore bridges may suffer from chloride ion corrosion, tsunami wave impact, and earthquake. However, the coupling effects of
multiple factors have not been fully considered. *is paper studied multiple degradation effects on the seismic performance of
offshore piers considering tsunami wave impact, chloride ion corrosion, and their interaction. Firstly, through the scale model test
of tsunami wave flume, the wave force of box girder structures and piers under different tsunami wave conditions is measured.
*en, according to the corrosion characteristics of coastal chloride salts on reinforced concrete bridge piers, the corrosion
parameters is selected by Latin hypercube sampling, and the influence of corrosion expansion and cracking of bridge pier cover on
the chloride ion corrosion process is considered to modify the degradation model of corroded reinforced concrete materials.
Finally, the wave load measured by the test is converted by the similarity criterion of the fluid mechanic test and loaded into the
ABAQUS full-bridge model, and the pier after the tsunami wave is evaluated by the pushover analysis. *e bearing capacity and
lateral stiffness of the corroded pier before and after different tsunami waves are compared. *e results show that the lateral
bearing capacity and stiffness of bridge piers are, respectively, decreased by 27.6% and 6.2% after 30 years of service. Without
corrosion, the lateral bearing capacity and stiffness of piers were, respectively, reduced by 11.45% and 10.6% after HXB-5 wave
impact. After 30 years of service, the lateral bearing capacity and stiffness of bridge piers are, respectively, reduced by 41.8% and
22.5% under the combined action of corrosion and HXB-5 wave impact. It is found that the coupling effects of multiple
degradation factors were more significant than the simple superposition ones. *erefore, the coupling effect of multiple factors
should be considered in practical engineering.

1. Introduction

Bridges play an essential role in the transportation network.
During the whole service period, the structure will deteri-
orate due to aging, regular operation, or extreme load/en-
vironmental conditions. Generally, there are two types of
degradation in most bridge structures: gradual degradation
(such as corrosion, alkali-silica reaction, fatigue, and crack
growth) and rapid degradation (such as damage caused by
natural or man-made disasters such as earthquake, hurri-
cane, flood, and explosion) [1–3]. Degradation is a severe
problem in bridge engineering, which will significantly re-
duce the service life and reliability of the bridge. Most
existing studies focus on the degradation of a single mea-
surement standard. *e degradation increment assumed by
these studies is usually purely dependent on age/time. It

should be noted that the increment may also largely depend
on the structural state. *ere have been many studies on the
performance evaluation of offshore reinforced concrete
bridges under single natural risk. However, due to the
complexity of the structure environment, it is necessary to
consider the degradation caused by multiple factors, so as to
evaluate the seismic performance of the structure more
accurately [4]. *e research of reinforced concrete bridges
under multiple degradation processes and their coupling
effects is still in its infancy, so it is of great significance to
study the seismic performance of offshore reinforced con-
crete bridge piers under the impact of the tsunami wave.

During a tsunami, it is necessary to determine the wave-
induced load on the superstructure of a bridge. *e vertical
layout and cross section of bridge superstructure are diverse,
so it is difficult to have a unified wave force calculation
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model, so the direct test of wave force is the most effective
method to evaluate the magnitude and law of wave force on
bridge structure [5–7]. Cuomo et al. [5] measured the wave
force and pressure of the wharf with the protruding structure
on a 1 : 25 scale model and studied the physical loading
process in the test, which provided new guidance for the
design of wave load on the main girder. Guo et al. [6] used a
1 :10 full-bridge model for experimental research and
compared the test results with the two theoretical calculation
models proposed in Douglass and AASHTO guidelines,
which further improved the accuracy of the theoretical
model. Most of the research object is the girder of the bridge,
and the girder is erected on the pier through the support.*e
bridge type with a strong connection between the pier and
the girder, such as rigid frame bridge, is relatively less.

Chloride ion erosion is the leading cause of steel cor-
rosion in the offshore environment [8]. *erefore, most
scholars study the seismic performance of reinforced con-
crete bridges combined with the chloride ion erosion process
[9, 10]. Jia et al. [9] studied the seismic performance of low
corrosion piers from offshore bridges that have been in
service for more than 20 years. *e results show that al-
though the corrosion degree of the tested column is low, the
area of corroded longitudinal reinforcement and the dis-
placement ductility decreases obviously due to the weak-
ening of the restraint of corroded transverse reinforcement.
Dong et al. [11] used explicit dynamic software LS-DYNA to
study the effect factors of the impact on the mechanical
behavior of corroded reinforced concrete bridge piers
subjected to corrosion in the marine environment. *e
results show that the increase of the diameter for the main
rebar can improve the anti-impact properties of the bridge
pier. *e increase in the rate of main reinforcement cor-
rosion and impact velocity will reduce the anti-impact
properties of piers. *e diameter of the stirrup rebar has less
influence on the anti-impact mechanical properties of the
bridge pier. Lin and Zhao [12] established the finite element
model of piers with different corrosion degrees based on
OpenSees finite element software and studied the seismic
performance and seismic failure mode of each pier model.
*e results show that the bearing capacity and cumulative
energy consumption of the nonuniform corrosion pier along
with the pier height decrease with the increase of corrosion
degree; the seismic failure mode of the corroded pier will
change, as its plastic hinge position will transfer from the
column end to the bottom of the splash and tidal zone.
Stephens et al. [13] predicted the damage susceptibility of
reinforced concrete (RC) and concrete-filled steel tube
(CFST) bridges subjected to seismic and tsunami loading
scenarios by using the open-source structural analysis
software OpenSees and the open-source computation fluid
dynamics software OpenFOAM. For the seismic hazard
analysis, a suite of near-field ground motions was scaled to
predict the representative response of the two structures to a
maximum considered seismic event (MCE). In parallel, a
series of tsunami loading scenarios, including bore-type
tsunami impact and rising steady-state flows, were devel-
oped using OpenFOAM models; these loading scenarios
were applied to the structural models in OpenSees to

evaluate the performance of the structures for a tsunami-
only loading scenario to allow for a direct comparison of the
seismic and tsunami demands and response. *e results
show that both structures adequately resisted the MCE
seismic hazard but demonstrated a high collapse potential
for all tsunami loading scenarios. Akiyama et al. [10] ana-
lyzed the progress of structural design methodology from
the deterministic allowable stress design (ASD) toward the
life-cycle-based design and evaluation of bridges and bridge
networks under various dangerous situations. Focusing on
earthquake, tsunami, and corrosion degradation, the con-
cepts and methods of single bridge and bridge network are
described. It is suggested to further study and improve the
reliability and risk assessment framework of bridges under
multiple independent or coupled hazards. *e research on
chloride corrosion of reinforced concrete structures has
been gradually mature, but the seismic performance deg-
radation of structures under multifactor action is still in its
infancy.

*is paper studies the influence of multiple degradations
on the seismic performance of offshore piers from the
perspective of tsunami wave impact, chloride ion corrosion,
and their interaction. Firstly, through the scale model test of
tsunami wave flume, the wave force of box girder structure
and pier under different tsunami wave conditions is mea-
sured. *en, according to the corrosion characteristics of
coastal chloride salts on reinforced concrete bridge piers, the
corrosion parameters were selected by Latin hypercube
sampling, and the influence of corrosion expansion and
cracking of bridge pier cover on the chloride ion corrosion
process was considered to modify the degradation model of
corroded reinforced concrete materials. Finally, the wave
load measured by the test is converted by the similarity
criterion of the fluid mechanic test and loaded into the
ABAQUS full-bridge model, and the pier after the tsunami
wave is analyzed by the pushover analysis. *e bearing
capacity and lateral stiffness of the corroded pier before and
after different tsunami waves are compared.

2. Wave Force Test of Wave Impact on the
Bridge Structure

2.1. Engineering Background. *e main bridge is a three-
span concrete continuous rigid frame bridge with a span of
3× 20m. *e upper part is a streamlined box girder with a
deck width of 10m. *e lower part is a circular pier with a
diameter of 1.6m and a height of 8m. *e elevation of the
bottom of the pier is consistent with that of the seabed. *e
pile foundation is a circular single-column pile with a di-
ameter of 2.0m and a pile height of 41.5m. C40 and C30
concrete are used for pier and pile foundation, respectively.
*e general layout of the bridge type and the schematic
diagram of the section size of the upper box girder of the
bridge are shown in Figures 1 and 2, respectively.

2.2. Model Making and Parameter Setting. According to the
Froude similarity criterion, the scale of the box girder test
model is 1 : 25. *e test model is printed by a 3D printer, and
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Figure 1: General layout of the bridge (unit: cm). (a) Bridge elevation map. (b) A-A cross section.

30x10 30x20

30x20

1000
100 287.5 35 155 35 287.5 100

27
11

8
2525

30x20

30x20

30x20

30x20

30x10

2%

940
30

150 150
30

16
0

A-A

2%

Φ5 air hole

R60

R1000

25

Figure 2: Diagram of section size of upper box girder of the bridge (unit: cm).
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the dimensions are as follows: the beam length is 0.9m, the
beam width is 0.4m, the beam height is 0.07m, the pier
height is 0.13m, and the pier diameter is 0.064m. It should
be noted that the submergence coefficient CS under wave
impact is defined as the ratio of the height of wave crest
exceeding the beam bottom z to the beam height Hb, as
shown in Figure 3.

2.3. Test Model Installation and Sensor Arrangement.
After printing the test model, the reinforced concrete is
poured inside for splicing reinforcement. *e layout of the
reinforced model and pressure sensor points is shown in
Figure 4. It should be noted that the installation direction of
the sensor is the normal direction outside the structure
surface.

*e tsunami wave test is carried out in the water
conservancy building of Fuzhou University. Figure 5 shows
the test flume. *e tsunami wave in the test tank is sim-
ulated based on the principle of dam break wave, as shown
in Figure 6. In order to obtain the wave height and velocity
required by the test, two wave gauges are set in the main
water tank. *e distance between the wave gauges is 1m,
and the distance between the model and the closer wave
gauge is 1m. *e average value of the wave height mea-
sured by the two wave gauges is taken as the wave height
required for the test. *e distance between the two wave
gauges divided by the time difference of the tsunami wave
passing through the two wave gauges is regarded as the
wave velocity.

*e process of tsunami wave test is as follows: firstly, the
water level W (0.5m, 0.6m, 0.7m) and the gate opening
height G (0.25m, 0.3m, 0.35m, 0.4m, 0.45m) of the res-
ervoir are used to generate 15 kinds of tsunami waves under
different conditions, and each condition is measured 5-6
times. *en, the maximum and minimum values of wave
height and wave velocity are removed from the measured
wave height and wave velocity in each condition, and the
remaining measured values are averaged to obtain the ideal
wave height h and wave velocity u. Finally, the test results of
tsunami wave parameters under different conditions are
shown in Table 1. It should be noted that the similarity ratio
of the box girder prototype and model parameters is shown
in Table 2.

3. Degradation Model of Reinforced Concrete
Materials in Chloride
Corrosion Environment

3.1. Start Time and Current Density of Rebar Corrosion

3.1.1. Starting Time of Rebar Corrosion. Assume that the
chloride ion concentration is 0 at t� 0 and the surface
chloride ion concentration C0 is a constant during the ex-
posure period. With the penetration of chloride ion, the
chloride ion concentration reaches a certain threshold
concentration Ccrit. At this time, the one-dimensional

theoretical simplified Tinit calculation formula for the initial
corrosion time of reinforcement is obtained [14].

Tinit �
c2

4Dc
erf−1 C0 − Ccrit

C0
  

−2⎧⎨

⎩

⎫⎬

⎭

(1/(1− n))

, (1)

where c is the thickness of concrete cover (mm), Ccrit is the
critical chloride ion concentration (kg/m3) for the disso-
lution of passive film on the surface of steel bar, Dc is the
diffusion coefficient of surface chloride ion, and n is the time
index and is taken as 0.2.

Li [15] sorted out and calculated the research results of
some relevant researchers and gave the distribution pa-
rameters of the random variable model used to simulate the
start time of the steel corrosion unit in Table 3.

*is paper only considers the corrosion of piers in the
splash zone. *e corrosion initiation time Tinit is calculated
by Latin hypercube sampling (100000 samples), in which the
random parameters of corrosion initiation time are shown in
Table 3, and the concrete cover thicknesses are 40mm,
50mm, and 60mm, respectively. Figure 7 shows the fre-
quency distribution histogram of corrosion initiation time
and the fitted lognormal distribution under different cover
thicknesses.

3.1.2. Current Density of Reinforcement Corrosion. Vu and
Stewart [16] proposed the empirical formula of corrosion
current density changing with time:

icorr,1(t) �
37.8(1 − W/C)

−1.64

c
, t≤Tinit + 1, (2)

icorr,2(t) � 0.85icorr,1 t − Tinit( 
−0.29

, Tinit + 1< t, (3)

whereW/C is the water-to-cement ratio, c is the thickness of
concrete cover (cm), icorr,1 is the current density within one
year from the beginning of corrosion (μA/cm2), and icorr,2 is
the current density one year after the beginning of corrosion
(μA/cm2).

In order to obtain the relationship between corrosion
duration, water-to-cement ratio, and corrosion current
density, firstly, the thickness of the concrete cover is as-
sumed to be 50mm, and then the corrosion duration and
water-to-cement ratio are randomly sampled (100000
samples). Finally, the corrosion current density is calcu-
lated by equations (2) and (3). *e results are shown in
Figure 8.

3.2. Corrosion Rate of Reinforcement after Corrosion Ex-
pansionCracking of Cover. *e theoretical analysis model of
Lu et al. [17] does not consider the corrosion expansion
cracking time of the cover when the corrosion products
enter the internal cracks of concrete and the time required
for the steel corrosion products to fill the internal cracks of
concrete and the model formula are as follows:
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tcr � t1 + t2 � 234762(d + kc)

×
(0.3 + 0.6(c/d)) ft/Eeff(  r0 + c( 

2
+ r

2
0/ r0 + c( 

2
− r

2
0  + vc  + 1 + 2δ0/d(  

2
− 1

(n − 1)icorr
,

(4)

t2 � k
c

d
t1, (5)

where t1 is the cracking time (h) of the cover without
considering the corrosion products entering the cracks, t2 is
the time (h) of the reinforcement corrosion products filling

the internal cracks of the concrete, k is a constant, 0.8∼1.0 is
taken for long-term natural corrosion, Eeff is the effective
elastic modulus (GPa) of the concrete, vc is Poisson’s ratio of
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Figure 3: Diagram of impact submergence coefficient.
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the concrete, δ0 is the thickness of porous zone, with an
average value of 10∼20 μm [18], r0 is the sum of rein-
forcement radius and thickness of porous zone (mm), and n
is the volume expansion rate of reinforcement corrosion
products, taking 2.5∼3.0.

3.3. Material Degradation Model of Corroded Reinforced
Concrete. It is assumed that the reinforcement is uniform
corrosion, and the change of corrosion rate of reinforcement
before and after expansion crack of cover is considered.
*us, the time-varying diameter of reinforcement can be
expressed as follows:

d(t) �
d0 − r1 t − Tinit( , Tinit < t≤Tα,

d0 − r1 Tα − Tinit(  − r2 t − Tα( , Tα < t,


(6)

where d(t) is the time-varying diameter of the rein-
forcement (mm), d0 is the initial diameter of the rein-
forcement (mm), Tinit is the corrosion start time of the
reinforcement (year), Tcr is the corrosion cracking time of
the cover (year), r1 is the radial corrosion rate of the
reinforcement before the cover cracking (mm/year), and
the recommended value is 0.127mm/year [19], and r2 is
the radial corrosion rate of the reinforcement after the
cover cracking (mm/year).

*e cross section loss rate of reinforcement is expressed
as a function of time.

ρ(t) �

0, t<Tinit ,

1 −
d(t)

d0
 

2

, Tinit < t≤Tinit +
d0

r
,

1, Tinit +
d0

r
< t,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(7)

where ρ(t) is the loss rate of steel section, r is the radial
corrosion rate of reinforcement (mm/year), and r1 or r2 is
selected according to different corrosion stages.

It should be noted that ABAQUS simulation adopts the
degradation models of mechanical properties of corroded
reinforcement and compressive strength of concrete pro-
posed by Kashani et al. [20] and Coronelli and Gambarova
[21], respectively.

4. Numerical Simulation Model

4.1. Background. ABAQUS finite element software [22] is
used to analyze corroded piers with different service life
(0, 10, 20, 30, 40, 50 years). Firstly, the whole bridge model
is established. *en, the measured tsunami wave force is
transformed into the finite element model of the whole
bridge for structural dynamic analysis. Finally, through
the pushover analysis of piers, the changes of bearing
capacity and transverse stiffness of corroded piers before
and after different tsunami wave conditions are compared.

Table 1: *e test results of tsunami wave parameters.

No. W (m) G (m) u (m/s) h (m)
1 0.5 0.25 2.63 0.172
2 0.5 0.30 2.79 0.190
3 0.5 0.35 2.89 0.201
4 0.5 0.40 2.95 0.213
5 0.5 0.45 2.90 0.220
6 0.6 0.25 2.89 0.180
7 0.6 0.30 3.11 0.201
8 0.6 0.35 3.08 0.214
9 0.6 0.40 3.17 0.238
10 0.6 0.45 3.20 0.252
11 0.7 0.25 3.06 0.191
12 0.7 0.30 3.24 0.229
13 0.7 0.35 3.17 0.251
14 0.7 0.40 3.24 0.271
15 0.7 0.45 3.20 0.282

Table 2: *e similarity ratio of box girder prototype and model parameters.

Wave height (m) Wave velocity (m/s) Submerged coefficient (Cs) Wave direction (°)
Prototype 3.75–7.84 13–16 0–2 0
Model 0.15–0.28 2.6–3.2 0–2 0
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4.2. Corroded Piers

4.2.1. Layered Modeling of Corroded Piers. *e pier simu-
lation is mainly divided into three parts: cover concrete, core
concrete, and steel bar.*e pier height is 8m, the diameter is
1.6m, and the thickness of the cover concrete is 50mm.
Since the constitutive model of the cover of the corroded pier
is different from that of the core concrete material, it is
necessary to establish the splash zone and the atmospheric
zone when establishing the corrosion pier model, in which
the height of the splash zone is 2m. In order to distinguish
cover from core concrete, cover and core concrete define
material properties independently. It needs to be explained

that concrete adopts solid elements, and the element type is
C3D8R; the Truss element is used in steel bar, and the el-
ement type is T3D2.

4.2.2. Constitutive Model of Corroded Concrete Materials.
*e concrete simulation of the pier is divided into cover
concrete and core concrete, and C40 concrete is used. *e
damage plastic model of concrete is adopted as the
constitutive model. *e material parameters and damage
factor calculation methods used in damage plastic
modeling are all based on code for the design of concrete
structures (GB 50010-2010) [23].

Table 3: Related parameters affecting Tinit random variables.

Parameter Unit Distribution type Mean value Coefficient of variation
Ccrit kg/m3 Uniform distribution 0.9 0.19
C0 kg/m3 Lognormal distribution 7.35 0.7
Dc mm2/a Normal distribution 161 1.42

Mean value : 1.53
Standard deviation : 0.84
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Figure 7: Frequency distribution histogram and fitting lognormal distribution of corrosion start time of steel bar under different cover
thickness. (a) *e thickness of concrete cover c� 40mm. (b) *e thickness of concrete cover c� 50mm. (c) *e thickness of concrete cover
c� 60mm.
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*e degradation model of concrete compressive strength
in splash zone adopts the degradation model introduced in
Section 3. It should be noted that the compressive strength
degradation of core concrete is not considered.

4.2.3. Properties of Corroded Steel Bar Materials. *e lon-
gitudinal reinforcement and stirrup are 28mm HRB400
and 16mm HRB335, respectively. With the increase of
service life, the steel bars will rust. *ere are two key time
nodes here, i.e., the beginning time of steel corrosion in
the splash zone of bridge pier Tinit and the corrosion
expansion cracking time of cover Tcr, which determine
different steel corrosion rates. In Figure 7 of Section 3.1.1
the expected value of Tinit is 4 years after service when the
thickness of p cover is 50mm, and the calculated value is 4
years. *e corrosion expansion cracking time Tcr is cal-
culated by (4) of the corrosion expansion cracking time
analysis model in Section 3.2, and the values of various
parameters in the formula are shown in Table 4.

*e corrosion current density icorr of the steel bar before
corrosion expansion cracking is calculated by the integral
value in Figure 8. When the water-to-cement ratio is 0.4, the
relationship between corrosion current density icorr and
corrosion time is shown in Figure 9.*rough equation (4), it
can be obtained that Tcr is 3.5 years after the beginning of
corrosion, and the corrosion expansion cracking time Tcr is
7.5 years for the sake of conservation.

After determining the corrosion start time Tinit and
corrosion expansion cracking time Tcr of pier steel bars in
the splash zone, the time-varying diameter and section loss
rate of steel bars under different service life are calculated by
equations (6) and (7) in Section 3.3. *e specific calculation
results are shown in Table 5.

It should be noted that the constitutive model required
to define other material properties of reinforcement is the
model described in Section 3.3.

4.3. Girder. *e girder is a three-room reinforced concrete
box girder with equal cross section, and C50 concrete is used
(see Section 2.1 for the specific size). *e girder is modeled
by the solid element, and the element type is C3D8R. It
should be noted that the girder is only used to bear the
impact of waves and transfer the forces on the superstructure
to the pier, and only the elastic stage of the beam is
considered.

4.4. Pile Foundation. *e simulated pile foundation is a
circular single-column pile with a height of 41.5m and a
diameter of 2m. Pile foundation is modeled using C30
concrete and eight-node solid elements with reduced inte-
gration (C3D8R), and the reinforcement ratio and rein-
forcement mode of pile foundation are considered in the
modeling.

*e pile-soil interaction is equivalent by applying spring
boundary conditions. *e stratum of pile foundation is
mainly the silt and sand soil layer. *e clay material pa-
rameters are calculated according to the p-y curve recom-
mended by Matlock, and the sand material parameters can
be calculated according to the p-y curve recommended by
the American API code. *e relevant soil parameters re-
quired to define the spring boundary conditions are shown
in Table 6.

4.5. Abutment. *e abutment is a pile abutment. When the
bridge is impacted by waves, the main effect of the abutment
on the girder is the longitudinal and transverse restraint.
*erefore, the equivalent constraint is established to sim-
ulate the abutment. Because the abutment and the girder are
connected by rubber bearings, the abutment does not
provide vertical restraint for the girder when it is impacted
by waves, and the horizontal restraint mainly comes from
the friction between the superstructure and the substructure.
According to the research of Huang et al. [24], the friction
coefficient of rubber bearing is 0.8, and the friction resistance
is obtained by multiplying the vertical force on the bearing
by the friction coefficient. It should be noted that the vertical
deformation of the abutment is not considered.

4.6. Collision. In the longitudinal direction of the bridge, the
collision between the girder and the abutment will have a
great impact on the dynamic analysis of the bridge.
According to the experimental conclusion of Wang et al.
[25], the stiffness of the impact element is defined as 0.5
times the axial stiffness of the girder.

4.7. Damping. Rayleigh damping is used to simulate the
damping of the bridge, that is, the combination matrix
represented by equation (8), including mass matrix and
stiffness matrix.

[C] � α[M] + β[K], (8)

where α is the mass damping coefficient and β is the stiffness
damping coefficient. It should be noted that α and β are
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Figure 8: *e scatter plot of the relationship between corrosion
duration, water-to-cement ratio, and corrosion current density.
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obtained by modal damping, and the modal damping ratio
of concrete structures is set as 0.05.

In summary, the established ABAQUS full-bridge model
is shown in Figure 10.

4.8.Wave Force. According to the ratio of the test model, wave
condition, and the Froude similarity criterion, the wave force on
the impacted side of the girder is distributed in the form of
pressure. By assuming that the wave impact pressure on the
surface of the girder at the same horizontal height is equal and
the corresponding pressure force area is divided at the sensor
point, the pressuremeasured by the test is extended to thewhole
surface of the girder, and the hydrostatic pressure varying with
water depth is applied to the surface of the unimpacted side of
the girder to simulate the buoyancy of the girder.*ewave force
on the pier is added to the surface of the pier under impact in
the form of surface load. *e resultant force is obtained by
reducing the horizontal force measured by the test and sub-
tracting the horizontal force on the girder.*e buoyancy on the
pier is simulated by the hydrostatic pressure changing with the
water depth. *e loading time of wave force is enlarged by five
times according to the similarity criterion; that is, the action
time is 30 s.*e simulation of wave force is shown in Figure 11.

5. Results and Discussion

5.1. Dynamic Response Analysis of Piers under Different
Tsunami Wave Conditions. According to the 100-year high
water level and wave conditions in the sea area of the bridge
site, six groups of tsunami wave conditions in the test results
are selected and converted through the similarity criteria of
the hydrodynamic test. *e converted tsunami wave pa-
rameters are shown in Table 7. *e tsunami wave force
corresponding to the above tsunami wave conditions is

Table 4: Parameter values of Tcr model for corrosion expansion cracking time.

Parameter k d (cm) c (cm) ft (MPa) Eeff (GPa) r0 (cm) n vc δ0 (cm)

Value 0.9 1.6 5 2.4 32.5 0.8015 2.75 0.2 0.0015
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Figure 9: Relationship between corrosion current density and corrosion duration before corrosion expansion cracking.

Table 5: Time-varying diameter and section loss rate of pier reinforcement in splash area under different service life.

Service life (years) 0 10 20 30 40 50

Longitudinal bar Diameter (mm) 28 26.60 25.97 24.84 23.46 21.61
Section loss rate (%) 0 9.75 13.97 21.30 29.80 40.43

Stirrup Diameter (mm) 16 14.6 13.97 12.84 11.46 9.61
Section loss rate (%) 0 16.73 23.76 35.60 48.70 63.92

Table 6: Relevant soil parameters.

Underground depth Soil type pult (kN/m)
0∼5m underground Silt 308
5∼10m underground Sand 6075
10∼15m underground Sand 10125
15∼20m underground Sand 14175
20∼25m underground Sand 18225
25∼30m underground Sand 22275
30∼35m underground Sand 26325
35∼41.5m underground Sand 30983
Note. Limit soil resistance for p-y material in the current loading direction.
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loaded on the whole bridge model to obtain the dynamic
response of the pier bottom under different tsunami wave
conditions.

5.1.1. Time History Analysis of Shear Force at Pier Bottom
under Tsunami Wave. By loading the tsunami wave force
corresponding to HXB-1∼HXB-6 in Table 7 on the
(noncorrosion) full-bridge model, the time history curve
of pier bottom shear force is obtained as shown in
Figure 12. It should be noted that the degrees of freedom
of incident wave direction, vertical direction, and lon-
gitudinal rotation around the bridge are only considered
in wave loading.

*e pier bottom shear force is mainly caused by the
horizontal component of wave force. From the time history
curve of shear force of pier bottom, it can be seen that when
the tsunami wave impacts the bridge, with the change of
time, firstly, the pier bottom shear force will reach the peak
value instantly, which is the attack force of the tsunami wave,
and then the shear force will decrease considerably and
increase slowly with the increase of wave height. Finally, the
shear will decrease slowly, which is consistent with the wave
force trend obtained from the test. In addition, when the
wave impact coefficient is less than 2, as shown in
Figures 12(a) and 12(d), it can be seen that the peak shear
force of the pier increases with the increase of the impact
submergence coefficient and wave velocity.When the impact
submergence coefficient is greater than or equal to 2, as

shown in Figures 12(e) and 12(f), the wave velocities of the
two kinds of tsunamis are the same, and the impact sub-
mergence coefficients are 2.01 and 2.17, respectively.*ere is
no obvious difference in the peak shear force at the bottom of
the pier after the action of the two kinds of tsunamis.
*erefore, it can be judged that the relationship between the
horizontal component of wave force and the impact sub-
mergence coefficient does not belong to monotonic
increasing.

5.1.2. Time History Analysis of Moment at Pier Bottom under
Tsunami Wave. By loading the tsunami wave forces cor-
responding to HXB-1∼HXB-6 in Table 7 on the (noncor-
rosive) finite element full-bridge model, the moment time
history curve of pier bottom is obtained as shown in
Figure 13.

(a) (b) (c)

Figure 10: Diagram of ABAQUS full-bridge model.

Static water level

Impacted side

Pier buoyancy
Dynamic pressure

Hydrostatic pressure

Figure 11: Diagram of wave force simulation.

Table 7: Converted tsunami wave parameters.

Tsunami
wave
number

Wave
velocity u

(m/s)

Wave
height
h (m)

Submergence
coefficient Cs

Water
level

height H
(m)

HXB-1 5.88 4.300 0.60 4.75
HXB-2 6.46 5.025 1.01 4.75
HXB-3 6.95 5.025 1.01 4.75
HXB-4 7.25 5.725 1.41 4.75
HXB-5 7.25 6.775 2.01 4.75
HXB-6 7.25 7.050 2.17 4.75
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Figure 12: Time history curve of pier bottom shear force under different tsunami wave conditions. Time history curve of shear force acting
on pier bottom of (a) HXB-1, (b) HXB-2, (c) HXB-3, (d) HXB-4, (e) HXB-5, and (f) HXB-6.
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Figure 13: Continued.
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*e pier bottom moment is caused by the combined
action of horizontal and vertical components of wave force.
From the moment time history curve of pier bottom, it can
be seen that when the tsunami wave impacts the bridge,
with the change of time, firstly, the pier bottom moment
will reach the peak value instantly, which is the attack force
of tsunami wave, then the moment will have a significant
decrease, and the moment will decrease considerably and
increase slowly with the increase of wave height. Finally,
the moment will decrease slowly, which is consistent with
the changing trend of the pier bottom shear time history
curve. In addition, for HXB-2 and HXB-3, the impact
submergence coefficients of the two kinds of tsunami waves
are the same, and the wave velocities are 6.46m/s and
6.95m/s, respectively. *e peak shear force at the bottom of
the pier is 431 kN and 535 kN, respectively, and the peak
moment at the bottom of the pier is 4058 kN·m and
4507 kN·m, respectively. It can be seen that when the wave
velocity increases by 7.6%, the peak shear force and mo-
ment at the pier bottom increase by 24.1% and 11.1%,
respectively. Compared with the vertical force, the influ-
ence of wave velocity on the horizontal component of wave
force is more remarkable.

It is worth noting that when the impact submergence
coefficient is greater than 2, as shown in Figures 13(e) and
13(f), the wave velocities of the two tsunami waves are the
same, and the impact submergence coefficients are 2.01 and
2.17, respectively, which are significantly different from the
pier bottom shear, and the pier bottom moment is still
significantly increased. It is proved that, under this condi-
tion, the horizontal component of the wave force does not
increase significantly, and the vertical component of the
wave force increases greatly, and the vertical component of
the wave force has a larger impact on the pier bottom
moment.

5.2. Seismic Performance ofCorrodedPier underWaveAction.
In order to study the seismic performance of corroded piers
under wave action, wave conditions HXB-3, HXB-4, and
HXB-5 are firstly selected and loaded on the full-bridge
models with the service life of 0, 10, 20, 30, 40, and 50 years,
respectively. After the wave impact is completed, the damage
caused by wave impact can be recorded and retained by the
damaged plastic model of concrete used in bridge piers.
*en, the analysis step is created to carry out the pushover
analysis on piers, and the bearing capacity of bridge piers
with different service life under different tsunami wave
conditions is obtained. Finally, the changes of transverse/
vertical bearing capacity and transverse stiffness of piers
under the simultaneous action of wave impact and chloride
ion corrosion are analyzed.

5.2.1. Failure Mode of the Pier under Wave Impact. *e
finite element simulation results show that the concrete in
the compression zone is completely damaged, and the shear
deformation at the bottom of the pier is far less than the
bending deformation. According to the bending-bending-
shear-shear failure criterion proposed by Sun et al. [26]
(shear deformation/bending deformation< 0.2), it is judged
that the failure mode of the pier is bending failure when the
tsunami wave impacts the bridge structure.

5.2.2. Bearing Capacity Analysis of Corroded Bridge Piers
before and after Wave Impact. *e lateral and longitudinal
pushover analysis of the pier is carried out by displacement
control. Firstly, the lateral displacement of the pier top is 0,
0.05, 0.1, 0.15, and 0.2m to obtain the lateral bearing capacity
and stiffness of the corroded pier after wave impact. *en,
the vertical displacement on the top of the pier is −0, −0.01,
−0.02, −0.03, −0.04, and −0.05m, and the vertical bearing
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Figure 13: Time history curve of the moment at pier bottom under different tsunami wave conditions. Time history curve of the moment at
pier bottom under (a) HXB-1 action, (b) HXB-2 action, (c) HXB-3 action, (d) HXB-4 action, (e) HXB-5 action, and (f) HXB-6 action.
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Figure 14: Continued.
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capacity of the corroded pier after wave impact is obtained.
Finally, the lateral and vertical bearing capacities of piers
with different service life are shown in Figure 14 and Table 8.
It should be noted that, in order to make the damage on the
compression side of the pier, the direction of lateral over-
turning is consistent with that of wave impact.

As shown in Figure 14 and Table 8, these results are as
follows:

(1) In the absence of wave action, the lateral bearing
capacity and vertical bearing capacity decrease by
48.2% and 16.1%, respectively, from 0 to 50 years.
*erefore, it is indispensable to consider the cor-
rosion environment of piers when evaluating off-
shore bridges. In addition, compared with the
transverse bearing capacity, the vertical bearing
capacity of the pier has a lower decline rate in
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Figure 14: Comparison of bearing capacity of piers with different service life under different conditions of tsunami wave. (a) Lateral bearing
capacity of pier after HXB-3 action. (b) Vertical bearing capacity of pier after HXB-3 action. (c) Lateral bearing capacity of pier after HXB-4
action. (d) Vertical bearing capacity of pier after HXB-4 action. (e) Lateral bearing capacity of the pier after HXB-5 action. (f ) Vertical
bearing capacity of the pier after HXB-5 action.

Table 8: Comparison of bearing capacity of corroded piers under different tsunami waves.

Bearing capacity (kN) Wave condition 0 years 10 years 20 years 30 years 40 years 50 years

Transverse

No wave 1136
0%

1007
−11.4%

910
−19.9%

823
−27.6%

711
−37.4%

589
−48.2%

HXB-3 1086
−4.5%

951
−16.4%

850
−25.2%

752
−33.8%

511
−55.0%

488
−57.0%

HXB-4 1030
−9.3%

904
−20.4%

815
−28.3%

709
−37.7%

450
−60.4% Destruction

HXB-5 1006.28
−11.45%

837
−26.3%

758
−33.3%

661
−41.8% Destruction Destruction

Vertical

No wave 77832
0%

72806
−6.5%

70890
−8.9%

69832
−10.3%

67250
−13.6%

65298
−16.1%

HXB-3 72377
−7.0%

67183
−13.7%

64216
−17.5%

62036
−20.3%

58845
−24.4%

55959
−28.1%

HXB-4 65993
−15.2%

61327
−21.2%

58781
−24.5%

56232
−27.8%

52123
−33.0% Destruction

HXB-5 61403
−21.1%

57848
−25.7%

54759
−29.6%

52981
−31.9% Destruction Destruction

Note. *e ratio is the value of bearing capacity of damaged pier compared with that of the undamaged pier.
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different service life. Finally, it is worth noting that
the first failure location is in the lower compressive
strength (splash zone) of the protective layer under
vertical loading, which indicates that the compres-
sive strength of the protective layer is one of the main
factors affecting the vertical bearing capacity.

(2) When the bridge structure is impacted by tsunami
waves under different conditions, the decline rate of
the vertical bearing capacity of the pier in service for
0 years (0%∼21.1%) is much larger than that of the
lateral bearing capacity (0%∼11.45%), which indi-
cates that the pier concrete has a higher impact on
the vertical bearing capacity of the structure after

tension and compression damage. *e main reason
is that the transverse bearing capacity of the pier is
primarily caused by the tensile effect of longitudinal
reinforcement, and the vertical bearing capacity
results from the compressive effect of concrete.

(3) *e structural damage factors of bridge piers with
different service life after being impacted by different
conditions of tsunami wave include two parts: one is
the durability damage caused by steel corrosion, and
the other is the impact damage caused by the tsu-
nami wave. When both of them act at the same time,
it was evident that the damage to the structure was
more remarkable, even more significant than the
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Figure 15: Comparison of transverse stiffness of piers with different service life under different conditions of tsunami wave. Lateral stiffness
of pier after (a) HXB-3 action, (b) HXB-4 action, and (c) HXB-5 action.
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damage ratio caused by the two alone.*erefore, it is
inaccurate to evaluate the damage of offshore
structures only by a single factor or simply super-
imposing multiple damage factors.

5.2.3. Lateral Stiffness Analysis of Corroded Pier before and
after Wave Impact. *rough the analysis of pier pushover,
the lateral stiffness of piers with different service life under
different tsunami wave conditions is obtained. *e results
are shown in Figure 15 and Table 9.

As shown in Figure 15 and Table 9, the results are as
follows:

(1) With the increase of service life of piers, the lateral
stiffness of corroded piers after tsunami wave impact
decreases faster than that of corroded piers without
tsunami wave impact. Especially after service 30, the
decrease ratio of stiffness is much larger than that in
service (0∼20) years, and even the pier is damaged,
indicating that the durability damage caused by
corrosion is pronounced.

(2) After 30 years of service, the lateral bearing capacity
and stiffness of piers are reduced by 27.6% and 6.2%,
respectively, due to corrosion. Without considering
corrosion, the lateral bearing capacity and stiffness of
bridge piers are reduced by 11.45% and 10.6%, re-
spectively, after HXB-5 wave impact. Under the
combined action of corrosion and HXB-5 wave
impact, the lateral bearing capacity and stiffness of
bridge piers are reduced by 41.8% and 22.5%, re-
spectively, after 30 years of service, which is more
prominent than that of a single factor or simple
superposition of two factors. With the increase of
service life, this trend is more obvious and more
prone to structural damage, which also shows a
coupling effect under the action of multiple factors,
and it cannot only consider single factor or simple
superposition of multiple factors.

6. Conclusion

*is paper studies the influence of multiple degradations
on the seismic performance of offshore piers from the
perspective of tsunami wave impact, chloride ion corro-
sion, and their interaction. *e major conclusions are as
follows:

(1) *e time history analysis of shear force and moment
under the action of tsunami wave shows that when
the submergence coefficient of the tsunami wave is
1.01, the influence of wave velocity on the horizontal
component of wave force is greater than that of
vertical force. When the impact submergence coef-
ficient is greater than or equal to 2, there is no
significant difference in the peak shear force at the
bottom of the pier under different impact submer-
gence coefficients. *erefore, the relationship be-
tween the horizontal component of wave force and
the impact submergence coefficient is not mono-
tonically increasing, but the peak moment at the
bottom of the pier increases obviously, which in-
dicates that the influence of the vertical component
of wave force on the moment at the bottom of the
pier is more important to a certain extent.

(2) *rough the analysis of the bearing capacity of
corroded piers before and after wave impact, it is
shown that the transverse bearing capacity and
vertical bearing capacity decrease by 48.2% and
16.1%, respectively, from 0 to 50 years without wave
action. *erefore, it is very necessary to consider the
corrosion environment of piers when evaluating
offshore bridges. In addition, compared with the
transverse bearing capacity, the decline rate of the
vertical bearing capacity of the pier is lower in dif-
ferent service life. When the bridge structure is
impacted by tsunami wave under different condi-
tions, the decline rate of vertical bearing capacity
(0%∼21.1%) of the pier in service for 0 years is much
larger than that of its transverse bearing capacity
(0%∼11.45%), which indicates that the influence of
pier concrete on the vertical bearing capacity of the
structure is greater after being damaged by tension
and compression.

(3) *rough the analysis of the bearing capacity and
lateral stiffness of corroded piers before and after
wave impact, it is shown that the factors causing the
decline of bearing capacity and lateral stiffness of
piers with different service life under different
conditions of tsunami wave impact include two
parts: one is the degradation of material properties
caused by pier corrosion, and the other is the impact
damage caused by the tsunami wave. Under the
combined action of corrosion and wave impact, the

Table 9: Comparison of lateral stiffness results.

Lateral stiffness (kN/m) 0 years 10 years 20 years 30 years 40 years 50 years

No wave 61241
−0%

60209
−1.7%

58411
−4.6%

57473
−6.2%

56046
−8.5%

54607
−10.8%

HXB-3 57600
−6.0%

54989
−10.2%

53301
−13.0%

52857
−13.7%

48791
−20.3%

47217
−22.9%

HXB-4 55277
−9.7%

54566
−10.9%

52304
−14.6%

50984
−16.8%

47717
−22.5% Destruction

HXB-5 54766
−10.6%

53046
−13.4%

51944
−15.2%

47460
−22.5% Destruction Destruction

Note. *e ratio is the value of the lateral stiffness of the damaged pier compared with that of the undamaged pier.
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reduction ratio of transverse bearing capacity and
stiffness of pier is obviously larger than that of a
single factor or simple superposition of two factors.
With the increase of service life, this trend is more
noticeable and more prone to failure. It is proved
that there is a coupling effect under the action of
multiple factors. *erefore, in practical engineering,
only a single factor or simple superposition of
multiple factors cannot be considered.

In the numerical simulation, this paper only considers
the transverse (incident wave direction) and vertical damage
of the bridge caused by wave impact. However, the wavemay
have a certain impact on the longitudinal direction of the
bridge, which can be further studied in the future.
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