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*e effects of seawater and site conditions on the seismic response of the isolated continuous girder bridge are evaluated in this
study.*e seawater-muddy soil-isolated bridge coupling model is built in the dynamic analysis software ADINA, and the external
seismic wave input is realized by the seismic wave motion analysis program. *e influences of seawater and muddy soil on the
seismic response of isolated continuous girder bridges are determined by comparing different offshore site models. *e results
indicated that the seawater and the muddy soil magnify the displacement of the seabed. *e existence of seawater increases the
longitudinal relative displacement of piers by 20%–40% but has limited influence on the bending moment and shear force of piers.
*e muddy soil can increase the longitudinal relative displacement and internal force of the piers remarkably. Moreover, the
displacement of bridge bearings increases significantly under the combined influence of muddy soil and seawater. In the seawater-
muddy soil-isolated bridge coupling model, the seawater and site condition can influence the seismic performance of sea-crossing
bridges obviously.

1. Introduction

In recent years, the construction of the sea-crossing bridge is
in the ascendant. Compared with the onshore bridge, the
service environment of the sea-crossing bridge is more
complicated. In addition to the effect of the dynamic loads
such as wind, wave, and current, the seawater scours and
chloride ion corrosion can also influence the seismic per-
formance of sea-crossing bridges. Eastern China is close to
the Circum-Pacific seismic belt, and there are often seismic
activities in the bridge site, so it is necessary to analyze the
seismic performance of sea-crossing bridges with the
combined action of multiple factors.

In recent decades, many scholars have studied the
dynamic response of bridges under the action of wave and
current [1–6]. *ey found that wave and current could
increase the dynamic responses of the internal forces of
bridge foundation, elevated pile cap, and displacement of
the superstructure. However, only a few studies have been
carried out to analyze the dynamic response of sea-

crossing bridges subjected to combined earthquake and
wave-current actions. Li [7] proposed a method of dy-
namic response analysis for bridges in deep water under
combined actions of earthquake and wave using the linear
radiation wave theory and diffraction wave theory. *e
results indicated the bridge response in deep-water models
under separate earthquake and wave actions is nonlinear
and cannot be combined by superposition.*is conclusion
has also been verified by literature [8]. Yuan [9] studied the
load effect of bridge piers under combined wave and
earthquake actions by the extended Morison equation. *e
results show that the horizontal force and bending mo-
ment of pile block and the maximum bending moment of
pile foundation under the wave and seismic action are
larger. Ding [10] conducted a stochastic dynamic analysis
on response characteristics of deep-water piers in different
load cases with earthquake and wave action. Liu [11] drew
the conclusion that hydrodynamic pressure can influence
the results of bridge responses through numerical simu-
lation and underwater shaking table tests. Ding [12] also
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found that the water layer can enlarge the dynamic re-
sponses of piers and decrease the natural frequencies of
piers in an underwater shaking table test. Taking the
circular pier as the research object, Wang [13] analyzed the
seismic response and wave force of the pier under
earthquake and wave-current combined action. It was
found that the bridge pier displacement is more sensitive
to wave force when the seismic load is limited. *e wave
force can be increased by the wave-current combination
action. Jiang [14] and Wu [15, 16] systematically discussed
the seismic response characteristics and influence of pa-
rameters of the deep-water piers under different wave and
current parameters. *e results indicated that wave and
current can change the seismic response of piers, the extent
of which is related to the ground motion spectrum
characteristics, as well as the wave and current parameters,
especially wave period. *e studies of Li [17] and Cheng
[18] on chloride ion corrosion showed that the corrosion
effect will increase the damage index of the sea-crossing
bridge, reduce the maximum value of the pier bottom
shear and bending moment, and thus reduce the seismic
performance of the bridge. Wang [19] conducted a shaking
table test of bridge piers and piles considering the action of
scouring. It is found that the pile moment increases with
the scoured depth increases whereas the pier moment
decreases, and the failure mechanism of the bridge may
transfer from piers to piles. Liu [20] conducted a shaking
table test of a bridge tower under the combined earthquake
and wave-current action. Compared with wave and cur-
rent, seismic loads have the greatest impact on the seismic
response of bridge towers. *e acceleration of the tower
top is the most sensitive to the earthquake.

Based on the above summary and Liu’s experiment
[20], it is found that, compared with other factors, seismic
action has the most significant influence on the dynamic
response of sea-crossing bridges. Compared with the ter-
restrial environment, there are seawater and seafloor
sediment layers in the marine environment, which makes
the offshore ground motion greatly different from the
onshore ground motion. It is necessary to determine the
effects of seawater and site conditions on the seismic re-
sponse of sea-crossing bridges, which is of great signifi-
cance to the seismic design of sea-crossing bridges and
other marine structures.

Diao [21] determined the influence of the water layer on
vertical components of offshore ground motion and ana-
lyzed the characteristics of offshore ground motion on the
basis of Boore [22]. *e results show that the offshore
vertical motion is influenced by the water layer, and the soft-
soil layer can enlarge the long-period component of the
horizontal acceleration. Li [23] synthesized offshore ground
motions stochastically based on the SWWA seismological
model. *e results indicated that the vertical component of
offshore ground motion was significantly lower than that of
onshore ground motion. Dhakal [24] collected the offshore
ground motion recorded by the K-NETstation in Japan and
studied the influence of nonlinear site conditions on the
ground motion. It is found that the nonlinear soil layer will
decrease the high-frequency components of offshore

motions and transfer the peak to lower frequencies. Chen
[25, 26] analyzed the characteristics of offshore ground
motions based on observed strong motion records. *e
results indicated that the horizontal long-period component
of offshore ground motions is more outstanding. *e ver-
tical-to-horizontal response spectral ratio of offshore ground
motions is lower than that of onshore ground motions in
high frequencies. *e above studies show that the charac-
teristics of offshore ground motions are obviously different
from onshore ground motions.

Sea-crossing bridges are often built on the seabed with a
silt soft-soil layer. *erefore, the consideration of soil-
structure interaction (SSI) is necessary for the seismic
analysis of sea-crossing bridges. Soneji [27] studied the
influence of SSI on the seismic response of the Quincy Bay
view Bridge. It is found that the soil covering can amply the
seismic response of isolated bridges, especially for the
bearing displacement. Li [28] used the lumped-parameter
(L-P) model to describe the dynamic behavior of SSI for
Sutong Cable-stayed Bridge. *e results show that the
tower displacement was increased and the internal forces of
the tower were decreased by the SSI effect. Li [29] per-
formed a seismic fragility analysis of sea-crossing cable-
stayed bridges considering SSI by the p-y method. It is
concluded that SSI is essential in the fragility analysis of
sea-crossing bridges, and the numerical results for bridge
models with the SSI effect are unsafe. Tochaei [30] analyzed
the effect of SSI on bridge response by a shaking table test of
a cable-stayed bridge. It was concluded that soft soil can
amplify the bridge response. Sun [31] also carried out a
shaking table test to evaluate the pile-soil-structure in-
teraction (PSSI) effects on the seismic responses of a long-
span cable-stayed bridge model. *e results indicated that
PSSI effects are related to the frequency contents of
inputted earthquake waves. Bi [32] found that the SSI effect
cannot be neglected especially for the soft site. *e
structural response can be increased by the SSI effect for
resonating with the local site. *is conclusion has also been
verified in the literature [33].

It can be found that seawater, soil-structure interaction,
and site conditions have an influence on the seismic re-
sponse of bridges through the summarization of the above
researches on the seismic performance of sea-crossing
bridges. However, there are few comparative analyses on
the seismic performance of sea-crossing bridges consid-
ering the influence of seawater and muddy soil layer. *is
paper takes the continuous isolated bridge, the approach
bridge of the Hong Kong-Zhuhai-Macao Bridge as an
example. Based on the finite element dynamic analysis
software ADINA [34], a numerical model including sea-
water-muddy soil-isolated bridge is established. *e ex-
ternal seismic wave input is realized by the seismic wave
analysis program. Taking into account the factors such as
seawater, site condition, and soil-structure interaction, the
detailed numerical analysis of the sea-crossing bridge is
realized.*e influence of the seawater layer and muddy soil
layer on the sea-crossing isolated bridges is analyzed in
detail, which provides a reference for the seismic design of
marine structures.
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2. Numerical Model

*is paper takes a continuous girder bridge, which is the
approach bridge of the Hong Kong-Zhuhai-Macao Bridge as
an example, as shown in Figure 1. *e bridge is a non-
navigable continuous girder bridge in the deep-water area,
with a total length of 13.89 km and a 110m equal span
layout. *e clearance height is 20m, and the width is 85m.
*e working condition defined in the seismic fortification
criterion is 120 years, the ultimate state is 600 years, the
structural integrity state is 2400 years, and the basic seismic
intensity is VII [35, 36]. *e main girder of the bridge is the
double-cell and single-box thin-wall steel box girder with a
width of 33.1m and a height of 4.5m. Steel tube composite
pile is selected for foundation, and 6 foundation piles are
used. *e thickness of the steel tube is 22mm and the steel
tube is filled with concrete to make core concrete. Pile caps
are prefabricated with a size of 10.6m× 15.6m× 5.0m, and
all buried below the seabed surface. *e piers are
4.0m× 10.0m prefabricated hollow piers. *e high-damp-
ing lead rubber bearing is used for this bridge [37].

In consideration of the complexity of themodels including
the submarine site, seawater layer and sea-crossing bridge, and
the huge amount of calculation for seismic wave motion
analysis, only a two-dimensional seismic analysis numerical
model was established in the study, and equivalent modeling
was done for the three-dimensional bridge components.

2.1. Bridge Model. *e Y axis, Z axis, and X axis are lon-
gitudinal, vertical, and transverse axes of the bridge model,
respectively. *e degrees of freedom are set to allow hori-
zontal degrees of freedom for the Y and Z axes and rotational
degrees of freedom for the X axis. Beam element is used to
simulate the main girder, bent cap, pier, pile cap, and pile
foundation, considering the dead weight. *e material pa-
rameters for each component are shown in Table 1. *e
bearing used in the bridge is lead rubber isolation bearing,
which is simulated by two parallel springs, in which the
vertical spring is linear spring and the horizontal spring is
nonlinear spring. *e bearing hysteresis model uses the
Bouc-Wen model. *e two-dimensional equivalent model is
shown in Figure 2.

2.2. Submarine SiteModel. Combined with the relatively flat
topography and relatively simple geological conditions in
the Lingdingyang Bay [38, 39], a flat submarine site model
was established, including seawater layer, muddy soil layer,
clay soil layer, sand soil layer, strongly weathered granite
layer, and weakly weathered granite layer. *e parameters of
overburden layers [40] are shown in Table 2.

According to Yang’s theory [41], the unsaturated bidi-
rectional dielectric soil considering porosity and saturation
was transformed into an equivalent linear elastic medium for
simplified simulation of muddy soil. *e specific derivation
process is as follows: Yang and Sato [42] give a formula for the
calculation of P-wave and SV-wave velocities under the in-
fluence of pore water and saturation contained in the soil layer.
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where ρ is the true density of the soil layer
ρ � (1 − n)ρs + nρf; ρs and ρf are the density of soil particles
and pore water, respectively; G is the shear modulus of soil
layer; μ′ represent Poisson’s ratio of soil skeleton.

μ′ �
λ

2(λ + G)
. (3)

Moreover, α andM are defined to represent soil particle
and water compression performance respectively, which can
be obtained through the following equations.

α � 1 −
Kb
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, (4)
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K
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where Ks and Kb are the elastic modulus of soil particles
and soil skeleton, respectively; Kd is the conversion
parameter.

Equations (1) and (2) can be used to derive the true
Poisson’s ratio of the soil layer considering pore water.

μ �
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Taking (3) into equation (6), we get the following
form:
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From the above, the P-wave velocity, SV-wave velocity,
and Poisson’s ratio of the soil layer considering pore water
and saturation can be calculated from equations (1)–(7), and
these parameters conform to the basic relationship of linear
elastic materials.

*e submarine site model including seawater and var-
ious soil layers is built by the computational fluid dynamics
(CFD) program in ADINA software. *e total length of the
submarine site is 860m. *e water depth is 10m in the
model, and the total depth of the five overburden layers is
105m. *e thickness of each soil layer is muddy soil layer
(15m), clay soil layer (20m or 35m), sand soil layer (20m),
strongly weathered granite layer (20m), and weakly
weathered granite layer (30m). *e seawater is regarded as a
potential fluid and simulated by a 2D fluid element. *e soil
layer is regarded as isotropic linear elasticity material and
simulated by the 2D solid element, considering that the out-
of-plane thickness is 18m. In order to understand the in-
fluence of seawater layer and muddy soil layer on offshore
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ground motion and bridge structure, three types of models
were established.*e total thickness (105m) and total length
(860m) of the overburden soil layer at all site conditions
remained unchanged. By changing seawater layer, muddy
soil layer, and clay soil layer, the land site model without
muddy soil (Case 1), submarine site model without muddy
soil (Case 2), and submarine site model with muddy soil
(Case 3) were built, as shown in Figure 3.

In the site model containing the seawater layer, the Fluid-
Structure Interaction (FSI) boundary was set between the
seawater layer and the overburden soil layer in the calculation
process processed by direct coupling. A Free Surface
boundary is added to the surface of the seawater layer, and a
Fluid-Infinite Region boundary is built on the left and right
sides to consider the absorption of the scattered wave by the
seawater layer. *e effect of foundation radiation damping is

Table 2: Material parameters of submarine site overburden layer.

Soil type Density Shear velocity Compression velocity Poisson ratio Elastic modulus Shear modulus
ρ (kg/m3) vs (m/s) vp (m/s) μ E (MPa) G (MPa)

Seawater 1000 — 1500 0.330 2340 —
Muddy soil 1400 107 1460 0.497 48 16
Clay soil 1650 218 1650 0.491 234 78
Sand soil 1800 264 1697 0.487 373 125
Strong weathered granite 2100 485 2135 0.473 1460 494
Weak weathered granite 2600 2175 4318 0.330 32700 12300

Figure 1: Diagram of nonnavigable continuous girder bridge of Hong Kong-Zhuhai-Macao Bridge.

Table 1: Material parameters of components.

Component Material Density (kg/m3) Poisson’s ratio Elastic modulus (MPa)
Main beam Steel 7849.5 0.3 206,000
Bent cap C50 concrete 2549.3 0.2 34,500
Pier C50 concrete 2549.3 0.2 34,500
Pile cap C45 concrete 2549.3 0.2 33,500

Pile foundation Q345 steel 7849.3 0.3 206,000
C40 concrete 2549.3 0.2 32,500

Horizontal spring
Vertical spring

Figure 2: Equivalent schematic diagram of lead rubber bearing.
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considered by setting the viscous-spring artificial boundary at
the lateral and bottom sides of the overburden soil.*e spring
element is used in the finite element software ADINA to
simulate viscous-spring artificial boundary, and the stiffness
and damping coefficient of the spring are calculated by the
formula proposed by Liu [43, 44], as follows:

KN � αN

G

r
A, CN � ρ]PA,

KT � αT

G

r
A, CT � ρ]sA,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(8)

where KN and KT are normal and tangential stiffness
coefficients, respectively. CN and CT are normal and tan-
gential damping coefficients, respectively. G is the shear
modulus of the soil. ]s and ]P are S-wave and P-wave ve-
locity, respectively. ρ is density. r is the distance from the
wave source to the artificial boundary. αN and αT are the
correction parameters of normal and tangential artificial
boundaries, respectively. αN � 1.0, and αT � 0.5 in this
paper [45]. A represents the effective area corresponding to
the node [46], taking into account the out-of-plane thick-
ness. *e pile foundation and pile caps are connected with
the seawater and the soil by Rigid Links via nodes to simulate
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Figure 3: Schematic diagram of site model (unit: m). (a) Case 1: land site model without muddy soil. (b) Case 2: submarine site model
without muddy soil. (c) Case 3: submarine site model with muddy soil.
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the coupling effect between the structure and the site, and
the subordinate relationship is set up. In the soil layer, the
site nodes are the master node and the bridge nodes are the
slave node according to the actual stress condition. In the
seawater layer, the bridge nodes are used as the master node
and the seawater layer nodes as the slave node, to simulate
the coupling between the structure and the site. In order to
compare the influence of different site factors on the
structure of sea-crossing bridges more effectively, a coupling
model of seawater layer, submarine site, and sea-crossing
bridge considering three types of sites was established in this
paper. We keep the bridge structure unchanged, change the
seawater layer and the muddy soil layer, and conduct the
wave analysis. *e numerical model is shown in Figure 4.
From left to right, the members of the bridge structure are
numbered, and piers 1–7 and spans 1–6 are defined, as
shown in Figure 5.

2.3. Ground Motion Selection. Seismic events used in the
study are all from Japan’s Kik-NET strong ground motion
network, and the selected seismic events must be the strong
motion records collected by the station on the bedrock and
near shore. *e selected strong motion records are inputted
to different models by means of external wave input. After
seismic wave analysis, the response of seabed position is the
ground motion which reflects the characteristics of the
seawater layer and site conditions. *e seismic events of
2011-03-11, 2012-03-14, and 2019-06-18 are used in this
study. *e information of these three earthquakes was
recorded in detail by three stations at the bedrock position,
as shown in Table 3.

In this paper, the seismic load input is realized by setting
a viscous-spring artificial boundary at the lateral and bottom
sides of the overburden soil. *e acceleration time history
data of three seismic records are modulated according to the
seismic fortification criterion of actual engineering to make
sure that the PGA is 190 gal. *en, the data after amplitude
modulation is used to calculate the displacement time his-
tory, and the displacement time history data is inputted into
the self-programmed program to calculate the seismic load
and then inputted to the nodes on the viscous-spring ar-
tificial boundary. *e acceleration time history and dis-
placement time history curves of the three horizontal seismic
records used are shown in Figures 6–8. In the actual analysis,
80 s of each seismic record was intercepted for calculation.

3. Numerical Results

*e numerical results mainly focus on the seismic response
of the longitudinal bridge. In order to represent the bridge
response accurately, the results of the seismic response
calculation of the middle 4 spans are mainly extracted for
discussion. By comparing and analyzing the seismic re-
sponses of the surface (or seafloor) and the key parts of the
isolated continuous girder bridge under three earthquakes,
the effects of seawater and muddy soil on the offshore
ground motion and the seismic performance of the bridge
structure are determined.

3.1. Site Response. *e comparison of the displacement time
history of the center point of the seabed or the surface (top of
the soil layer) during three earthquakes is shown in
Figures 9(a)–9(c). *e peak value of surface (or seabed)
displacement is shown in Table 4. In the events of 2011-03-11
and 2019-06-18, the peak value of the horizontal displace-
ment (PGD) of the submarine site model (Case 2) was
significantly larger than that of the land model (Case 1), as
shown in Figures 9(a) and 9(c), respectively. In particular,
the peak value of surface displacement in Case 2 is more than
twice that of Case 1 in the 2011-03-11 earthquake event, as
listed in Table 4. In the 2012-03-14 earthquake, there is no
significant difference in the peak horizontal displacement
between Case 1 and Case 2. However, it can be seen from
Figure 9(b) that the overall displacement response of Case 2
is greater than that of Case 1, which indicated that the
seawater can amplify the displacement response of the
surface or seabed. Similarly, in the 2012-03-14 and 2019-06-
18 earthquakes, the displacement response of the submarine
site model with muddy soil (Case 3) was more intense, with
larger amplitude compared to Case 2, and the peak dis-
placement was increased by 33% and 30%, respectively, due
to the presence of muddy soil, as shown in Table 4. It can be
concluded from Figure 9 that the seismic response of Case 3
is generally greater than that of Case 2 under the action of
three earthquakes, which indicates that the muddy soil can
also enlarge the displacement response of the seabed or
surface. In three seismic events, the displacement of the
seabed or surface in Case 3 is greater than that in Case 1. In
the event of 2011-03-11, the maximum displacement of Case
1 was about 0.10m, while the maximum displacement of
Case 3 reached 0.24m, as shown in Table 4. It indicated that
the amplification effect of surface displacement is more
obvious under the combination of muddy soil and seawater.

*e acceleration amplification coefficient spectrum of
the seabed (or the surface) during the three earthquakes is
shown in Figure 10(a)–10(c). As can be seen from the figure,
the seawater has no influence on the surface acceleration,
because the external seismic wave input adopts the normal
incidence of SV wave, while the muddy soil has a significant
amplifying effect on the acceleration. Under the action of
three earthquakes, the seabed acceleration of Case 3 was
magnified by 50%, 95%, and 80%, respectively, compared
with that of Case 2. *e seismic response of seabed indicates
that the muddy soil layer can amplify the horizontal ac-
celeration of offshore ground motions. *e result is con-
sistent with the characteristics of onshore ground motion
with soft soil. Table 4 shows the peak acceleration (PGA) of
the seabed or surface in the three earthquakes.

3.2. Bridge Response

3.2.1. Relative Displacement of Piers. Table 5 lists the
maximum value of relative displacement of all piers in the
three earthquakes. Due to limited space, the time history
curve of relative displacement of piers is only shown by
taking No. 3 pier as an example, as illustrated in
Figures 11(a)–11(c). By comparing the longitudinal relative
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displacement of No. 3 pier in the submarine model (Case 2)
with that in the land model (Case 1), it is found that the
structural response of Case 2 is greater in the three earth-
quakes, as shown in Table 5. In the 2011-03-11 earthquake,
the peak value of the relative displacement of No. 3 pier in
Case 2 increased by 40%, and the relative displacement of
other bridge piers increased by more than 20% compared

with Case 1. In the 2012-03-14 earthquake, the relative
displacement of piers in Case 2 increased by 5%–20%
compared with Case 1, while the relative displacement in-
creased by more than 20% in the 2019-06-18 earthquake. In
conclusion, seawater has an amplification effect on pier
displacement. Moreover, the amplification effect of muddy
soil is more obvious (comparison of Case 2 and Case 3). In
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Figure 5: Schematic diagram of component number.

Table 3: Seismic records information.

Seismic event Time Magnitude (MW) Focal depth (km) Station Bedrock PGA(gal) Surface PGA(gal)
20110311 14:46:00 9.0 24 FKSH20 356.436 660.456
20120314 21:05:00 6.1 15 CHBH14 62.303 187.184
20190618 22:22:00 6.7 14 NIGH02 104.631 164.226
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the 2012-03-14 earthquake, the max relative displacement of
bridge piers in Case 3 generally increased by more than 50%,
up to 80% at most compared with Case 2, as shown in
Table 5. In the other two seismic events, the relative dis-
placement of piers increased by about 30% due to muddy
soil. Under the combined effect of seawater layer and muddy

soil, the relative displacement of bridge piers generally in-
creased by more than 80%, and the maximum increase is 1
time. *us, it can be observed that the muddy soil in the
submarine site significantly increases the seismic response of
the bridge, and its influence can not be ignored in the seismic
design of the sea-crossing bridge.
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3.2.2. Bending Moment and Shear Force. Time history
curves of bending moment and shear force at pier bottom
are shown in Figures 12 and 13 separately. Due to the
limitation of space, pier No. 3 is taken as an example. Ta-
bles 6 and 7, respectively, show the peak bending moment

and shear force at the pier bottom in the three earthquakes.
It can be seen from Figures 12 and 13 that the seawater has
little influence on the bendingmoment and shear force at the
pier bottom. In the 2019-06-18 earthquake event, the
bending moment and shear force at the pier bottom in the
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Figure 9: Horizontal displacement time history of the seabed or surface in the three earthquakes. (a) 2011-03-11. (b) 2012-03-14. (c) 2019-
06-18.

Table 4: Peak acceleration and peak displacement of seabed or surface.

Earthquake event
PGA (cm/s2) PGD (m)

Case 1 Case 2 Case 3 Case 1 Case 2 Case 3
2011-03-11 369.737 333.254 494.501 0.120 0.253 0.243
2012-03-14 11.810 13.744 26.873 0.214 0.151 0.201
2019-06-18 43.673 42.584 78.494 0.181 0.221 0.286
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Figure 10: Acceleration amplification factor spectrum of the seabed or surface in the three earthquakes. (a) 2011-03-11. (b) 2012-03-14.
(c) 2019-06-18.

Table 5: Maximum longitudinal relative displacement of piers.

Earthquake event Pier number
Maximum displacement of piers (m)

Case 1 Case 2 Case 3

2011-03-11

2 0.144 0.187 0.266
3 0.121 0.173 0.239
4 0.146 0.188 0.300
5 0.176 0.214 0.208
6 0.173 0.201 0.276
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Table 5: Continued.

Earthquake event Pier number
Maximum displacement of piers (m)

Case 1 Case 2 Case 3

2012-03-14

2 0.167 0.181 0.320
3 0.156 0.184 0.276
4 0.153 0.175 0.300
5 0.162 0.170 0.293
6 0.164 0.175 0.320

2019-06-18

2 0.158 0.204 0.282
3 0.182 0.232 0.301
4 0.178 0.222 0.298
5 0.186 0.236 0.296
6 0.175 0.210 0.291
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Figure 11: Relative displacement time history of No. 3 pier in the three earthquakes. (a) 2011-03-11. (b) 2012-03-14. (c) 2019-06-18.
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submarine site model without muddy soil (Case 2) and the
land site model (Case 1) are almost equal, as shown in
Figures 12(c) and 13(c), respectively. In the other two
earthquakes, the bending moment increased by less than 6%
(as listed in Table 6) and the shearing force increased by less
than 7% (as listed in Table 7) due to the presence of seawater.
However, the existence of muddy soil significantly increases
the bending moment and shear force at the bottom of the
piers. In the three earthquakes, the bending moment at the
pier bottom of Case 3 is 1.2–1.7 times that of Case 2. Besides,
the shear force at the pier bottom is increased by approx-
imately 100%–200% in the 2012-03-14 and 2019-06-18
earthquake events, as shown in Table 7. Under the combined
effect of seawater and muddy soil, the shear force of bridge

piers in Case 3 generally increased by more than 20%
compared with Case 1 in the 2011-03-11 earthquake, and the
shear force in Case 3 is 1.1–1.6 times than that of Case 1 in
the other two earthquakes, as listed in Table 7. Similarly, the
bending moment of bridge piers in Case 3 generally in-
creased by 20%–70% compared with Case 1 in three
earthquakes, as shown in Table 6. *e bending moment
increased by more than one time at most in the 2012-03-14
earthquake, which may change the elastic state of the bridge
pier into a plastic state, while the design of a long-span
bridge pier should keep the elastic state. *erefore, special
attention should be paid to the amplification effect of muddy
soil on the bending moment and shear force of bridge piers
in the seismic design.
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Figure 12: Bending moment time history of No. 3 pier in the three earthquakes. (a) 2011-03-11. (b) 2012-03-14. (c) 2019-06-18.
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Figure 13: Shear force time history of No. 3 pier in the three earthquakes. (a) 2011-03-11. (b) 2012-03-14. (c) 2019-06-18.

Table 6: Maximum bending moment of piers.

Earthquake event Pier number
Bending moment (kN·m)

Case 1 Case 2 Case 3

2011-03-11

2 858,801 910,124 1,215,150
3 806,464 844,560 978,107
4 867,296 907,327 1,280,130
5 884,721 877,831 1,068,080
6 912,534 925,579 1,221,240

2012-03-14

2 677,307 715,792 1,201,820
3 743,152 763,385 1,080,640
4 644,806 729,471 1,302,460
5 666,342 707,164 1,128,380
6 732,715 730,866 1,177,980
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Table 6: Continued.

Earthquake event Pier number
Bending moment (kN·m)

Case 1 Case 2 Case 3

2019-06-18

2 857,825 834,244 1,062,420
3 936,456 936,685 1,147,420
4 918,459 905,394 1,133,510
5 971,546 958,216 1,119,870
6 833,633 848,786 1,083,430

Table 7: Maximum shear force of piers.

Earthquake event Pier number
Shear force (kN)

Case 1 Case 2 Case 3

2011-03-11

2 45,950 53,104 65,986
3 48,921 51,959 55,991
4 50,705 52,309 62,225
5 50,131 49,201 60,051
6 49,654 56,266 67,626

2012-03-14

2 17,284 15,568 45,669
3 17,113 18,508 38,040
4 17,933 17,218 38,775
5 15,611 16,610 40,957
6 17,298 17,838 45,971

2019-06-18

2 15,236 15,333 30,861
3 16,787 16,798 33,777
4 16,792 17,299 33,779
5 18,076 17,271 33,168
6 13,382 13,660 31,357
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Figure 14: Continued.
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3.2.3. Bearing Displacement. *emaximum displacement of
bearings under the action of three earthquakes is shown in
Figures 14(a)–14(c). It can be seen from these figures that
there is no significant difference between the peak dis-
placement of Case 1 and Case 2. In the 2019-06-18 earth-
quake event, the peak displacement of Case 2 is even smaller
than that of Case 1, as shown in Figure 14(c), indicating that
the seawater has limited influence on the longitudinal dis-
placement of the bridge bearings. By comparing Case 2 and
Case 3 to determine the influence of muddy soil, it is found
that the bridge in the muddy soil has a greater seismic re-
sponse. *e longitudinal displacement of No. 4 bearing in
Case 3 is 2 times that in Case 2 in the 2011-03-11 earthquake.
It can be found from Figure 14(b) that the displacement of
bearings of Case 3 increased by 40%–90% compared with
Case 2 in the 2012-03-14 earthquake, so the risk of falling of
girder is very likely. *e amplification effect of the muddy
soil on the bearing displacement is the same as that on the
internal force of the piers.

4. Conclusions

In order to establish an accurate numerical model for seismic
response analysis of sea-crossing bridges, the study built a
seawater-muddy soil-isolated bridge coupling model including
seawater layer and submarine overburdens. To compare By
comparing different submarine site models, the influence of
seawater and muddy soft-soil layers on the seismic response of
the bridge is determined. *e research results can provide
references for the refined modeling and seismic design of
marine structures. *e conclusions are as follows:

(1) *e seawater layer can amplify the site response on the
seabed.*e horizontal PGD can be increased by 22%–
40% in Case 2 (model only with seawater layer). But

the site response is the most remarkable in Case 3,
where the submarine site includes both seawater and
muddy soft-soil layers. Compared with Case 1, the
displacement and acceleration of the seabed position
are increased significantly in Case 3. *e PGD in-
creased by at least 58%; PGA increased by 34%–127%.

(2) *e seawater layer can amplify the relative dis-
placement of the piers by 20%–40%, but the influ-
ence on the internal force of the piers is limited. *e
muddy soil will not only increase the relative dis-
placement of the piers by 30%–80% but also increase
the shear force at the bottom of the piers by more
than 100% and increase the bending moment by
20%–70%. Moreover, the displacement and internal
force response of the bridge structure under the
combined influence of seawater and muddy soil are
amplified the most significant, which is very unfa-
vorable to the seismic performance of the bridge and
should be paid more attention to in the seismic
design.

(3) *e effect of seawater on bearing displacement is
limited, but the effect of muddy soil is significant.
*e bearings’ displacement of the bridge in muddy
soil site increased by 40%–100%. Under the com-
bined influence of seawater and muddy soil, the
horizontal displacement of the bridge bearings will
be amplified by 150% to that in the land site (Case 1).
*erefore, in the seismic design of sea-crossing
isolated bridges, the influence of the submarine
muddy soft-soil and seawater layers on the seismic
response of marine structures should be fully con-
sidered. In particular, the muddy soft-soil layer has a
significant amplification effect on the horizontal
seismic response of sea-crossing bridges.
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Figure 14: Longitudinal peak displacement of bearings in the three earthquakes. (a) 2011-03-11. (b) 2012-03-14. (c) 2019-06-18.
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