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Based on the Hong Kong-Zhuhai-Macao project, considering the fluid-structure interaction and soil-structure interaction, the
seismic response of a sea-crossing continuous girder bridge is analyzed. )ree-dimensional nonlinear numerical bridge model is
developed, in which the hydrodynamic force is represented by added mass and pile-soil interaction is represented by p-y elements.
Meanwhile, stratification of soil is considered in the free field analysis. )rough the comparison of responses of the bridge cases,
the effects of earthquake-induced hydrodynamic force and pile-soil interaction are studied. For the influence of hydrodynamic
force, the results show that it is relatively slight as compared with pile-soil interaction; moreover pile foundation is more sensitive
to it than other bridge components.)e influence of pile-soil interaction is relatively significant. When both of the interactions are
considered, the influence is not a simple superposition of acting alone, so it is recommended to consider both factors in
dynamic analysis.

1. Introduction

With the development of economy and the necessity of
coastal regional linkages, a certain number of sea-
crossing bridges have been constructed around the world
in the last few decades. Earthquake risk is usually very
high in coastal areas, due to movement and collisions
between continental and oceanic plate margins [1].
Earthquake brings great challenge to the safety of bridge
structure [2]. In addition, compared with the bridge on
land, the sea-crossing bridge is always in deep water. )e
complex environment of the sea-crossing bridge also
means that the seismic response and design of the bridge
are quite different from those of the conventional bridge
[3]. However, most previous studies focused on the
seismic response of bridges constructed on onshore sites
[4, 5]; a comprehensive study on the seismic response of
sea-crossing continuous girder bridge is rarely reported
in the literature.

In the seismic analyses and design of bridge, how to
consider pile-soil interaction is always involved [6]. Cur-
rently, the following two methods are mostly adopted in the
seismic design [7]. One is connecting the foundation and the
soil with a simple spring; another is more simply assuming
that the foundation and the soil are consolidated. All the
above assumptions ignore dynamic soil-structure interac-
tion (SSI) [8], and a large number of seismic disaster data
show that this assumption is unreasonable [9, 10]. In ad-
dition, Makris et al. [11] analyzed the response of the Painter
Street Bridge located in California, and results showed the
significance of reasonable consideration of the pile-soil
interaction. Hutchinson et al. [12] studied the seismic re-
sponse of viaduct structure supported by expanded bored
pile considering soil-pile interaction. Soneji and Jangid [13]
studied the influence of soil-structure interaction on seismic
performance of seismic-isolated cable-stayed bridge. )e
results showed that the soil had a significant impact on the
dynamic response of bridge, and ignoring the pile-soil
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interaction effect might underestimate the displacement of
the bridge. Using the improved Penzien model to simulate
the soil-structure interaction, Chen et al. [14] set up bridge
models of high-speed railway of multispan simply sup-
ported. )e seismic responses of the models show that the
influence of the SSI on seismic responses of the bridge
cannot be ignored.

)ere is also a need for special consideration of inter-
action between the submerged structure and fluid under
seismic excitation. )e dynamic force is called earthquake-
induced hydrodynamic force [15]. )e study of the hy-
drodynamic force started from the dam–water interaction
[16]. With the continuous development of deep-water
bridges, researchers began to pay attention to the hydro-
dynamic force on cylinders [17]. )e interaction force is
related to the structures, fluid, ground motions, and
boundary conditions, so accurate hydrodynamic force can
be obtained by fluid-structure coupling analysis [18].
However, the calculation cost is too high, which is not
suitable for engineering. )e simplified hydrodynamic cal-
culation method based on the radiation wave theory pro-
posed by Liaw and Chopra [19] can meet the requirements
and accuracy of engineering [20]. According to the radiation
wave theory, when considering the compressibility of water,
earthquake-induced hydrodynamic force is a frequency
dependent function. Du et al. [21] proposed an accurate and
efficient time-domain model to transform while many re-
searchers find that water compressibility can be ignored in
problems for relatively flexible and slender structures such as
bridge piers and piles [19, 22]. Later, Li and Yang [23], Jiang
et al. [24], andWang et al. [25] studied the fitting calculation
formulas for circular cylinders in incompressible and
nonviscous fluid based on the radiation wave theory. In
bridge engineering, most of the underwater components are
columns with noncircular cross sections. Zhao et al. [26]
established a simplified formula for the hydrodynamic force
of rectangular column by curve fitting numerical solution.
Huang and Li [27] studied the influence of water on the
dynamic response of bridge pier. Based on the above re-
searches, the influences of pile-soil and water-structure
interaction on deep-water continuous rigid frame bridge in
reservoir area was analyzed by Wu et al. [28].

However, there still lack of research which discusses the
effect of water-structure and pile-structure interaction on
the dynamic response of actual sea-crossing engineering
projects, especially for the most commonly and widely used
continuous girder bridge [29]. )erefore, in this paper, on
the foundation of previous researchers, based on the Hong
Kong-Zhuhai-Macao bridge engineering, the influences of
the water-structure interaction and pile-structure interac-
tion on the response of multispan continuous girder bridge
are examined.

2. Seismic Analysis Methodology

2.1. Hydrodynamic Force. For slender columns such as
bridge piers, it is reasonable that compressibility and vis-
cosity of water and the free surface waves can be neglected
when calculating the earthquake-induced hydrodynamic

force. )us, based on the radiation hydrodynamic theory,
the water-cylinder interaction force can be expressed as
product of an added mass of water and the acceleration of
the cylinder. Namely, when considering water-structure
interaction, the dynamic equation of the structure is
expressed as

Ms + Mw  €us  + Cs  _us  + Ks  us  � − Ms + Mw  €ug ,

(1)

where Ms is the mass matrix of structure; Mw is the added
mass matrix of hydrodynamic force, as it is related to the
elastic deformation of the structure; it is a spatially coupled
off-diagonal mass matrix; €us is the acceleration vector of
structure; Cs is the damping matrix of structure; _us is the
velocity vector of structure; Ks is the stiffness matrix of
structure; us is the displacement vector of structure; and €ug is
the ground motion acceleration vector.

Due to the off-diagonal of Mw, there are difficulties in
engineering calculation. In the present literature, the pre-
cision of the centralized diagonalization method with rigid
column assumption meets the engineering requirement
[20]. )erefore, this paper adopts the above simplified
method to obtain the added mass of interaction.

)e cross section of the bridge pier is nearly rectangular.
)e two sides of the rectangular section are a and b, re-
spectively, where a is the length of the side perpendicular to
the direction of the ground motion. )e simplified formula
of the added mass at height y from the bottom of the water
can be expressed as [26]

mw � 4ρa
2
d1 1 −

y

h
e

d2(y/h− 1)
 , (2)

in which ρ is the density of water; h is the depth of water; d1
and d2 are fitting coefficients, and the expressions are as
follows:
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(3)

2.2. Pile-Soil Interaction. Numerical analysis and simplified
method are commonly used to analyze pile-soil dynamic
interaction [30]. Using 2D or 3D continuum numerical
simulation tends to be much more computationally con-
suming and the result is not easy to converge [31]. As this
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paper mainly focuses on the dynamic response of bridge
structure, simplified method is adopted to consider the pile-
soil interaction. Most simplified models are put forward
based on beam on nonlinear Winkler foundation, among
which p-ymethod is the most widely used and has relatively
high accuracy [32].)emethod of p-y curves generally refers
to the general terms including p-y element (simulating the
lateral pile-soil action), t-z element (simulating the axial
friction), and q-z element (simulating the pile tip resistance).

)e formula of p-y curve of the same pile foundation is
different for different soils. Here is a brief introduction to
formulas for clay and sand, respectively, which are used in
this paper. For clay under cyclic loading, the ultimate soil
resistance (pu) per unit length of pile is [33]

pu � min
3 +

r′
cu

x +
J

D
x cuD

9cuD

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
, (4)

where r′ is the effective weight of soil; cu is the undrained
shear strength of soil; x is the depth of pile node; J is a
constant and is taken as 0.5 according to recommendation.
D is the diameter of pile.)e force-displacement curve of p-y
element is expressed as

y≤ 3y50:
p
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� 0.5
y

y50
 

1/3

y> 3y50:
x< xr:

� 3y50 <y< 15y50: p � 0.72pu

x
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x≥ xr: p � 0.72pu

(5)

where y is pile deformation; y50 is the lateral displacement of
pile at half of the ultimate soil resistance, and y50 � 2.5ε50D,

ε50 is the strain of soil at half of the maximum theoretical
stress; p is the soil resistance; xr is the critical depth and
defined as [34]

xr �
6cuD

c′D + Jcu

 , (6)

For the p-y curve of sand under cyclic load, the ultimate
soil resistance (pu) is also determined first. Combining the
simple wedge-type failure model and flow-through type
failure model, pu is given by

pu � min

C1

D
+ C2 r′x

C3r′x
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⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
, (7)

where C1 C2 C3 are the coefficients that change with the
friction angle, and the values are referenced to American
Petroleum Institute (API) recommendations [34]; the
meanings of the same parameters are as above.

)e force-displacement curve of p-y element is expressed
as

p � aputanh
kx

apu

y , (8)

where a is the correction coefficient, with a value of 0.9; k is
the initial modulus of subgrade reaction.

)e t-z curve of clay used in this paper is briefly de-
scribed as follows. )e ultimate friction resistance (fmax) is

fmax � αzcu ≤ 263kPa. (9)

)e force-displacement curve is defined as follows:

f
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(10)

where f is the soil resistance; R is relative deformation, and
R � 100∗ /D, where z is the deformation of pile [35].

)e t-z curve of sand is described as follows.)e ultimate
friction resistance is [32]

fmax � Kσv
′ tan

3
4
ϕ , (11)

where K is pressure coefficient of soil; σv
′ is the effective

vertical stress of soil; ϕ is the friction angle of soil [36].
)e force-displacement curve is defined as follows:

f � fmax 2
����

z

0.51



−
z

0.51
 . (12)

)e q-z curve of sand at pile top is briefly described as
follows. )e ultimate resistance is [31]
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qmax �
1.27
D

qmax′
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⎧⎪⎨

⎪⎩

(13)

where NSPT is the blow count of standard penetration test
(SPT).

)e force-displacement curve is defined as follows:

q

qmax
� −1.079 × 10−4

× R
4

+ 3.558 × 10−3
× R

3
− 4.512 × 10−2

× R
2

+ 0.349 × R, (14)

where q is the resistance of soil.
For pile group foundation, when pile spacing is less than

eight times the pile diameter, the so-called pile group effect
needs to be considered generally [37]. Pile group effect refers
to the phenomenon that the bearing capacity of pile group is
less than the sum of the capacity of single pile [30]. In this
paper, the widely used “p-multiplier” method is applied to
consider the pile group effect [38], and the parameter values
are determined by referring to the experiment conducted by
Brown et al. [39].

3. Bridge Model and Analysis Cases

3.1. Prototype and Numerical Model of Bridge. A six-span
continuous girder bridge at the nonnavigable spans of the
Hong Kong-Zhuhai-Macao link is adopted as the example in
this study. Actually, the site conditions, heights of pile
foundation, and bridge piers have some differences along the
longitudinal direction of the bridge. Here the differences are
ignored, and the soil is simplified as layered soil. For the
influence of adjacent bridge spans, only the weight of girder
is considered. )e bridge has six spans of 85m each, so the
total length is 510m. )e dimensions of the bridge and its
main sections are shown in Figure 1. )e main girder is
arranged in two parts with the cross section of steel-concrete
composite box, the steel deck is the Q345qD steel [40], and
the concrete is the C60 concrete [41]. )e bearing is the lead
rubber bearing (LRB). )e bridge pier is rectangular hollow
with one longitudinal web, the longitudinal reinforcement is
HRB335 [42], and the concrete is C50 [41]. )e bridge cap is
connected with 2× 3 reinforced concrete pile foundation,
and the pile is made of C35 concrete [41].

)e pier is located in an environment where the normal
water level is about 20m.)e site conditions of the soil layers
where the pile foundation is located are shown in Figure 2,
and the main mechanical parameters of soil are shown in
Table 1. )e three-dimensional finite element model of the
bridge is implemented in the commercial finite element
software ABAQUS, as shown in Figure 3. Beam elements are
used for main girders, piers, and pile foundations, among
which elastoplastic damage model is used for concrete
material and elastic model is used for reinforcement. )e
bearings are simulated by bilinear connection elements. )e
pile-soil interaction is represented by nonlinear springs
based on the p-y method described above.

3.2. Ground Motions and Analysis Cases. According to
Figure 2 and Table 1, the average velocity of shear wave in
the top 30m of soil (vs) in the bridge construction site is
103m/s. )ree ground motion records are selected from
the PEER Strong Motion Database [42], and vs of the
records ranges from 114m/s to 133m/s. )e three records
are the EW component of Chuetsu-oki seismic record
measured at MYG017 station in 2007, the 90° component of
Yountville seismic record measured at APEEL 2-Redwood
City station in 2000, and the EW component of Niigata
seismic record measured at KNG002 station in 2004. Be-
sides, the peak ground accelerations of the above records
are uniformly adjusted to 2m/s2. )e time history of ac-
celeration and the Fourier amplitude spectrum of Chuetsu-
oki record are shown in Figure 4.

)e free ground seismic response of layered soil is ob-
tained by EERA analysis. Here, only the longitudinal bridge
response is considered, so the free field response at the
corresponding soil depth is input at the free end of the p-y
elements.

Four cases are considered in the paper, as shown in
Table 2. When pile-soil interaction is not considered, the
model is consolidated at the bottom of the piers.

4. Numerical Results and Discussions

4.1. Influence of Water-Structure Interaction. By comparing
the responses of Case 1 and Case 2 in Table 2, the influence of
water-structure interaction which neglects pile-soil inter-
action is obtained. Figure 5 shows the time history of ab-
solute displacement of pier No. 4 at top under Chuetsu-oki
record. It can be found that the hydrodynamic force slightly
changes the dynamic response of the structure. )e periodic
characteristics, the amplitudes, and time of the peak re-
sponse are all changed. Combining with Table 3 (the fun-
damental periods and corresponding change rates of bridge
under cases), the elongation ratio of hydrodynamic force to
the fundamental period is 1.8%.

Figure 6 shows the bending moment envelopes of piers
No. 1 and No. 4 under the excitation of Chuetsu-oki records.
As can be seen, the responses of bending moment along the
whole height are slightly increased by the hydrodynamic
force. In order to reflect the influence more intuitively, the
discrepancy rate of response is defined as follows. )e av-
erage value of maximums of the envelopes under the three
seismic excitations is denoted as the peak response value
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(Rep) of the case. )e response discrepancy rate for Case-i
and Case-j is defined as (Rep of Case-i - Rep of Case-j)/(Rep of
Case-j). If the rate is positive, it means the response of Case-i

is larger than that of Case-j; if the rate is negative, it means
the response of Case-i is smaller. )e discrepancy rates for
Case 2 and Case 1 are shown in Table 4. Due to the symmetry
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Figure 1: Schematic diagram of bridge and the main sections (unit: m): (a) elevation view and (b) schematic diagram of component
dimensions.

Table 1: Main parameters of soil layers.

Soil layer Soil type Effective heavy (kN/m3) Shear wave velocity (m/s) Frictional angle (°) Undrained shear strength (kPa)
Silt soil

Clay
9.4 80 — 9

Mud clay 12.2 110 — 21
Silty clay 12.8 210 — 28
Fine sand Sand 14.0 250 32 —
Medium sand 16.0 340 36 —

Seawater

Silt soil

Mud clay

Silty clay

Fine sand

Medium sand

Pile

50 m

3.5 m

16 m

6 m

14 m

9 m

9 m

Figure 2: Schematic diagram of the soil layers.
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of the structure, the rates of pier Nos. 1 and 5, pier Nos. 2 and
6, and pier Nos. 3 and 7 are similar, so only the rates of pier
Nos. 1 to 4 are listed in the table. )e discrepancy rates of
displacement and bending moment are both within 5%, and
the rates of bending moment are slightly less than those of
displacement.

By comparing the responses of Case 3 and Case 4 in
Table 2, the influence of water-structure interaction is ob-
tained when pile-soil interaction is considered. According to
Table 3, the elongation ratio of hydrodynamic force to the
fundamental period is 1.6%, which is slightly lower than that
when pile-soil interaction is ignored.

Figure 7 shows the envelopes of relative displacement of
pier Nos. 1 and 4, and Figure 8 shows the displacement of
corresponding pile No. 1. )e pile foundation numbers are

shown in Figure 1. As can be seen, the hydrodynamic force
slightly reduces the deformation of the piers along the whole
height, while moderately increases the deformation of the
piles. )e response discrepancy rates for Case 4 and Case 3
are listed in Table 5. It can be seen that the reduction effect of
water-structure interaction on pier deformation is within
5%; meanwhile the enlargement effect on pile is in a range of
7%∼14%.

Figure 9 shows the envelopes of bending moment of pier
Nos. 1 and 4, and Figure 10 shows the bending moment of
corresponding pile No. 1. As can be seen, the hydrodynamic
force changed the response of piers and piles which may
increase or decrease in the height range of the components.
Combined with Table 5, the change rates of piers are all
positive and within 5%; that of pile foundation could be
positive or negative, and the absolute value is less than 10%.

By comparing the responses of displacement and
bending moment, it can be found that the influence of
hydrodynamic force on displacement is greater than that of
bending moment. By comparing the responses of bridge pier
and pile foundation, it can be found that the effects of water-
structure interaction on the two are not consistent; that is,
hydrodynamic force may increase the responses of piles
while decreasing the responses of piers, and the opposite is
also true. However, the influence on pile response is greater
in the degree than that of bridge pier.)rough the above two
comparisons, it is apparent that, considering pile-soil in-
teraction, the influence of hydrodynamic force on bridge
response is greater.

4.2. Influence of Pile-Soil Interaction. Based on the responses
of Case 1 and Case 3, the influence of pile-soil interaction
without water surrounded is studied. Figure 11 is the time
history of bending moment at the bottom of pier No. 4. It
can be seen that pile-soil interaction significantly changed
the bending moment response of the structure. And the
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element

Bearing, bilinear
connection element

Bent cap,
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Pier, nonlinear
beam element
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added mass

Pile foundations, nonlinear
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Figure 3: Finite element model of the example.
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Figure 4: Ground motion acceleration of Chuetsu-oki and its
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periodic characteristics, the amplitude, and time of the peak
response are all changed dramatically: the period increases
while the peak value decreases significantly. Combining with
Table 3, the elongation ratio of pile-soil interaction to the
fundamental period is 86%.

Figure 12 shows the deformation envelopes of pier Nos. 1
and 4 relative to bottom of respective pier. It can be observed
that there are some differences in the displacement distri-
bution of the piers in the two cases. )e displacement

distribution of Case 1 is closer to the first-order mode shape,
while that of Case 3 is partly closer to a line distribution. )e
response discrepancy rates for Case 3 and Case 1 are listed in
Table 6. It can be seen that pile-soil interaction significantly
reduces the peak response values of deformation and
bending moment of bridge pier, and the absolute values of
discrepancy rates of displacement are less than 30%, while
those of the bending moment are nearly 70%.

According to the displacement time histories of the main
girder relative to the pier top, as shown in Figure 13, it
appears that the peak response of Case 3 is slightly smaller
than that of Case 1, and the vibration periods are signifi-
cantly different. It seems pile-soil interaction slightly reduces
the relative displacement response of the main girder.

Based on the response of Case 2 and Case 4, the influence
of pile-soil interaction with the consideration of hydrody-
namic force is analyzed. )e envelopes of bending moment
under earthquake are drawn in Figure 14. Apparently, pile-
soil interaction still significantly changes the response of the
piers. Furthermore, the response discrepancy rates for Case
4 and Case 2 are listed in Table 7. )e reduction rates of
deformation and bending moment are as high as 35% and
67%, respectively. Combined with Table 6, it is recognized
that hydrodynamic force moderately intensified the re-
duction effect of pile-soil interaction, and the influence on
displacement is more obvious.

Table 2: Cases analyzed.

Case number Depth of water (m) Pile-soil interaction
1 0.0 None
2 20.0 None
3 0.0 Being
4 20.0 Being
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Figure 5: Absolute displacement time histories of pier No. 4 in Cases 1 and 2.

Table 3: Fundamental periods and the elongation ratios.

Item Case 1 Case 2 Case 3 Case 4
Fundamental period (s) 1.71 1.74 3.18 3.23
Change rate (%) — 1.8 (relative to Case 1) 86.0 (relative to Case 1) 1.6 (relative to Case 3)
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Figure 6: Bending moment envelopes of piers in Cases 1 and 2.
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)e above results suggest that the pile-soil interaction
significantly changes the seismic response of the bridge:
the vibration period of the structure is significantly
prolonged; the maximum values of the pier displacement
and bending moment are significantly reduced, and the
change of bending moment is more prominent than the
displacement. While the influence on the peak value of
relative displacement of the girder is limited, the reason
may be related to the use of LRB. When water-structure
interaction is ignored, the influence of pile-soil

interaction will be underestimated, especially for struc-
tural deformation.

Both the hydrodynamic force and pile-soil interaction
prolong the period of structural vibration, and the pile-soil
interaction has much greater influence. When the soil-
structure interaction is neglected, water-structure interac-
tion will increase the structure response; when soil-structure
interaction is considered, the influence of hydrodynamic
force is complex. From the perspective of pile-soil inter-
action, hydrodynamic force may increase the influence.

Table 4: Response discrepancy rates for Case 1 and Case 2 (%).

Rate 1# 2# 3# 4#
Displacement 1.3 2.4 2.8 3.4
Bending moment 1.4 2.2 2.7 3.0
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Figure 7: Displacement envelopes of piers in Cases 3 and 4.
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Figure 8: Displacement envelopes of pile No. 1 in Cases 3 and 4.

Table 5: Response difference rates for Case 3 and Case 4 (%).

Item 1# 2# 3# 4#

Pier Displacement −4.6 −4.2 −3.9 −3.7
Bending moment 2.8 2.9 3.1 3.0

Pile Displacement 13.1 11.2 11.0 7.3
Bending moment 2.7 -3.0 3.9 -8.4
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Figure 9: Bending moment envelopes of pier No. 4 in Cases 3 and 4.
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Figure 10: Bending moment envelopes of pile No. 1 in Cases 3 and 4.
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Figure 11: Bending moment time histories of pier No. 4 in Cases 1 and 3.
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Figure 12: Displacement envelopes of piers in Cases 1 and 3.

Table 6: Response difference rates for Case 1 and Case 3 (%).

Item 1# 2# 3# 4#
Displacement −17.8 −22.7 −24.3 −29.4
Bending moment −59.1 −62.9 −63.2 −66.1
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Figure 13: Displacement time histories of beam relative to pier No. 4 in Cases 1 and 3.
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Figure 14: Bending moment envelopes of piers in Cases 2 and 4.
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5. Conclusions

)is paper presents a study on the dynamic response of sea-
crossing continuous girder bridge. By comparing the nu-
merical results obtained from different cases, the influences
of water-structure interaction and pile-soil interaction are
preliminary investigated and discussed. )e main conclu-
sions are drawn.

)e vibration periods and dynamic responses of the
structure are slightly affected by water-structure interaction.
)is effect could be increased when pile-soil interaction is
considered simultaneously. Compared with the pier, the
influence of hydrodynamic force on pile is more significant.
Compared with the bending moment, the displacement
response is more influenced.

)e vibration periods and dynamic responses of the
structure are severely affected by pile-soil interaction. )e
vibration periods are obviously prolonged. )e responses of
deformation and force are reduced, and the bending mo-
ment is more affected than the displacement. )e usage of
isolation bearings may lead to slight impact on main girder.

)e influence of pile-soil interaction is much more
significant than that of hydrodynamic force. Meanwhile, the
effect of coaction of the two is not a simple superposition of
action alone, so the seismic analysis of such bridge should
consider both effects.

)e pile-soil interaction has obvious reducing effect in
this study. Combined with the existing research, the pile-soil
interaction may magnify the seismic response of structure.
)erefore, the influence of pile-soil interaction is complex,
and the effect cannot be generalized.

It should be noted that the difference of ground motion
intensity, near-field earthquake, and vertical seismic exci-
tation are not considered in this paper. As the notable in-
fluences of these factors have been proved for on-land
bridge, they will be considered in the subsequent studies on
the seismic responses of the offshore bridge.
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