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ABSTRACT: This paper investigates the influence of site liquefaction on seismic responses of
an offshore bridge. A three-dimensional saturated soil-bridge model and the same model with-
out consideration of saturated soil were modeled on the platform of OpenSeeS. The response
results of the two models have been compared and discussed. The results showed that liquefied
sites had an obvious amplification effect on the surface ground motion as well as the non-lique-
fied sites. The frequency content and the characteristics of the input motion may significantly
affect the dynamic responses in liquefied sites. Site liquefaction amplified the pier top absolute
displacements and internal forces at the pier bottom. Furthermore, liquefied sites modified the
distribution of internal forces when compared with non-liquefied sites. The increases of the dis-
placements may increase the possibility of pounding between the deck and the abutment or
inducing collapsing, which close attention and consideration should be given to.

1 INTRODUCTION

One well-known study that is often cited in research on the theory of wave propagation in
saturated porous media is that of Biot (1956), who introduces two elastic parameters which
consider the compressibility of fluid and the elastic interaction between fluid and soil. The
inertia and viscous interaction of fluid and soil are coupled into their equations of motion,
which lays a foundation for the later study of dynamic response in saturated soil.
However, there are certain drawbacks associated with the use of Biot theory (Dobry, 1995).

Practical engineering experience shows that there still has difficulty in measuring the coupling
mass density of liquid-solid inertial in its dynamic equation. Later, many kinds of research
have made related work, trying to improve and supplement Biot theory. It was not until the
late 1960s that Rayleigh waves in isotropic saturated porous media have been first studied,
ignoring the coupling inertial between the fluid and solid, and discussed the propagation vel-
ocity equation of Rayleigh waves in porous, elastic and saturated solids (Jones, 1961; Deresie-
wicz et al., 1962). In recent years, an effort has been made to analyze the effect of the
parameters such as porosity and permeability under the consideration of replacing the clas-
sical Terzagh effective stress with the effective stress of porous media (Li et al., 2003). Based
on Biot theory, it is found that the stress distribution between solid and fluid is affected by
excitation frequency and permeability considering harmonic loading and vertical vibration
(Halpern et al., 2010). Additionally, the elastic wave equation under the fluid-solid coupling
effect was derived by assuming that the voids in saturated soil layers are uniformly distributed
and interconnected (Chen et al., 1987). It has been shown that the effect of soil permeability
on the P wave is more significant than that of S wave. The theory avoids the defects of Biot
theory which is of practical value.
In order to solve the problems of the initial and final solutions of the transverse deformation

of the cylinder by numerical method, Biot’s theory has been applied in a saturated elastic semi-
infinite space (Apirathvoraku et al., 1980). Many researches have been made progress so far
based on Biot’s theory (Li et al., 2004; Zeng et al., 1999; Philippacopoulos, 2014). Based on the
centrifuge test, the p-y time history of the equivalent pile foundation is obtained and the
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dynamic responses of pile foundations in liquefied sites are also obtained (Wilson et al., 2000).
Additionally, some researches have revealed that the pore water pressure in saturated soil has a
significant effect on the stiffness and damping of pile foundation (Yao et al., 2004) and the seep-
age rate of soil will affect the stiffness of the structure (Wang et al., 2003; Maeso et al., 2005).
However, the research on the dynamic response of foundation in the saturated soil started later

in China. The saturated soil is considered as unidirectional medium, which is subject to a number
of potential methodological weaknesses, such as its blindness and randomness (Gu et al., 2015).
For offshore bridges, the geological environment of the pile foundation is in the seawater immer-
sion for a long time, and the soil is basically under saturation state. The influence of liquefaction
of saturated soil on pile foundations cannot be ignored. For this purpose, a water-soil-bridge
system was adopted for study and investigating the responses under three seismic scenarios.

2 OVERVIEW OF THE BRIDGE STUDIED

As shown in Figure 1, a three-span offshore girder bridge with a continuous unit of 3x40 m was
adopted. The pier immersion depth was 10.2 m. The superstructure featured a pre-stressed con-
crete with 7 pieces of T shape beam with a strength grade of C50 (50MPa). The pier adopted the
double columns and solid circular section. Diameter and the height of piers were 2 m and 17 m
respectively with a strength grade of C35 (35MPa). The pile foundation adopted double row
piles, and the pile diameter was 1.8 m with a strength grade of C30 (30MPa). Foundation soils
were in general composed of saturated soil (vs ¼ 200 m=s), dense sand (vs ¼ 248 m=s) of wea-
thered rock (vs ¼ 467 m=s). According to the type of bridge site, three seismic scenarios were
selected according to the site classification as shown in Figure 3. The peak value of the accelero-
grams were scaled to 0.1 g, and the motion was imposed at the base horizontally.

3 MODELING OF THE SATURATED SOIL-BRIDGE SYSTEM

As shown in Figure 2, both the bridge and the near field soil were modeled in 3-Dimensions
using the finite element program OpenSeeS. The deck, piers and piles were modeled with 3-
Dimensional beam elements, and non-linear behavior of the pier columns have been taken
into account. The bbarBrickUP element was adopted for the modeling of the saturated sand
layer, which contained 3 translations and 1 pore water pressure degrees of freedom. Further-
more, PDMY was adopted for the constitutive model of the saturated sand (Yang et al.,
2002), and the parameters used were shown in Table 1. A 150 m x 50 m soil domain was
generated with constant depth of 50 m as well as the mesh size was 2.5 m x 2.5 m x 2.5 m.
In order to be able to model soil-to-pile dynamic interaction, translational degrees of
freedom between pile nodes and adjacent soil nodes were coupled. As for the boundary condi-
tions, viscous-spring boundary elements with values depending on soil characteristics were

Figure 1. Layout of the bridge configuration.
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implemented on the lateral surfaces of the soil domain in order to diminish reflections of
waves (Liu et al., 2006). Rayleigh damping was also taken into account in this case.
The effect of wave force on piers was taken into account by Morison‘s additional mass

method (Liu et al., 2008), which could be defined as the following equation:

MW¼ ðCW � 1Þρ
πD2

4
L ð1Þ

where MW = additional mass at the pier nodes; CW = dynamic water damping matrix;
Three different earthquake scenarios were investigated based on the records obtained from

the El Centro, Kobe and Loma Prieta earthquakes as shown in Figure 3. The base excitations
were obtained from appropriate deconvolution and baseline correction process, which were
assumed as vertically propagating S-wave. As a result, site response was taken into account
inherently by the structure of the 3-Dimensional soil domain, and no more analyses need to
be performed for the site response.

Table 1. Parameters used for the constitutive model of saturated sand.

Parameter value Parameter value

Density (kg/m3) 1850 Volumetric shrinkage coefficient 0.07

Shear modulus at low strain rate (kPa, pr=80 kPa) 7.4×104 Coefficient of volume expansion 1 0.4

Bulk modulus (kPa, pr=80 kPa) 1.8×105 Coefficient of volume expansion 2 2.0

Friction angle (°) 33 Coefficient of liquefaction 1 (kPa) 10

Peak shear strain (pr=80 kPa) 0.1 Coefficient of liquefaction 2 0.01

Mean effective confining pressure (kPa) 80 Coefficient of liquefaction 3 1.0

Pressure correlation coefficient 0.5 Number of yield surface 20

Phase transformation angle (°) 27 Initial void ratio 0.7

*pr is the confining pressure for determining soil parameters.

Figure 2. Finite element model of the saturated soil-bridge system.

Figure 3. Three earthquake records used for the analysis.
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4 ANALYSIS RESULTS

4.1 The seismic site response

Figures 4 and 5 showed the comparison of the seismic acceleration responses on the ground sur-
face. In Figure 4, it was observed that the acceleration responses were more detrimental in non-
liquefied site, in other words, liquefied site reduced the ground acceleration responses. Figure 5
showed the Fourier amplitudes of the accelerograms. It was shown, that in this case, liquefied
site modified the frequency contents in a different way than non-liquefied site. The amplitudes
decreased while the low frequency components increased in the liquefied site.
In order to investigate the liquefaction degree of soil, ru was introduced and described as below:

ru ¼ 1�
σ
0

σ00
ð2Þ

where σ0 = effective stress; σ00 = initial effective stress. A value of this factor exceeds 0.6 repre-
sents the threshold of the liquefaction. The more this value is close to 1.0, the higher the lique-
faction degree is. As could be seen in Figure 6, the site had been liquefied for the El Centro and
Kobe earthquakes while slight liquefaction occurred for the Loma Prieta earthquake.

Figure 4. Accelerograms observed on the ground surface (liquefied site versus non-liquefied site) for the

El Centro earthquake (left), the Kobe earthquake (middle) and the Loma Prieta earthquake (right).

Figure 5. Fourier amplitude observed on the ground surface (liquefied site versus non-liquefied site) for

the El Centro earthquake (left), the Kobe earthquake (middle) and the Loma Prieta earthquake (right).

Figure 6. Pore water pressure ratio of the middle saturated sand in liquefied site.
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4.2 The seismic bridge response

4.2.1 Responses of the piers
For an in-depth study of the problem, it was decided to focus on the relative response (i.e. pier
top absolute displacements and pier base internal forces). As shown in Table 2, a value of the
response ratio V exceeds1.0 represents the responses in the liquefied site is more unfavorable
than the non-liquefied site. The displacement at the top of pier 3 was shown in Figure 7. It
was observed that the peak displacement at pier top in liquefied site was larger than that in
non-liquefied site. Table 2 showed the peak displacement comparison of the piers in the two
sites. It was observed that the peak displacement of piers in liquefied sites increases signifi-
cantly. For Loma Prieta earthquake, a maximum value of 1.19 was observed.
Figure 8 showed the comparisons of internal forces for Loma Prieta earthquake. At the

beginning, the responses at the bottom of the liquefied site were smaller than those of the non-
liquefied sites. One reason for this was the isolation effect of the liquefied sites, which reduced
the response of the structure. However, with the development of liquefaction degree, the peak
response value of the structure increased rapidly, which showed that the liquefied site had a
significant impact on the seismic response of the structure.

4.2.2 Responses of the piles
According to the research on the structural damage of the liquefaction site after an earth-
quake, it is noted that the excessive displacement at the pile top is an important reason for the
damage of a pile foundation. It was shown, that in Figure 9, the deformation of the liquefied
site led to a significant increase in the lateral deformation of the pile, especially at the top. The
shear force of the two sites reached the maximum at the interface between the medium sand

Table 2. Comparison of peak displacement of pier top.

Seismic

scenarios

Pier number Peak displacement (mm) V

Liquefied site (mm) Non-liquefied site (mm)

El Centro 1 19.8 17.3 1.14

2 24.3 20.6 1.18

3 23.2 20.2 1.15

4 20.1 18.2 1.10

Kobe 1 12.2 11.6 1.05

2 15.4 14.1 1.09

3 14.3 13.2 1.08

4 11.8 11.1 1.06

Loma Prieta 1 16.2 14.8 1.09

2 18.6 15.7 1.18

3 17.5 14.7 1.19

4 15.8 13.9 1.14

*Response ration V is defined as: V ¼ VLiquefied=VNon�liquefied .

Figure 7. Comparison of displacement time histories at pier top.
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layer and the dense layer, and the maximum shear force of the liquefied site was obviously
greater than that of the non-liquefied site. Because of the deformation of liquefied site, the
maximum bending moment of pile foundation in liquefied site was observed at the top. In
non-liquefied site, it occurred at the top of pile or at the interface of each soil layer. As illus-
trated in Table 3, the responses of shear force and bending moment increased up to 52% and
131% respectively for Loma Prieta earthquake. However, the responses of bending moment
were similar in dense sand layer. Table 3 showed the comparison of maximum displacement
and peak internal forces along the pile foundation. The definition of liquefaction coefficient V
in the table was the same as that mentioned above. VD, Vs and VM were liquefaction coeffi-
cients of displacement, shear force and bending moment respectively. It was observed that the
values in liquefied site were significantly higher than that in the non-liquefied site. The max-
imum liquefaction coefficients of displacement, shear force and bending moment were 2.82,
1.77 and 2.31 respectively for Loma Prieta earthquake.

4.2.3 Responses of the beam
In order to investigate the effect of site liquefaction on the beam, Table 4 gave the comparison of
the peak horizontal displacement at the ends of the beam in the two sites. It was observed that

Figure 8. Comparison of internal force at pier bottom under Loma Prieta earthquake excitation.

Figure 9. Peak internal forces along pile foundation under Loma Prieta earthquake excitation.

Table 3. Comparison of maximum displacement and peak internal force of pile foundation.

Seismic
scenario Site

Displacement
(mm)

Shear force
(kN)

Bending
moment (kN·m) VD VS VM

El Centro Liquefied 12.62 672.01 1435.16 1.98 1.77 1.61

Non-liquefied 6.35 379.55 893.37

Kobe Liquefied 6.83 570.65 1060.52 1.25 1.32 1.56

Non-liquefied 5.46 430.03 679.03

Loma Prieta Liquefied 10.12 724.83 929.79 2.82 1.52 2.31

Non-liquefied 3.58 475.68 401.23
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liquefied site significantly amplified the displacement at the ends of the beam. The maximum dis-
placement under Loma Prieta earthquake magnifies 1.58 times, which may lead to the risk of
pounding or falling of superstructure and do damage to the superstructure or abutment. There-
fore, in the seismic design of bridges in liquefaction sites, consideration should be taken to retain
sufficient expansion joint space or limiting measures between beams or beam and abutment.

5 CONCLUSIONS

This study addressed the problem of the dynamic response of the bridge considering site lique-
faction by comparing with the dynamic response of the non-liquefaction site. The conclusions
drawn can be summarized as follows:

1. The displacement response of the pier increases in the liquefied site and the pier top abso-
lute displacements showed a time delay compared with the non-liquefied site. The time his-
tories of the internal forces at the bottom of the pier were obviously different in the two
sites. The influence of liquefaction on the shear force at the pier bottom was greater than
that of bending moment.

2. Compared with the site without liquefaction, the lateral deformation of pile foundation sig-
nificantly increased in the liquefied site, especially at the top of the pile. For the shear force
along the pile foundation, the maximum value of the two sites was at the interface between
the saturated sand layer and the dense sand layer, and the maximum responses of the lique-
fied site were obviously greater than that of the non-liquefied site. For pile bending
moment, the maximum responses mainly appeared at the top of the pile in the liquefied
site, but it may occur at the pile top or at the interface of soil layers in non-liquefied site.

3. For the displacements at the ends of the beam, the peak displacement magnified 1.58 times
in liquefied site, which may lead to the risk of pounding or falling of superstructure, result-
ing in damage of beam or abutment. Along these lines, close attention and consideration
should be given to the seismic design in liquefied sites.
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