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This study investigated the antiliquefaction property of the pile group. It is shown in the pore pressure ratio, pile acceleration, and
bending moment response of saturated silt fine sand. The response law of pile acceleration and bending moment during liq-
uefaction development is proved. The results show that liquefaction occurs in single piles, four piles, and six piles under the action
of 0.35 g seismic wave. But the time of liquefaction is different. There is an obvious difference in the response of pile acceleration
and bending moment during liquefaction. Liquefaction in the saturated silt fine sand develops from shallow to deep. The complete
liquefaction of six piles takes the longest time, while the single pile takes the shortest time, and the average delay was 8.82s. With
the increase of the number of piles, there are some differences in pile acceleration, magnification factor, and pile bending moment,
which are mainly reflected in time. The peak acceleration appearance of six piles was 3.08 s later than that of the single pile on
average. The maximum bending moment appearance of six piles was 1.96 s later than that of the single pile on average. The
acceleration and bending moment of the pile begins to attenuate when the pore pressure ratio increases. It shows that the saturated
silt fine sand has softening and damping effect before liquefaction. In summary, the antiliquefaction performance of the pile group
is better than that of a single pile. In the seismic design of pile foundation in liquefied soil, the antiliquefaction performance of the

pile group is better.

1. Introduction

According to the results of earthquake damage investigation,
the seismic performance of pile foundation is better than
other types of foundation. Bridge structure with pile
foundation has relatively light seismic damage and the
seismic performance is good. Sand liquefaction induced by
earthquakes is one of the important causes of earthquake
damage to the pile foundations [1-4]. Therefore, research on
antiliquefaction treatment measures of pile foundation has
become an important direction and hot topic in geotechnical
engineering. Through the research on the antiliquefaction
performance of pile foundation, it is found that the anti-
liquefaction technical measures can be divided into two
kinds [5-8]. One is to treat the soil around the pile to
completely lose the liquefaction condition, which has a large
amount of work and large limitations. Another is that lig-
uefaction is allowed without changing the properties of the

soil around piles, which optimizes the design of the pile
foundation to improve the antiliquefaction performance of
the pile foundation itself.

At present, scholars have carried out a series of re-
searches on the pile-soil dynamic interaction in liquefied
sites under earthquake. In terms of theoretical analysis,
Rahmani et al. [9] used the fully coupled three-dimensional
dynamic analysis to study the dynamic response of a single
pile in liquefied ground. Wu et al. [10] used Laplace
transform technique and variable separation technique to
obtain the analytical solution of the vertical dynamic re-
sponse of pile in layered transversely isotropic soil. As per
Deng et al. [11], based on the Euler-Bernoulli rod theory, the
pile-soil control equation under the action of arbitrary
harmonics is established. Harada et al. [12] proposed that the
compaction sand pile method is an effective measure for
antiliquefaction of sand foundation and introduced other
antiliquefaction methods derived from it. Zhou et al. [13]
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calculated the dynamic response law of pile groups through
pile-soil dynamic interaction factors and concluded that the
flexibility ratio and pile spacing of pile groups have a great
influence on the dynamic response of piles. Lu et al. [14]
established a layered porous elastic half-space pile group
dynamic analysis numerical model based on the Biot theory
and studied the influence of factors such as pile group
spacing and pile length on the foundation vibration isolation
effect. Hussein et al. [15] studied the vertical dynamic re-
sponse characteristics of pile foundation in liquefied and
nonliquefied sites. In terms of model tests, Feng et al. [16]
and others studied the dynamic response of rock-socketed
pile foundations under strong earthquakes and the influence
of sand liquefaction on the dynamic response of bridge pile
foundations and proposed a method of burying the pile
foundation with saturated silt liquefaction judging method
based on depth, seismic intensity, and pore pressure ratio.
Xu et al. [17] researched pile group dynamic responses
characteristics in liquefied and nonliquefied sites by shake
table tests. Bahmanpour et al. [18] studied the mitigation
effect of underground columns on soil liquefaction in
shaking table experiments. Rajeswari et al. [19] studied the
inclined pile group dynamic responses in laterally spreading
ground. Sawamura et al. [20] studied the seismic perfor-
mance of liquefied pile group foundation through the
centrifugal model test. Bao et al. [21] studied the seismic
enhancement effect of pile group foundation with partial
ground improvement method by the shaking table test and
numerical simulation. Chiou et al. [22] carried out the
liquefaction dynamic response characteristics of single pile
with different stiffness through shaking table test. In the
aspect of numerical simulation, Wang et al. [23] applied the
unified plasticity model for large postliquefaction shear
deformation of sand to the three-dimensional finite element
model of liquefied foundation piles. Saeedi et al. [24]
established the finite element difference model of under-
ground rock-socketed single pile in seismic liquefaction field
by FLAC and studied the dynamic response of pile. Mokhtar
et al. [25] study the seismic performance of piles penetrated
into liquefiable sandy soil by the 3D finite element program.
Janalizadeh et al. [26] established a three-dimensional finite
element model by open-source computer-traditional plat-
form OpenSees and studied the influence of soil layer de-
lamination, movement force, and inertia force on the
dynamic response of pile. The above research is limited to
the dynamic response characteristics of pile group foun-
dation in liquefaction site. The antiliquefaction performance
of the pile group is limited to qualitative analysis and no
quantitative comparison with the single pile. There are few
studies on the micromanifestation of pile group liquefaction
resistance superior to single pile foundation under
earthquake.

In this shaking table test, three working conditions of
the single pile, four piles, and six piles were designed.
Time history response of pore pressure ratio, pile ac-
celeration, and pile bending moment in saturated silt fine
sand, and their relationships were studied. The differ-
ences in antiliquefaction performance under three
working conditions were emphatically discussed. It
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provides theoretical support and design guidance for
antiliquefaction research of pile foundations.

2. Engineering Background

The Haiwen Bridge (formerly Puqian Bridge) in Hainan
Province, China, is located in a strong earthquake zone. The
seismic fortification intensity of the Haiwen Bridge is VIII
degree. The basic design acceleration of ground motion is
0.35g, which far exceeds the design value of fortification
intensity (0.20g) in Article 3.1.4 of the “Specification of
Seismic Design for Highway Engineering (JTGB02-2013)”
[27] and exceeds the standard value of penetration hammer
of liquefaction criterion in Article 4.4.2. The liquefaction of
sand soil is serious, so it is urgent to study the anti-
liquefaction performance of pile foundation. The Haiwen
Bridge adopts pile group, among which 55# pile foundations
are 4 friction piles with 2m diameter and 35m length, as
shown in Figure 1. The pile foundation passes through clay
5m, fine sand 8 m, pebble soil 25 m from top to bottom. The
specific gravity of the fine sand is 2.67, the saturation gravity
is 22.19 kN/m”, the void ratio is 0.83, the plasticity index is
19.3, and the liquidity index is 0.32.

3. Materials and Methods

3.1. Parameters of the Shaking Table. This shaking table
model test relies on the three-dimensional six-degree-of-
freedom shaking table in the Earthquake Engineering and
Engineering Vibration Laboratory of the Institute of Engi-
neering Mechanics, China Earthquake Administration. The
size of the table is 5.0 m x 5.0 m. The size of the laminated
shear model box is 3.7m x 2.8 mx 2.0 m, as shown in Fig-
ure 2. The maximum load of the shaking table is 30t, the
frequency is 0.5Hz~50Hz, and the maximum horizontal
acceleration amplitude and maximum displacement am-
plitude are 1.0g and 80 mm, respectively. After compre-
hensive comparison of the advantages and disadvantages of
rigid model box, cylindrical, flexible model box, and lami-
nated shear model box, the laminated shear model box is
selected to reduce the boundary effect. The specific pa-
rameters and boundary effect verification of the laminated
shear model box has been described in detail in reference
[28]. When the length of the model box is more than 2 m and
the width is more than 1.5 m, the natural frequency error is
less than 5% [29]. A rubber pad with a thickness of 1 cm is set
on the inner wall of the model box to prevent soil or water
from overflowing during vibration.

3.2. Similar Relation. The geometric similarity scale is 1:25.
According to the Bockinghamrn theory, the dimensional
analysis method is adopted. Considering the similarity of
seismic load, the similarity ratio of each physical quantity is
shown in Table 1.

3.3. Model Pile Making. C35 concrete is used as the model
pile material. The model pile length is 138 cm, the pile di-
ameter is 8 cm, and the pile spacing of the four piles and six
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TaBLE 1: Similarity constants of shaking table model test.

Parameters Similarity relation Similarity constant
(model/prototype) (model/prototype)

Acceleration, a 1 1

Wire size, [ G 1/25

Linear displacement, & G 1/25

Frequency, w e 5

Elastic modulus, E 1 1

Stress, o 1 1

Strain, ¢ 1 1

Poisson’s ratio, y 1 1

Internal friction angle, 1 1

%

Cohesion, ¢ 1 1

piles is 14 cm. The pile reinforcement ratio is 2.4%, as shown
in Figure 3. According to a similar relationship and formula
(1), the artificial masses of 50kg, 200 kg, and 300kg for a
single pile, four piles, and six piles top are, respectively,
determined [30, 31].

m, = CEClsz - m,, (1)

Before loading the seismic wave, input the white noise
and collect the acceleration time history response of the pile.
The SeismoSignal seismic wave processing software is used
to obtain the Fourier spectrum. The natural frequency of the
pile foundation is determined by the Fourier spectrum, as is
shown in Figure 4.

3.4. Model Soil Design. The model soil is divided into clay,
silt fine sand, and pebble soil. Based on the geological survey
data, the soil shear wave speed is the main control index to
ensure that the model soil is similar to the original soil. The
process of shear wave velocity method in this test involved
the following steps:

(1) An accelerometer is placed at the bottom of the
custom container and loaded into the tested model
soil

(2) After the model soil was compacted with a tamping
hammer and recorded the compaction times, an
accelerometer was placed on the surface of the model
soil

(3) Knocked on the bottom of the container and cap-
tured the peak time of two accelerometers by the data
acquisition system

(4) The shear wave velocity of the model soil can be

calculated from the following equation, as shown in
Table 2 and Figure 5(a)

Ak

=7 (2)

v

The particle size of the pebble is 1.5~2.5 cm, accounting
for 25% of the total mass, and is mixed evenly with the fine
sand. The standard sand, which is easy to liquefy, was used in
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the test. The overlying clay is filled after the saturated silt fine
sand is fully saturated by standing water injection for 24h.
The particle size distribution is shown in Figure 6. The
moisture content of clay is measured by the drying method,
and its density is measured by the ring knife method, as
shown in Figure 5(b). To ensure the compactness of the soil
layer, the layered tamping method is used to fill the soil layer.
When filling the soil layer, use a saw blade to shave the
surface of the soil layer at the interface of the soil layer to
ensure good contact between the soil layers.

3.5. Sensor Layout. To eliminate the influence of the in-
teraction between the three test conditions, the distance
between each working condition is not less than 80cm
(10D). In the saturated silt fine sand, the pile body is em-
bedded with uniaxial patch miniature acceleration sensor
Aq~Ay, and resistive strain gauge P;~P 5. The strain gauges
were symmetrically arranged, and each strain gauge was
provided with a compensation gauge. The pore water
pressure sensors K;~Kg were embedded in the soil layer on
the side of the pile. All sensors embedded in liquefied soil are
waterproof. The surface of the test element is coated with
epoxy resin. The pore water pressure sensors were wrapped
in cotton to prevent the influence of soil particle displace-
ment on it in the process of liquefaction. The wire relative
displacement sensors W;~W3 were arranged at the pile top.
This paper focuses on the interaction mechanism between
pile foundation and the saturated silt fine sand, so the test
element is only embedded in the saturated silt fine sand. The
specific layout methods are shown in Table 3 and Figure 7.

3.6. Test Conditions. The test conditions are the comparison
of the antiliquefaction performance of a single pile, four
piles, and six piles. The test loading seismic wave was
artificially synthesized by the China Earthquake Adminis-
tration for the Hainan Haiwen Bridge with a probability of
exceeding 10% in 50 years (referred to as 5010 waves), and a
dynamic peak acceleration of 0.35g, and using SeismoSigal
software to correct the baseline. The time history curve and
frequency spectrum are shown in Figure 8, and the test
conditions are shown in Table 4. The shaking model test
operation processes are shown in the following Figure 9. In
this test, the three working conditions are tested in the same
model box. The consistency is mainly reflected in the fol-
lowing four aspects: (1) Same soil conditions; (2) Same input
seismic wave; (3) Same boundary conditions; (4) Same in-
ertia force effect.

4. Results and Discussion

4.1. Experimental Phenomenon. By observing the phe-
nomenon of the shaking table test, the model pile and the
model soil produce obvious vibration under the ground
motion load of 0.35 g. The surface of foundation soil has
cracks and uneven settlement. There is a lot of water and
bubbles on the surface. There are a lot of water and
bubbles coming out of the surface of the foundation, as
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TABLE 2: Shear wave velocities of soils.
Name Clay Saturated silty sand Pebble soil

Shear wave velocity/mes™

1 Prototype 136 162 526
Model 138 177 539

HHHHHHHHHHHHHHHHHHHN

Shear wave
velocity method

Moisture Direct shear

content test

Consolidation
test

FIGURE 5: Physical property test. (a) Shear wave velocity. (b) Physical and mechanical test.
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TaBLE 3: Layout position of test elements.

Test component type Acceleration sensor Pore water pressure sensor Strain gauge Displacement sensor
Buried location (cm) 26, 39, 52 34, 44 26, 39, 52 Pile cap
Quantity/number 9 6 18 3

Unit:cm
3 Clay
WL Byl
= Saturated P,
o
fine sand
¥y Pso
Pebble soil
wn
N
Seismic input

'

Displacement sensors ® Strain gauges
Acceleration sensors A Pore water pressure sensor

FIGURE 7: Layout of test elements.
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FIGURE 8: Time history and spectrum of seismic waves. (a) Seismic wave time history (b) Seismic frequency spectrum.
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TaBLE 4: Test conditions.

Test condition Load wave form

Acceleration amplitude (g)

Vibration duration (s)

Single pile
Four piles 5010
Six piles

0.35 40

Step one: model pile making > Step two: model soil making |:>

Step three: packing and
connecting sensors

—2 Step four: loading and data
ﬁ> acquisition

F1GURE 9: Test operation process.

shown in Figure 10. At this time, liquefaction occurs in
the saturated silt fine sand under three working condi-
tions. However, the liquefaction time of six piles is clearly
behind that of four piles and single pile. The soil structure
is damaged and the soil particles are gradually densified
by relative displacement under 0.35g ground motion
load. The poor permeability of the saturated silt fine sand
leads to a sharp increase in pore water pressure, a de-
crease in effective stress, and a decrease in shear strength.
Because the natural vibration frequency of a single pile,
four piles, and six piles are different, the liquefaction time
of saturated silt fine sand is different when the pile
foundations interact with foundation soil. As the number
of piles increases, the effect of pile group strengthening
the foundation soil is enhanced. Under the action of
ground motion, the damping of the pile-soil interaction
system is enhanced, and the antiliquefaction performance
of the pile group is better.

4.2. Pore Pressure Ratio. The pore pressure ratio is the ratio
of pore water pressure to effective stress. The time history
curve of the pore pressure ratio under three conditions is
shown in Figure 11. The variations of pore pressure ratio in
saturated fine sand soil of a single pile, four piles, and six
piles are roughly the same. The pore pressure ratio remained

near 0 at the beginning of seismic wave loading, then in-
creased rapidly after a period of time and finally reached
stability. The pore pressure ratio in the depth of saturated silt
fine sand (K,, K,, K¢) lags behind the shallow soil layer (Kj,
K3, Ks) at the time when it starts to increase and when it
stabilizes, and the increase of pore pressure ratio lags behind
the ground motion load. In the vibration process of satu-
rated silt fine sand, the higher the pore pressure ratio is, the
more serious the liquefaction is. Therefore, the pore pressure
ratio can be used to judge the degree of soil liquefaction.
When the pore pressure ratio is 0.8, there is a large area of
water spraying and sand emitting on the surface, and the
saturated silt fine sand is completely liquefied. The lique-
faction characteristics of saturated silt fine sand in this test
can be found in reference [32]. The saturated silt fine sand
produces relative displacement due to the action of shear
stress. With the relative displacement of soil particles, the
upward expansion of soil particles and the temporary de-
crease of pore water pressure appear. As shown in Figure 11,
the pore pressure ratio is negative at the initial stage of
liquefaction. With the further development of liquefaction,
the pore pressure ratio no longer appears negative and finally
tends to a stable value.

At 34cm in model soil, the pore pressure ratio at
measuring points K;, K3, and Ks starts to increase at 9.13s,
13.13s, and 18.03s. The pore pressure ratio stabilizes at
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F1GURE 10: Fine sand liquefaction. (a) Crack. (b) Settlement and precipitation.

21.45s, 25.45s, and 30.27s. The development time of the
pore pressure ratio is 12.32s, 12.32s, and 12.24s, respec-
tively. At 44 cm, the pore pressure ratio of K,, Ky, and Kg
start to increase at 10.0ls, 14.41s, and 19.01s. The pore
pressure ratio stabilizes at 22.43 s, 26.85s, and 31.26s. The
development time of the pore pressure ratio is 12.42s,
12.44s, and 12.25 s, respectively. The start increasing time of
pore pressure ratio at Ks is 4.90s and 8.90 s later than that at
K; and K;. And the start increasing time of pore pressure
ratio at Kg is 4.60s and 9.00s later than that at K, and K,,
respectively. The stable time of pore pressure ratio at Ks is
4.82 s and 8.82 s later than that at K5 and K, The stable time
of pore pressure ratio at K¢ is 4.41 s and 8.83 s later than that
at K, and K, respectively. The stable time of pore pressure
ratio in six piles is 4.62 s later than four piles on average. And
the stable time of pore pressure ratio in four piles is 4.21s
later than the single pile average. The change of pile
foundation type has little influence on the development time
of the pore pressure ratio. The results show that the anti-
liquefaction performance of the pile group is mainly re-
flected at the moment when the pore pressure ratio starts to
increase and becomes stable. As the increase of the pile
number, the reinforcement effect of pile foundation on soil
becomes more significant under the ground motion load.
The permeability of soil around piles is affected, which
weakens the growth rate of pore water pressure. At the initial
stage of pore pressure ratio growth, the influence of seismic
waves on pile group foundation lags behind, thus delaying
the occurrence time of liquefaction.

4.3. Acceleration. The acceleration time history curve is
shown in Figure 12. The amplitude of acceleration remains 0
at 0~2s, and then increases gradually. The maximum ac-
celeration appears before the pore pressure ratio reaches a
stable value, and its rule is consistent with the time history
curve of the input seismic wave. With the decrease of soil
depth, the amplitude of acceleration time history response
increases. The acceleration of measuring point A, is the
largest, which is 5.45m-s-2. At 26 cm in soil, the maximum
accelerations at A, Ay, and A, are 545ms 2, 5.36ms 2,
5.25ms 2, which appear at 8.37s, 10.86s, and 12.42s, re-
spectively. At 39 cm, the maximum accelerations at A,, As,
and Ag are 4.57ms 2, 4.44ms %, 4.33ms 7, appearing at

10.59s, 11.52 s, 12.62 s, respectively. At 52 cm, the maximum
accelerations at As, Ag, and Ay are 3.60ms 2, 3.45ms 2,
3.38ms %, occurring at 9.88s, 11.40s, 13.03 s, respectively.
At 26, 39, and 52 cm in soil, the maximum acceleration of six
piles is less than that of four piles and a single pile, which lag
behind the four piles by 1.56s, 1.10s, and 1.63 s severally.
And the four piles are 2.49s, 0.93 s, and 1.52 s later than a
single pile, respectively. In the soil liquefaction process, the
reinforcement effect of the pile group is more conspicuous
with the increase of pile number. The soil constraint around
the pile is enhanced and the antiliquefaction effect is
significant.

Combined with the time history response of the pore
pressure ratio, it can be known that the acceleration at-
tenuation decay as the pore pressure ratio increases.The
reason is that the development of pore water pressure plays a
decisive role in pile acceleration. The saturated silt fine sand
liquefaction directly results in the attenuation of accelera-
tion. With the pile number increasing, the reinforcement
range of soil by pile increases. It weakens the transmission
ability of seismic waves and suppresses the growth rate of
pore pressure ratio in saturated silt fine sand, which has a
softening and damping effect before complete liquefaction.
The antiliquefaction performance of six piles is better than
that of four piles and a single pile.

The ratio of maximum acceleration to the input seismic
wave acceleration peak is defined as the acceleration am-
plification factor, which can reflect the soil amplification
effect to the input seismic wave. The acceleration amplifi-
cation factor is shown in Figure 13. Under the same depth,
the acceleration amplification factor of six piles is smaller
than that of four piles and single pile. With the increase of
pile number, the effect of soil reinforcement is more obvious,
and the soil around pile can provide more resistance. Pile-
soil structure system can keep its original properties for a
long time under earthquake.

4.4. Bending Moment. The historical curve of pile bending
moment is shown in Figure 14. The bending moment time
history response is maintained near 0 when the ground
motion load begins. After a period of time, the amplitude
increases. After reaching the maximum value, the amplitude
gradually decreases. The moment time history response lags
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behind the seismic wave time history. Under the same soil
depth, the maximum bending moment of six piles is smaller
than that of four piles and a single pile, whose occurrence
lags the four piles and single pile. At 26 cm in model soil, the
maximum bending moments of the single pile, four piles,
and six piles are 161.8 kN-m, 115.2kN-m, 85.3 kN-m, which
appear at 11.12s, 12.40s, 13.08 s, respectively. At 39 cm, they
are 158.2 kN-m, 100.1 kN-m, 68.5 kN-m, appearing at 11.12s,
12.40s, 13.08s, severally. At 52cm, they are 142.6kN-m,
95.4kN-m, 53.9kN-m, occurring at 11.17s, 12.44s, and
13.10ss, respectively. Under the ground motion load, the
maximum bending moment of six piles is 25.95%, 31.57%,
and 43.50% lower than that of four piles at 26 cm, 39 cm, and
52 cm soil layer, and their occurrence lags the four piles
0.72s, 0.68s, and 0.66s, respectively. The maximum bending
moment of four piles is 28.80%, 36.73%, and 33.10% lower
than that of a single pile, and their occurrence lags single
piles 1.22s, 1.28s, and 1.27s, respectively. With the increase
of pile number, the overall stiffness of pile-soil structure is
larger, and the damping of pile-soil dynamic interaction
increases. The antiliquefaction performance of the pile group
is more conspicuous. Combined with the time history re-
sponse law of pore pressure ratio, we can see the bending
moment attenuation as the pore pressure ratio increases. The
increase of pore water pressure ratio has a significant effect
on the pile bending moment. In the increasing process of the
pore water pressure ratio, the six pile bending moment
declines at the earliest. The softening and damping effect of
saturated silt sand before liquefaction is more obvious.

5. Conclusions

(1) According to the macroscopic phenomenon of
shaking table test, the saturated silty sand of a single
pile, four piles, and six piles all liquefied under the
0.35g ground motion load. However, the liquefac-
tion time of six piles is the most backward.

(2) The antiliquefaction performance of six piles is
embodied in the pore pressure ratio, acceleration,
and bending moment time history response. The
average time of liquefaction of six piles is 4.62s
longer than that of four piles. The average time of
liquefaction of four piles is 4.21s longer than that of a
single pile. The peak acceleration appearance of six
piles was 3.08s later than the single pile, while the
maximum bending moment appearance of six piles
was 1.96s later than the single pile on average.

(3) The acceleration and bending moment of the pile
begins to decay at the stage of pore pressure ratio
growth. The saturated silty sand liquefaction process
directly results in the attenuation of pile acceleration
and bending moment, which indicates that the
saturated silty sand has a certain softening and
damping effect before liquefaction.

(4) According to the pore pressure ratio, acceleration,
and bending moment time history response law, the
antiliquefaction performance of the pile group is
better. The reason is that the pile group integrates the
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liquefaction inhibition range of a single pile. The pile
groups weaken the growth rate of pore water pres-
sure in the soil around the pile. It slowed down the
accumulation of pore water pressure in the saturated
silt sand around the pile, thus hindering the lique-
faction of sand.
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