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ABSTRACT: This paper presents the results of 1 g shaking table tests on a single pile in liquefiable sand using a large biaxial laminar shear box conducted at the National Center for Research
on Earthquake Engineering, to quantify the relation between the normalized coefficient of horizontal subgrade reaction and excess pore pressure under earthquake shakings. These experimental
data were analyzed to identify the time-dependent predominant frequency of soil-pile system
during generation and dissipation of excess pore water pressure under the shaking by performing
time-frequency analyses and system identification. The relation between the predominant frequency of soil-pile system and the coefficient of horizontal subgrade reaction can be obtained by
the proposed mathematical model. Hence, the relation between the normalized coefficient of horizontal subgrade reaction and the pore pressure ratio was studied. It can also be found that the
horizontal stiffness of the soil dramatically reduced at the onset of initial liquefaction.

1 INTRODUCTION
The seismically induced soil liquefaction has been an important issue in the earthquake geotechnical engineering since the 1964 Niigata and Anchorage earthquakes. Liquefaction has
been studied extensively over past five decades. Many studies on dynamic characteristics of
soil under earthquake loading were conducted in order to understand the dynamic behavior
of saturated sand under earthquake shaking. Element tests in the laboratory (e.g. Iwasaki
et al., 1981; Chiang 1990; Pradhan et al., 1995), shaking table tests on sand specimens,
under either 1 g or centrifugal condition (e.g., Tokimatsu et al. 2005, Ueng et al. 2006, Lee
et al. 2012), and in-situ test or seismic records of vertical arrays (e.g., Seed 1987, Kostadinov
and Towhata 2002, Kramer et al. 2011) have been used to investigate the relation between
soil stiffness and excess pore water pressure, including pre- and post –liquefaction conditions.
The results of these studies indicated that the generation of excess pore water pressure led to
the decrease of effective stress and resulted in reduction of modulus of soil.
The foundation design code in Taiwan suggested to adopt the reduction factors for the
mechanical parameters of liquefied soil proposed in Japan Road Association (JRA 1996) and
in Architectural Institute of Japan (AIJ 1998). However, the proposed soil parameter reduction coefficients are quite different in these two methods. In addition, it is necessary to quantify the relation of soil stiffness versus excess pore water pressure during liquefaction for a
better understanding of soil behavior, including that during post-liquefaction because the
recent design code has been orientated towards the performance-based design.
Ueng et al. (2009) have conducted a series of shaking table tests on model pile in saturated sand using a large biaxial laminar shear box to investigate the soil-structure interaction in a liquefiable ground during earthquake. In this study, data obtained in these
tests were analyzed to identify the time-dependent predominant frequency of soil-pile
system during generation and dissipation of excess pore water pressure under the
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shaking by performing time-frequency analyses and system identification. The relation
between the predominant frequency of soil-pile system and the coefficient of horizontal
subgrade reaction can be obtained by the proposed mathematical model of soil-pile
system. Hence, the relation between the normalized coefficient of horizontal subgrade
reaction and the pore pressure ratio was established based on the experimental data and
the proposed mathematical model of soil-pile system.

2 SHAKING TABLE TEST
2.1 Model pile and sand specimen
The model pile was made of an aluminum alloy pipe, with a length of 1600 mm, an outer diameter
of 101.6 mm, a wall thickness of 3 mm and its flexural rigidity, EI = 75 kN·m2. The pile was fixed
at the bottom of the shear box to simulate the condition of a pile foundation embedded in the
rock or within a firm soil stratum. One, 3 and 6 steel disks were attached to the top of the model
pile to simulate various conditions of the superstructure. The model pile with instrumentation
inside the shear box was set up before preparation of the sand specimen, as shown in Figure 1.
We used clean fine silica sand (Gs = 2.65, emax = 0.918, emin = 0.631, D50 = 0.30 mm) from
Vietnam for the sand specimen inside the laminar shear box. This sand has been used in the
shaking table tests for liquefaction studies at NCREE (Ueng et al. 2006). We used wet sedimentation method to prepare the saturated sand specimen after the placement of the model pile and
instruments in the shear box. The sand was rained down into the shear box filled with water to
a pre-calculated depth. The size of sand specimen is 1.880 m × 1.880 m in plane and about 1.40
m in height before shaking tests. The saturation of the specimen was checked by the P-wave
velocity measurements across the specimen horizontally. Details of the sand specimen preparation and the mechanism of the biaxial laminar shear box were described in Ueng et al. (2006)
2.2 Test program
Shaking table tests were firstly conducted on the model pile without the sand specimen in order
to evaluate the dynamic characteristics of the model pile itself. Sinusoidal and white noise accelerations with amplitudes from 0.03 to 0.05 g were applied in X and/or Y directions. The model
pile within the saturated sand specimen was then tested under one- and multi-directional sinusoidal and recorded earthquake accelerations at the Chi-Chi Earthquake and the Kobe Earthquake with amplitudes ranging from 0.03 to 0.15 g. White noise accelerations were also applied
in both X- and Y-directions to investigate the behaviors of the model pile and the sand specimen. Figure 2 shows a shaking table test of the model pile in the sand specimen.

Figure 1.

Instrumentation on the model pile and within the sand specimen in a level ground case.
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Figure 2.

The model pile with 6 disks of mass in saturated sand specimen on the shaking table.

2.3 Dynamic characteristics of model pile, soil and soil-pile system
We consider the behavior of model pile without sand specimen under the shakings as a singledegree viscously damped system. Hence, the amplification curve was obtained from the Fourier
spectral ratio of the measured acceleration of the pile top to that of the input motion. Table 1
showed the predominant frequencies of the model pile with different masses on the pile top
according to the test data. The average damping ratio of the model piles is about 1.4 % according to observations of the free vibration of the piles after the end of the input motions.
The dynamic characteristics of soil and soil-pile system were also evaluated by a series of
shaking table tests on the model pile within the saturated sand specimen with small amplitude.
Table 2 lists the predominant frequencies of the soil and the soil-pile system for the model pile
in the saturated sand of various relative densities. It can be seen that the predominant frequency of soil increases with the relative density.
3 TIME-FREQUENCY DYNAMIC CHARACTERISTICS OF MODEL PILE IN
SATURATED SAND DURING LIQUEFACTION
A shaking table test on model pile in a level ground under one-dimensional recorded acceleration in Chi-Chi earthquake with an amplitude of 0.15 g in Y direction was conducted to
Table 1. Predominant frequencies of the
model pile in a level ground.
Mass on pile top

Aluminum pile
Frequency, Hz

No mass
1 disk (37.84 kg)
3 disks (114.1 kg)
6 disks (226.1 kg)

21.0
5.74
3.17
2.19

Table 2. Predominant frequencies of the soil and the model pile of
different relative densities.
Mass on pile top

Soil density
%

Pile in soil
Hz

Soil
Hz

No mass
1 disk
1 disk
3 disks
3 disks
6 disks

27.3
38.1
42.8
42.9
50.4
70.2

11.1
11.6
11.6
8.79
9.16
5.0

11.1
11.6
11.6
12
12.7
13.4
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study the effect of pore water pressure on the pile behavior in liquefiable soil with a relative
density of 40.8 %. The pile tip was fixed at the bottom of the shear box with a superstructure
of 37.84 kg (one steel disk), and the model pile was densely instrumented with mini-accelerometer and strain gauges. Therefore, the model pile can be considered as a sensor to evaluate the
changes of dynamic characteristics of soil-pile system during the shaking.
Figure 3(a) shows the measured acceleration time histories of the pile head and input
motion of shaking table. In addition, the time histories of excess pore water pressure ratios
(ru) at different depths of the free-field piezometer array are also shown in Figure 3(b). Based
on the measured excess pore water pressures, it can be seen that the sand at a shallower depth
liquefied at about 18 s, and afterwards the excess pore water pressures were nearly dissipated
at around 70 s. The depth of liquefaction can be determined based on the measured pore
water pressures in the sand specimen and accelerations on the frames (Ueng et al. 2009). In
this test, the liquefied depth of the sand specimen reached about a depth of 79 cm.
In order to quantify the time-dependent predominant frequency of soil-pile system during liquefaction, a method of system identification technique, so-called short-time transfer function
(STTF) (Chen et al. 2016), was used to identify the predominant frequency of soil-pile system.
Figure 4 shows the time-dependent predominant frequency of model pile within saturated sand
during earthquake shaking. It can be found that the predominant frequency of the soil-pile system
significantly reduced at the onset of initial liquefaction (about 20 s) whereas later the predominant
frequency increase with time at period of 30 – 60 s. After 65 s, the predominant frequency remains
a constant. Based on the results of the time-frequency analysis, it can be seen that the generation
and dissipation behavior of excess pore water pressure has great effects on the stiffness of soil and
it would result in the changes of dynamic characteristics of soil-pile system.
Because of the stiffness of soil related to the vertical effective stress, the average pore pressure
ratio (ru, ave) is used to represent an average state of sand specimen (Chen et al. 2016). The idea
is to calculate the weighted excess pore water ratios of vertical piezometer array in the free field
within the specimen, and the weighting is the tributary length of each piezometer. The tributary
length of each piezometer is a half of the distance between the closest upper and lower piezometers. If a piezometer is close to the soil boundary, its tributary length is the distance from the
soil boundary to the midpoint between it and the next piezometer. Based on the average effective stress ratio approach, the predominant frequency time history of soil-pile system and the
average effective stress ratio time history of sand specimen are shown in Figure 4. It can be seen
that the relation of the predominant frequency is similar to that of the average effective stress
ratio. The result also indicated that the predominant frequency of soil-pile system would
increase with the dissipation of pore water pressure after liquefaction. In other word, the stiffness of the soil would increase with the dissipation of pore water pressure and the recoverable
increment of soil stiffness is related to the decrease of excess pore water pressure.

Figure 3. The measured acceleration time histories and time histories of excess pore water pressure
ratios at different depths in the free ﬁeld.
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Figure 4.

The predominant frequency vs. average effective stress ratio time history.

Figure 5. The relation between the predominant frequency of soil-pile system and the average pore pressure ratio.

Based on the previous data, the relation between the predominant frequency of soil-pile
system and the average pore pressure ratio can be obtained as shown in Figure 5. The trend of
the predominant frequency of soil-pile system decrease with the increase of the average pore
pressure ratio due to the loss of the effective stress of the soil stratum.

4 RELATION BETWEEN HORIZONTAL SUBGRADE REACTION COEFFICIENT
AND EXCESS PORE WATER PRESSURE
In this study, the equation of motion of the soil-pile system in the physical model test is established to solve the predominant frequency of soil-pile system and the horizontal subgrade
reaction (kh) by the proposed mathematical model (Chen 2017), in which the soil was simulated by Winkler soil spring model. Figure 6 shows a diagram of the simplified mathematical
model. The soil reaction on the pile is assumed a uniform distribution and the damping and
axial force of the pile are not considered in this model.
In this test, the model pile is the made of an aluminum alloy pipe with uniform section.
Therefore, the flexural stiffness and mass of the model pile would be constant along the length
of the pile, then the equation of motion of the model pile is
EI

∂4 v
∂2 v
þ m 2 þ kv ¼ 0
4
∂x
∂t
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ð1Þ

Figure 6.

A diagram of the proposed mathematical model.

where EI = flexural stiffness of the model pile; m = mass of pile per unit length; k = coefficient
of soil reaction; and v = the deflection of the model pile.
According to the boundary condition in the shaking table test, the vibration problem can be
divided into two sections to solve this problem. The first section is the model pile within the soil,
and the second section is the model pile above the soil specimen. The general solution of the twosegment shape function can be obtained by using the separation variable method as follows:
1 ðx1 Þ ¼ B1 cosh α1 x1 þ B2 sinh α1 x1 þ B3 cos α1 x1 þ B4 sin α1 x1

ð2Þ

2 ðx2 Þ ¼ C1 cosh α2 x2 þ C2 sinh α2 x2 þ C3 cos α2 x2 þ C4 sin α2 x2

ð3Þ

where B1, B2, B3, B4, C1, C2, C3, and C4 are undetermined constants; x1, x2 are the local
coordinate of 1st and 2nd segment of pile; α1,α2 are the characteristics coefficients of 1st and
2nd segment of pile.
Substituting the four continuous conditions of the model pile and the four boundary conditions of the physical problem into the general solution, the simultaneous homogeneous equation is obtained as follows:
3 2 3
B1
0
6 B2 7 6 0 7
6 7 6 7
6 B3 7 6 0 7
6 7 6 7
6B 7 607
47
6 7
½A   6
6 C1 7 ¼ 6 0 7
6 7 6 7
6 C2 7 6 0 7
6 7 6 7
4 C3 5 4 0 5
C4
0
2

ð4Þ

where [A] is coefficient matrix.
If the above-mentioned simultaneous equations have a meaningful solution, the simultaneous
homogeneous equations must satisfy the condition that the determinant of the matrix A is zero.
The frequency equation would be obtained according to the equation of the determinant of the
matrix A equals zero. Hence, the relation of the predominant frequency of soil-pile system verses
the coefficient of soil reaction can be obtained by the frequency equation. Figure 7 shows the relation between the predominant frequency of the pile-soil system and the coefficient of the horizontal subgrade reaction (kh) under the test condition of the above-mentioned shaking table test.
Based on the experimental data and the proposed mathematical model of soil-pile system
(i.e. by combining the results of Figures 5 and 7), the relation between the coefficient of horizontal subgrade reaction and the pore pressure ratio was established. Since the pore water
pressure ratio is a dimensionless parameter, the coefficient of horizontal subgrade reaction
can also be normalized according to the coefficient of horizontal subgrade reaction of the
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Figure 7. The relation between the predominant frequency of soil-pile system and the coefﬁcient of the
horizontal subgrade reaction.

Figure 8. The relation between the normalized coefﬁcient of horizontal subgrade reaction and the average pore pressure ratio.

pore water pressure ratio is zero. Therefore, the relation between the normalized coefficient of
horizontal subgrade reaction and the pore pressure ratio can be calculated. Figure 8 shows
that the relation of the normalized coefficient of horizontal subgrade reaction decreases with
the increase of the pore water pressure ratio of the sample. It can also be seen that the normalized coefficient of horizontal subgrade reaction substantially decreases when the pore water
pressure ratio is larger than 0.3. Furthermore, when the pore water pressure ratio is between
0.9-1.0, the normalized coefficient of horizontal subgrade reaction is less than 0.05. In other
word, the stiffness of the soil almost vanished during the period of liquefaction.

5 CONCLUSION
Based on the results of the shaking table test at NCREE, the time-dependent predominant
frequencies of soil-pile system have been identified during various pore water pressure ratios
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under shaking by performing the time-frequency analyses and system identification technique.
The change of the predominant frequency is similar to that of the average effective stress
ratio. In addition, the stiffness of the soil almost vanished during the time of initial liquefaction. It was also found the stiffness of the soil increased with the dissipation of pore water
pressure, and the recovered increment of soil stiffness is directly related to the decrease of
excess pore water pressure. Furthermore, the relation between the predominant frequency of
soil-pile system and the coefficient of horizontal subgrade reaction can be obtained by the simplified mathematical model of soil-pile system. Hence, the relation between the normalized
coefficient of horizontal subgrade reaction and the pore pressure ratio was established based
on the experimental data and the proposed mathematical model of soil-pile system. Further
analyses of the test data will be performed to obtain more information on the relation between
stiffness of the soil and excess pore water pressure and set up a model to assess the seismic
behavior of liquefied soil for more reasonable seismic design.
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