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+e cyclic triaxial system is used to investigate the effects of confining pressure, initial shear stress, vibration frequency, and
dynamic stress on the pore-water pressure characteristics of saturated sand in the Wenchuan area. Results show that the initial
shear stress has a remarkable effect on the development of the dynamic pore-water pressure of saturated sand. +e greater the
initial shear stress, the slower the development curve of the pore-water pressure of saturated sand and the higher the number of
cycles required to reach the same pore-water pressure. +e larger the initial shear stress, the smaller the dynamic pore-water
pressure when the sample is destroyed. Moreover, the maximum pore-water pressure ratio decreases linearly with the increase of
the consolidation ratio. +e normalised relationship curve between the dynamic pore-water pressure and failure time of vibration
is consistent with the development law of the power function. +e power function model parameters are affected by the initial
shear stress and confining pressure. At the time of isotropic consolidation, the accumulation law of pore-water pressure presents
a growth pattern of “fast-stable-intensified.” A modified pore-water pressure model considering vibration frequency is proposed
on the basis of the Seed pore-water pressure model, and the model parameters are linear with the vibration frequency. When the
vibration frequency remains unchanged, the parameter does not change with the confining pressure and dynamic stress. +is
modified model can predict the change rule of pore-water pressure with the frequency under isotropic consolidation.

1. Introduction

China is an earthquake-prone country with a wide distri-
bution of earthquakes. In the past 100 years, the number of
strong earthquakes (M ≥ 8) in China has reached 10, with
serious casualties and property losses in densely populated
areas. A large number of earthquakes indicate that the
liquefaction of saturated sand has caused great damage to
pile foundations, embankments, slopes, and dams [1]. Prior
to the onset of seismic loads, the foundations of these
structures are often subjected to initial shear stress due to the
presence of upper structures [2, 3]. Figure 1 shows that the
initial shear stress of the soil unit at A is zero, the isotropic
consolidation is simulated in the dynamic triaxial test, and
the equal consolidation pressure is applied. +e initial shear
stress of the soil unit at B is not equal to zero, and the

unequal pressure consolidation method can be used to
simulate the stress state before the earthquake [3–5].

Most tests at present mainly consider the state where the
initial shear stress does not exist; that is, starting the test based
on the equal 3D consolidation pressure.+e initial shear stress
is an important factor affecting the dynamic properties of
saturated sand, and numerous researchers are beginning to
focus on studying the effect of initial shear stress [6–10].

Several scholars have studied the development law of
pore-water pressure under cyclic loading, the most famous
among which was finished by Seed and Idriss [11]. +ey
obtained the relationship curve between the pore-water
pressure and vibration ratios on the basis of isobaric con-
ditions through the undrained dynamic triaxial test. +ey
also proposed a pore-water pressure development model,
namely, Seed pore-water pressure development curve. +e
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growth trend of dynamic pore-water pressure was different
from that of the isotropic consolidation test when the initial
shear stress exists. In the nonisotropic consolidation tests, as
the consolidation ratio increased, the growth rate of the
pore-water pressure ratio decreased with the increase in the
number of cycles after the pore-water pressure ratio
exceeded a certain value. +erefore, the Seed pore-water
pressure development model cannot reflect the development
law of the pore-water pressure when the initial shear stress
exists. Seed and Harder [12] observed remarkable reductions
in the cyclic resistance of loose sands with increasing static
shear stress, which is contrary to the enhanced resistance
observed for medium-dense sands. Kato et al. [13] per-
formed undrained triaxial compression tests on Toyoura
sand and proposed that different consolidation states affect
the development of pore-water pressure up to an axial strain
of 5%. Beyond a strain of 10%, the sand behaviour became
independent of the stress state at consolidation. Yang and
Sze [14] investigated the undrained behaviour of sand in
nonsymmetrical cyclic loading and observed that the initial
shear stress is beneficial to the liquefaction resistance at low
α levels but is determined at high α levels. Sivathayalan and
Ha [15] observed a remarkable reduction on cyclic strength
due to the anisotropic consolidation of a contractive sub-
rounded silica sand for relative densities of up to 60%.
Georgiannou and Konstadinou [16] investigated the re-
sponse of Ottawa sand to cyclic torsional loading under
different densities and proposed that the samples showed
initial liquefaction at a loose state and high pore-water
pressure ratio (>70%) at high densities under isotropic
consolidation. +e pore-water pressure of samples did not
exceed 40% under anisotropic consolidation, and failure was
induced by a flow-type deformation in loose samples. Suazo
et al. [17] investigated the effect of initial shear stress on the
liquefaction resistance of fine-grained tailings. +ey pro-
posed that the initial shear stress decreases the liquefaction
resistance, and the maximum pore-water pressure ratio
fluctuates between 0.8 and 0.98. Pan and Yang [18] examined
the combined effect of cyclic and static shears on the un-
drained cyclic response of sand. +ey presented that the
relationship between the normalised residual pore-water

pressure ratio and normalised number of loading cycles is
not affected by the amplitude of the cyclic stress but is greatly
influenced by the static shear stress. Yang and Pan [19]
analyzed the undrained cyclic behaviour of saturated loose
sand with the static shear under triaxial compression and
extension conditions. +ey introduced the different static
stress conditions that lead to distinct failure modes, flow
liquefaction, and residual deformation failure. Gao et al. [20]
conducted a series of cyclic shaft torsion coupling tests that
simulated wave loads of different frequencies with the
Yangtze River estuary silt. +ey found that the growth mode
of the pore-water pressure of the silt is “fast-stable-abrupt,”
and they constructed a pore-water pressure growth model of
silt under wave loading.

+e abovementioned analyses show that earthquakes can
cause damages to numerous sand foundations, and the effects
of initial shear stress are inevitable on these foundations. At
present, only a few dynamic pore-water pressure models of
sand consider the influence of initial shear stress, and no pore-
water pressure development model considers vibration fre-
quency. +erefore, studying the development mode of the
pore-water pressure of saturated sand under initial shear
stress and vibration frequency, analysing the influence of
initial shear stress and vibration frequency on the develop-
ment law of pore-water pressure, and establishing a modified
model of the dynamic pore-water pressure of saturated sand
by considering vibration frequency are necessary. +e find-
ings will provide an experimental basis for the dynamic re-
sponse analysis of sand under cyclic loading.

2. Soil Samples and Plans

2.1. Soil Samples. +e sand used in this study was obtained
from Wenchuan, Sichuan (China), and the sampling depth
was approximately 5m. During the transportation process,
the disturbance of the soil sample was large, and the natural
state of the sand was not properly controlled. +erefore,
remoulded sand was used for the test. Table 1 shows the
physical properties of the sand in the test. Figure 2 displays
the sand particle size distribution curve.
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Figure 1: Initial shear stress exists in B and not in A.
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2.2. Test Procedures and Methods. +is test used a triaxial
apparatus (DDS-70, China) and a remoulded soil sample with
a diameter of 39.1mm and a height of 80mm.+e remoulded
soil sample was prepared through a multilayer wet mortar
method and divided into five layers for compaction. +e
weight of each layer was determined on the basis of the dry
density of the soil sample and the predesigned moisture
content. Each layer was compacted to the corresponding
height, and the contact surfaces were shaved to ensure good
contact between layers. After preparation, the sample was
installed in the pressure chamber of the cyclic triaxial ap-
paratus. Figures 3 and 4 present the compaction and in-
stallation of the sample, respectively. In the pressure chamber,
three methods were applied to saturate the sample, namely,
vacuum pumping, airless water, and reversing pressure,
thereby avoiding the disturbance of the sample when it was
placed in a vacuum-saturated cylinder. When the pore-water
pressure coefficient is B ≥ 0.97, the sample was considered to
meet the saturation requirement. In the consolidation phase,
the drain valve was opened slowly after the sample was
saturated.When the pore-water pressure dissipated close to 0,
the drain valve should be closed for 5min. When the pore-
water pressure no longer increased, the consolidation was
considered complete. After the isotropic consolidation, the
deviatoric stress was gradually increased. At this time, the
drain valve should be opened to avoid deformation and
damage. When the corresponding deviatoric stress was ap-
plied, the sample was consolidated for a period of time, and
then, the drain valve was closed to complete the bias con-
solidation process. In this study, the seismic wave was sim-
plified to an equal amplitude sine wave for the dynamic
triaxial test, and the vibration frequencies were selected to be f
� 1Hz, f � 2Hz, and f � 3Hz.+e damage standards adopted
in this study were pore-water pressure and deformation
standards. +e pore-water pressure standard is based on the
development of pore-water pressure, and the failure standard
indicates that the pore-water pressure is equal to the confining
pressure. When an initial shear stress occurred, the de-
formation standard that achieved a single strain of 5% was
adopted as the failure standard.

2.3. Test Plan. On the basis of the soil extraction depth and
research requirements, the consolidation confining pres-
sures in this test are σ3c � 50 kPa, σ3c � 100 kPa, and σ3c �

150 kPa. +e drainage of the clay layer is slow due to the
short acting time of the cyclic loading provided by the
earthquake, which can be regarded as the soil is undrained,
so the test used undrained shear. On the basis of the fre-
quency range of seismic loading, the vibration frequencies
adopted are f � 1Hz, f � 2Hz, and f � 3Hz. Repeating the
earthquake with the same seismic wave’ waveform is im-
possible due to the asymmetry and irregularity of seismic
loading, which is a typical random dynamic load. +erefore,

the seismic loading input in this paper is simulated by the
sine wave of equal amplitude waveform. Table 2 shows the
specific test plan. To consider the influence of initial shear
stress on the dynamic characteristics of saturated sands, the
dynamic triaxial tests of consolidation ratios Kc � 1, Kc �

1.25, and Kc � 1.5 were conducted, in which

Kc �
σ1c
σ3c

, (1)

where σ1c and σ3c are the vertical consolidation and con-
fining pressures, respectively, when the sample is
consolidated.

Table 1: Physical properties of the test material.

Soil category Gs ρdmax ρdmin Dr Cu Cc

Sand 2.66 1.67 1.22 55% 3.5 0.64
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Figure 2: Particle size distribution curve.

Figure 3: Sample compaction.

Figure 4: Sample installation.
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3. Results and Analysis

In this study, the stress model of dynamic pore-water
pressure is used to establish the pore-water pressure
growth models of isotropic consolidation at different fre-
quencies and of anisotropic consolidation at a certain fre-
quency. On the basis of the requirements of constructing the
stress model of pore-water pressure, the test data are sorted
and analysed to provide a basis for the future study of the
characteristics of saturated sand from the perspective of the
stress model.

3.1. Cyclic Response of Isotropically Consolidated Specimen.
Figure 5 shows the cyclic response of the saturated sand
specimen with Kc � 1, σ3c � 100 kPa, f � 1Hz, and σd �

91 kPa. Under isotropic consolidation (Kc � 1), the specimen
experiences a degradation of shear stiffness and cumulative
increase of pore pressure. +e pore-water pressure of the
specimen rapidly increases at the beginning, followed by
a nearly constant rate in subsequent cycles, and the specimen
is initially liquefied when the pore-water pressure reaches
the confining pressure.

3.2. Effect of Initial Shear Stress on the Dynamic Pore-Water
PressureCharacteristics of SaturatedSand. Figure 6(a) shows
the development of the pore-water pressure of saturated
sand under Kc � 1.5, Kc � 2.0, σ3c � 100 kPa, f � 1Hz, and σd
� 91 kPa. +e time history curves of the sample pore-water
pressure are remarkably different under various initial shear
stresses. Under the initial shear stress at Kc � 1.5, the pore-
water pressure increases rapidly at first, and then, its growth
rate stabilises, which later increases slightly. +e strain
reaches the failure standard before the pore-water pressure,
and then, the sample is destroyed. Under the initial shear
stress at Kc � 2, the pore-water pressure also increases
rapidly at first, and then, it increases slowly at a relatively
constant growth rate. +e strain reaches the failure standard
before the pore-water pressure. During cyclic vibration, the
growth rate of the dynamic pore-water pressure of the
sample decreases gradually due to the initial shear stress. At
Kc � 1, the pore-water pressure ratio of the sample can reach
1.0, and the sample undergoes liquefaction destruction. At
Kc � 1.5, the pore-water pressure ratio can reach approxi-
mately 0.6, whereas at Kc � 2, it can only reach

approximately 0.4. In summary, the greater the initial shear
stress, the slower the curve of the dynamic pore-water
pressure of saturated sand, and the higher the number of
cycles required to reach the same pore-water pressure. For
the same number of cycles, the smaller the initial shear
stress, the greater the cumulative pore-water pressure.

+e curve indicates that the development of pore-water
pressure can be divided into three stages.+e first stage is the
rapid growth phase, the second stage is the steady growth
phase, and the third stage is similar to the first. +e pore-
water pressure undergoes various stages under the initial
shear stress at different consolidation ratios. At Kc � 1.5, the
pore-water pressure experiences all stages; at Kc � 2, it
experiences the first and second stages. Figure 6 shows the
curves of the dynamic pore-water pressure from the first to
the fifth cycle, from the 40th to the 45th cycle and from the
100th to the 105th cycle, respectively, whenKc � 1.5, f � 1Hz,
and σd � 91 kPa.

6e First Stage (the rapid growth phase). +e pore-water
pressure undergoes five iterations of the growth phase, as
shown in Figure 6(b). +e growth rate of the pore-water
pressure in the first five times is 3 kPa/s, and the pore-water
pressure ratio of the sample reaches approximately 0.2. +e
sinusoidal variation of the pore-water pressure growth pro-
cess line is not remarkable. During each cycle, the pore-water
pressure increases rapidly in the first half of the growth, but it
decreases slightly in the second half of the decline. +e main
reason for this phenomenon is that after the vibration load is
applied to the sample during the test, the soil particles are
rearranged. Moreover, the pore-water pressure is difficult to
dissipate at the initial stage of cyclic loading, thereby resulting
in a large volume change potential, which leads to the rapid
development of pore pressure.

6e Second Stage (the steady growth phase). Figure 6(c)
shows the curve of pore-water pressure from the 40th to the
45th cycle. +e growth rate of the pore-water pressure per
cycle is approximately 0.8 kPa/s, which is only 1/3 of the
growth rate at the first stage.+e pore-water pressure ratio of
the sample develops to approximately 0.5 at this stage. +e
curve is mostly jagged, and the peak appears jagged. +e
pore-water pressure is lowered due to dilatancy, and the
trough appears jagged. +e pore-water pressure is increased
due to the shearing effect, such that the sample undergoes
dilatation and shearing when vibrating, thereby resulting in
a jagged curve.

Table 2: Undrained cyclic triaxial test program of sand.

Frequency, f
(Hz)

Confining pressure, σ3c
(kPa)

Initial shear stress, σs
(kPa)

Vertical consolidation pressure,
σ1c (kPa)

Consolidation
ratio, Kc

Dynamic stress,
σd (kPa)

1, 2, 3 50 0 50 1 41, 33, 25
1, 2, 3 100 0 100 1 83, 66, 50
1, 2, 3 150 0 150 1 125, 100, 75
1 50 25 75 1.5 58, 50, 41
1 50 50 100 2 66, 58, 50, 41
1 100 50 150 1.5 108, 100, 91
1 100 100 200 2 133, 116, 100, 91
1 150 75 225 1.5 200, 150, 120
1 150 150 300 2 210, 180, 150
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�e �ird Stage (the second rapid growth phase). From
the 100th to the 105th cycle, and the growth rate of pore-
water pressure increases compared with that at the second
stage. Figure 6(d) shows that the growth rate per cycle of the
pore-water pressure is approximately 1.4 kPa/s, which is
only approximately 0.5 times that at the �rst stage.�e pore-
water pressure ratio of the sample develops to approximately
0.6 at this stage.

Figure 7 presents the relationship curve between the
dynamic pore-water pressure and number of cycles under
di�erent dynamic stresses when the consolidation pressure
is 50 kPa. Figure 7(a) illustrates that the dynamic pore-water
pressure develops to be substantially equal to the con�ning
pressure during isotropic consolidation. Figure 7(b) displays
that, under the initial shear stress at Kc � 1.5, the dynamic
pore-water pressure ratio develops to approximately 0.6
when the sample is broken during vibration. Figure 7(c)
exhibits that under the initial shear stress at Kc � 2.0, the
dynamic pore-water pressure ratio develops to approxi-
mately 0.4 when the sample is broken during vibration.
Under the initial shear stress, the peak value of the vibrating
pore-water pressure cannot reach the initial con�ning

pressure, and the initial shear stress greatly in�uences the
relationship curve between the pore-water pressure and
number of cycles. �e larger the initial shear stress, the
smaller the pore-water pressure when the sample is broken.

When the maximum pore-water pressure ratio is
expressed as umax/σ3c, the relationship curve between
umax/σ3c and consolidation ratio Kc can be drawn. Figure 8
shows the limit pore-water pressure ratio umax/σ3c and
consolidation ratio Kc at di�erent consolidation ratios.
When the initial shear stress exists, the dynamic pore-water
pressure cannot develop to the con�ning pressure at the time
of failure as the cycle time increases. �e maximum pore-
water pressure ratio when the sample is destroyed decreases
linearly as the consolidation ratio increases.

�e dynamic pore-water pressure and number of cycles
in a curve can be processed to obtain the normalised vi-
bration pore-water pressure and failure time of vibration
curve under di�erent consolidation ratios and con�ning
pressures, as shown in Figure 9. After data point �tting
regression analysis,Kc � 1.5 andKc � 2.0, and the normalised
pore-water pressure development curve conforms to the
development law of power function as follows:
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Figure 5: Undrained cyclic triaxial test on saturated sand specimens (σd � 91 k Pa, f � 1.0Hz, and σ3c � 100 kPa).
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u

uf
�

N

Nf
( )

1/α

. (2)

In the case of di�erent initial shear stresses, the power
series is used to �t the pore-water pressure growth model,
and the experimental data points are subjected to regression
analysis. �e corresponding �tting curves are provided.

Table 3 presents the parameters of the pore-water
pressure development model under di�erent initial shear
stresses. At Kc � 1.5, the con�ning pressure has no e�ect on
the parameter α. At Kc � 2.0, the power function model
parameter α increases with the increase of con�ning
pressure.

3.3.E�ects ofVibrationFrequencyon theDynamicPore-Water
Pressure Characteristics of Saturated Sand. Figure 10 shows
the development curve of the dynamic pore-water pressure
with the number of cycles under di�erent dynamic stresses
during isotropic consolidation. After the cyclic load is ap-
plied, the pore-water water pressure of the sand increases
rapidly in the initial stage, and then, the growth rate slows
down and stabilises. Finally, the pore-water pressure reaches
a certain level and then rapidly increases to the con�ning
pressure.�e accumulation law of pore-water pressure is the
growth mode of “quick-stable-intensi�ed.” �e greater the
dynamic stress, the steeper the curve, and a short time is
needed to achieve liquefaction damage. �e lower the dy-
namic stress, the smoother the curve and the higher the
number of cycles required for the liquefaction damage.

Figure 11 shows a �tting curve of the vibration pore-
water pressure with the number of cycles at di�erent fre-
quencies during isotropic consolidation. At �rst, the dy-
namic pore-water pressure increases gradually, and the
curve is convex. When the sample is close to the initial
liquefaction, that is,N/Nf is over 0.8, the pore-water pressure
and the growth rate of pore-water pressure ratio increases

rapidly, so the sample quickly reaches liquefaction. �e test
is stopped after the sample is destroyed. Furthermore, the
state of the relationship curve is the same within the range of
the test frequency and con�ning pressure, indicating that the
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Figure 9: Normalised relationship curve between u/uf and N/Nf.

Table 3: Model parameters of pore-water pressure development
under di�erent initial shear stresses.

Consolidation ratio 1.5 2
Model Power function model
Con�ning pressure (kPa) Parameter α Parameter α
50 1.7 1.68
100 1.6 3.62
150 1.7 4.30
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growth law of the dynamic pore-water pressure is the same
under di�erent vibration frequencies.

3.4. Pore-Water Pressure Development Model considering
Vibration Frequency. Figure 11 displays the �tting curve of
the test constant θ with the vibration frequency. �e �tting
results indicate that the test constant θ is almost linear with
the vibration frequency in the vibration frequency range of
1–3Hz, as shown in Table 4.

A pore-water pressure development model that con-
siders vibration frequency is proposed on the basis of the
Seed pore-water pressure development model:

u

σ0′
�
2
π
arcsin

N

NL
( )

1/2θ(f)

, (3)

where θ is the function of the vibration frequency f from
1Hz to 3Hz, and θ(f ) � 0.01f + 0.73.

Figure 12 presents a �tting curve of the vibration pore-
water pressure ratio with the number of cycles at the same
vibration frequency (f � 1Hz) and di�erent con�ning
pressures (σ3c) and dynamic stresses (σd) under isotropic
consolidation.

Figure 13 presents a �tting curve of the pore-water
pressure ratio with the number of cycles at the same con-
�ning pressure (σ3c) and dynamic stress (σd) and di�erent
vibration frequencies (f � 1, 2, and 3Hz) under isotropic
consolidation.

Table 5 shows that θ under di�erent frequencies, con-
�ning pressures, and dynamic stresses can be obtained from
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Figure 11: Development mode between u/uf and N/Nf.

Table 4: Values of test constant θ.

Frequency (Hz) 1 2 3
θ 0.74 0.75 0.76
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Figure 12: Development modes between u/uf and N/Nf under di�erent con�ning pressures and dynamic stresses.
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Figure 13: Continued.
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Figures 12 to 13. Under isotropic consolidation, when the
vibration frequency remains the same, θ does not change
with the con�ning pressure and dynamic pressure but
changes linearly only as the frequency changes.

4. Conclusions

�e pore-water pressure characteristics of saturated sand in
the Wenchuan area were studied through the dynamic
triaxial test system. �e in�uence of initial shear stress and
vibration frequency on the development mode of the dy-
namic pore-water pressure of sand was discussed, and the
model of the dynamic pore-water pressure of saturated sand
considering vibration frequency was established. �e re-
search shows the following:

(1) Under di�erent initial shear stresses, the development
of the dynamic pore-water pressure of saturated sand
is di�erent. �e larger the initial shear stress, the
slower the development curve of the pore-water
pressure and the higher the number of cycles re-
quired to reach the same pore-water pressure. For the
same number of cycles, the smaller the initial shear
stress, the larger the dynamic pore-water pressure.

(2) When the initial shear stress exists, the dynamic
pore-water pressure cannot develop to the con�ning
pressure as the cycle time increases. �e larger the
initial shear stress, the smaller the dynamic pore-
water pressure when the sample is destroyed. �e
maximum pore-water pressure ratio decreases lin-
early with the increase of consolidation ratio.

(3) �e normalised dynamic pore-water pressure and
failure time of vibration curves are consistent with
the development law of power function, and the
power function model parameters are a�ected by
initial shear stress and con�ning pressure.

(4) Under isotropic consolidation, the accumulation law
of the pore-water pressure of saturated sand is the
growth mode “fast-stable-intensi�ed.” �e greater

the dynamic stress, the steeper the curve, and a short
time is needed to achieve liquefaction damage. �e
lower the dynamic stress, the smoother the curve and
the greater the number of cycles required for lique-
faction. �e growth law of the dynamic pore-water
pressure at di�erent vibration frequencies is the same.

(5) A pore-water pressure correction model that con-
siders vibration frequency is proposed on the basis of
the Seed pore-water pressure development model,
and the test parameters are concluded to be linear
with the vibration frequency.

(6) Under isotropic consolidation, when the vibration
frequency remains the same, θ does not change with
the con�ning pressure and dynamic stress but
changes linearly only as frequency changes.
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Figure 13: Development modes between u/uf and N/Nf under di�erent frequencies and dynamic stresses.

Table 5: θ under di�erent frequencies, con�ning pressures, and
dynamic stresses.

Frequency
(Hz)

Con�ning pressure
(kPa)

Dynamic stress
(kPa) θ

f � 1.0
50 41/33/25

0.74100 83/66/50
150 125/100/75

f � 2.0
50 41/33/25

0.75100 83/66/50
150 125/100/75

f � 3.0
50 41/33/25

0.76100 83/66/50
150 125/100/75
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