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Abstract

The wave-induced liquefaction of seabed is responsible for causing damage to marine structures. Particle
composition and consolidation degree are the key factors affecting the pore water pressure response and
liquefaction behavior of the seabed under wave action. The present study conducted wave flume experiments on
silt and silty fine sand beds with varying particle compositions. Furthermore, a comprehensive analysis of the
differences and underlying reasons for liquefaction behavior in two different types of soil was conducted from
both macroscopic and microscopic perspectives. The experimental results indicate that the silt bed necessitates a
lower wave load intensity to attain the liquefaction state in comparison to the silty fine sand bed. Additionally, the
duration and development depth of liquefaction are greater in the silt bed. The dissimilarity in liquefaction
behavior between the two types of soil can be attributed to the variation in their permeability and plastic
deformation capacity. The permeability coefficient and compression modulus of silt are lower than those of silty
fine sand. Consequently, silt is more prone to the accumulation of pore pressure and subsequent liquefaction
under external loading. Prior research has demonstrated that silt beds with varying consolidation degrees exhibit
distinct initial failure modes. Specifically, a dense bed undergoes shear failure, whereas a loose bed experiences
initial liquefaction failure. This study utilized discrete element simulation to examine the microscopic
mechanisms that underlie this phenomenon.
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1 Introduction

The wave-induced liquefaction of the seabed is a common
submarine geological disaster. Liquefied soil is fluid and loses its
bearing capacity, causing harm to marine structures (de Groot et
al., 2006; Kirca, 2013; Kirca and Sumer, 2018; Sumer et al., 1999,
2006a, 2006¢, 2011; Xu et al., 2019). The soil properties and ex-
ternal wave load intensity are key factors determining whether li-
quefaction will occur in the seabed. (Duan et al., 2017; Guo et al.,
2014; Liu et al., 2009; Zhao et al., 2016). Particle composition and
consolidation degree are important indicators to measure soil
properties. They have an important impact on the response char-
acteristics of pore water pressure and liquefaction of the seabed
under wave loads (Gao et al., 2011; Ren et al., 2020a; Wang et al.,
2016; Zhao et al., 2018). However, there are few studies on the
macroscopic and microscopic causes of their effects on seabed li-
quefaction, which is of great significance to further reveal the
mechanism of seabed liquefaction.

In the past few decades, researchers have conducted extens-
ive studies on wave-induced liquefaction of the seabed. Through
field investigations, the possibility for wave-induced liquefaction
of silt and silty fine sand has been demonstrated, either directly
through monitoring of pore water pressure during storm events
or indirectly through geological and geomorphic analyses of the
seabed (Prior et al., 1989; Sassa et al., 2006; Xu et al., 2009; Xu
et al., 2021; Zen and Yamazaki, 1991). Theoretical models have
been proposed to predict the response of pore water pressure in
the seabed subjected to wave load. These models take into ac-
count the elasticity and elastoplasticity of the seabed soil (Biot,
1956; Jeng and Rahman, 2000; Jeng and Cha, 2003; Sassa and
Sekiguchi, 2001; Sassa et al., 2001; Yamamoto et al., 1978; Zien-
kiewicz et al., 1980). In order to address the issue of fluid-struc-
ture-seabed interaction, Ye et al. (2013) developed a two-dimen-
sional semi-coupled model, FSSI-CAS 2D, and applied it to the
calculation of pore water pressure response in seabed soil under
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different dynamic loads and buried structures (Yang and Ye,
2017, 2018; Ye and He, 2021). Based on these theoretical models
and liquefaction criteria, the wave-induced liquefaction depth of
the seabed can be determined (Jeng, 1997; Okusa, 1985; Tsai,
1995; Ye, 2012; Ye and Wang, 2015; Zen and Yamazaki, 1990a).
The response characteristics of pore water pressure in seabed
can be revealed through various experimental methods such as
wave flume experiments, centrifuge experiments, and one-di-
mensional cylindrical pressure experiments. The pore water
pressure can be classified into two types based on the character-
istics of its fluctuation and accumulation, namely instantaneous
and accumulative pore water pressure (Foda and Tzang, 1994;
Liu et al., 2015; Zen and Yamazaki, 1990a, 1990b). Numerous ex-
perimental results indicate that wave-induced liquefaction of the
seabed is characterized by a progressive development from top to
bottom (Kirca et al., 2013; Sassa and Sekiguchi, 1999; Sumer et al.,
2006b). Soil in a liquefied state will move elliptically, which is
similar to the overlying water column under wave action (Cao et
al., 2019; Chen et al., 2019; Miyamoto et al., 2020; Ren et al.,
2020b; Xu et al., 2012), and the liquefied soil particles will deposit
due to the fluctuation sorting after reaching the maximum lique-
faction depth (Miyamoto et al., 2004; Ren et al., 2021; Xu et al.,
2016). These experimental results are reflected in the liquefac-
tion research of both silt and sand.

The liquefaction laws of silt and sand exhibit several similarit-
ies, but their respective permeability and mechanical properties
differ significantly due to the difference in particle composition.
Consequently, the pore water pressure response characteristics
and liquefaction behavior of two types of soil under wave action
are expected to differ markedly. The performance and reasons for
this difference are noteworthy. According to previous studies,
permeability and plastic deformation are the key factors causing
pore pressure accumulation and liquefaction (Duan et al., 2019;
Madsen, 1978; Wu and Jeng, 2019; Ye et al., 2018). At the same
time, the physical and mechanical properties of soil are macro-
scopic reflections of its internal micro particle arrangement and
structure characteristics. Tzang and Ou (2006) studied the pore
pressure response of two kinds of fine sand with different medi-
an particle diameters and found that the coarser sand exhibited a
non-fluidization response, while the finer sand demonstrated flu-
idization. Kirca et al., 2014 and Zhang et al., 2020 found that the
clay content of the seabed has an important influence on the de-
velopment of pore water pressure through flume experiments.
Using scanning electron microscopy (SEM), Gratchev et al.
(2006) found that soil that is prone to liquefaction has an open
microfabric. Therefore, it is necessary to study the influence of

micro particle characteristics in soil on the pore water pressure
response of the seabed. In addition, Ren et al. (2020a) found that
silt beds with different consolidation degrees have different ini-
tial failure modes. Therefore, it can be inferred that as the degree
of consolidation increases, the internal particle arrangement
characteristics of the soil will inevitably change.

This paper had conducted wave flume experiment on silty
fine sand to investigate its dynamic response under wave action.
The particle diameters composition of the silty fine sand was sim-
ilar to that of silt. The experimental results were compared with
those of previous silt bed experiment (Ren et al., 2020a) to invest-
igate the influence of particle composition on pore water pres-
sure response and liquefaction behavior of soil beds. Further-
more, the microscale reasons for the distinct initial failure modes
exhibited by soil beds with varying consolidation degrees were
investigated through the discrete element simulation.

2 Methods

2.1 Flume experiment

Based on the observed phenomena and results from previous
experiments (Sassa and Sekiguchi, 1999; Sumer et al., 2006b), the
wave load intensity necessary to induce soil bed liquefaction, the
maximum development depth of liquefaction, and the duration
of liquefaction were considered as metrics to assess the liquefac-
tion potential and behavior of soil beds.

2.1.1 Instruments and equipment

The main equipment for the wave flume experiment was a
push-plate wave flume with dimensions of 14 m in length, 0.5 m
in width and 1.5 m in height. A soil container was set up in the
middle of the flume, measuring 2.6 m in length, 0.5 m in width
and 0.6 m in height. The left end of the flume was equipped with
a 1:4 slope wave elimination section, while the right end was
equipped with a push plate to generate traveling waves (Fig. 1).

Prior to soil beds laying, pore water pressure sensors were
fixed onto a steel wire (model: the CYY2 sensor produced by Xi'an
Micropositive Electronic Technology Co., Ltd; accuracy: 0.5%).
The steel wire was vertically aligned and secured at the center of
the soil container. In order to eliminate air bubbles within the
pore water pressure sensors and ensure that the sensors were in a
saturated state, the sensors were immersed in cold boiled water
for 24 hours prior to deployment. The pore water pressure
sensors were installed at three depths within soil beds, with the
locations of the silt bed sensors located at depths of 0.21 m, 0.37 m,
and 0.45 m below the bed surface, while the locations of the silty
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Fig. 1. Schematic diagram of the wave flume device.
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fine sand bed sensors were positioned at depths of 0.25 m, 0.35 m,
and 0.45 m below the bed surface. The specific layout of the
sensors is presented in Fig. 2.

2.1.2 Soil properties and laying method

The silty fine sand used in this experiment was taken from
Caofeidian, Hebei Province, and the median particle diameter
dg,is 0.138 mm. Silt was taken from the Huanghe River Delta,
with a median particle diameter d,, of 0.046 mm and a clay con-
tent of 11.42%. The grain diameter grading curves of the two soils
are shown in Fig. 3.

The sifted silt and silty fine sand were mixed with water, con-
figured as test soils with a moisture content of 32% and 28%, re-
spectively, and laid in the soil container of the wave flume. To en-
sure the uniformity of soil beds as much as possible, soil beds
were laid using the sliding along flat method, the laying size of
soil beds were 2.6 m x 0.5 m x 0.6 m (Fig. 1). After the completion of
the soil beds laying, water was injected to a height of 40 cm. Sub-
sequently, soil beds were allowed to self-weight consolidation for
7 days. Prior to conducting the experiment, soil bed sampling was
performed and the soil moisture content was determined using
the drying method. The WG-V foundation bearing capacity tester
was then utilized to measure the penetration resistance of the test
soil beds (Fig. 4). From Fig. 4, it can be observed that both the silt
and silty fine sand beds undergone a certain degree of decrease
in their moisture content after 7 days of self-weight consolida-
tion. Regarding the penetration resistance, the internal penetra-
tion resistance of the silt bed was significantly greater than that of
the silty fine sand bed. Even after prolonged consolidation, the
strength of the sand bed remained relatively low. This may indic-
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ate that a certain soil structure is formed within the silt bed dur-
ing consolidation, thus providing it with higher strength, where-
as the silty fine sand bed lacks this characteristic.

2.1.3 Test conditions and process

During the wave flume experiment, the wave conditions ap-
plied to the silty fine sand bed were identical to those of the pre-
vious the silt bed experiment (Ren et al., 2020a). The experiment
commenced by subjecting the soil bed to waves with wave
heights of 6 cm and 10 cm for a duration of 120 minutes. Sub-
sequently, the wave heights were increased to 18 cm until the
completion of the experiment (Table 1). The measurement of
wave parameters was performed using the WG-55 wave gauge
produced by RBR Canada, with an accuracy of 0.15%.

Throughout the experiment, real-time values of wave para-
meters and pore water pressures within soil beds were collected
by DEWESoft data acquisition instrument (model: DEWE-43; ac-
quisition frequency: 50 Hz). The occurrence and depth of soil bed
liquefaction were determined through the fluctuation in soil beds
observed through the transparent sidewall of the wave flume.

2.2 Consolidation permeability experiment

In order to analyze the reasons for the differential dynamic re-
sponses of silt and silty fine sand beds under wave action, consol-
idation and permeability experiments were conducted on the two
types of soil. The silt and silty fine sand in the experiment were
identical to those used in the flume experiment. The consolida-
tion experiment was conducted using a customized GJ-16 consol-
idation apparatus. The soil specimen was a cylinder measuring
6.1 cm in diameter and 4 cm in height, this dimension ensures
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Fig. 2. Layout diagram of pore water pressure sensors (a. silt bed; b. silty fine sand bed).
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Fig. 4. Comparison of the moisture content and penetration resistance for silt and silty fine sand bed.

Table 1. The order of waves applied in the experiment

Flume experiment of the silty fine sand bed

Applying wave height H = 6 cm for 120 min
Applying wave height H = 10 cm for 120 min
Applying wave height H = 18 cm to the end of the experiment (90 min)

that the compressed soil specimen can be transferred to the per-
meameter for testing. During the consolidation process, the con-
solidation method was the undrained consolidation, and a total
of 7 consolidation pressures were applied, namely, 0 kPa,
12.5 kPa, 25 kPa, 50 kPa, 100 kPa, 150 kPa and 200 kPa. Among
them, the silt specimens were compressed for 8 hours, while the
silty fine sand specimens were 4 hours (based on the pretest res-
ults, the compression displacement of silt and silty fine sand re-
mained unaltered when subjected to pressure for 8 hours and 4
hours, respectively). Following the consolidation experiment, the
compression displacement of the specimen was recorded, and
subsequently transferred to a permeameter for permeability test-
ing with minimal disturbance. In order to eliminate the influ-
ence of height reduction of soil specimen after compression on
the results of permeability experiment, a layer of coarse sand was
placed on the surface of the soil specimen to maintain its original
height (prior to consolidation). The permeability experiment was
conducted by employing a variable head permeameter for meas-
uring the permeability of silt and a constant head permeameter
for measuring the permeability of silty fine sand, taking into con-
sideration the difference in permeability of the two types of soil.
For ensuring the representativeness of the experimental out-
comes, three sets of parallel experiments were executed for each
consolidation pressure condition throughout the consolidation
permeability experiment, with the average values of the three sets
of results being measured to diminish the impact of errors on the
experimental data.

2.3 Discrete element simulation

The physical and mechanical properties of soil are the macro-
scopic reflection of its internal microstructure characteristics. In
this study, the discrete element method was utilized to simulate
the changes in particle arrangement and pore space inside silt
and silty fine sand during consolidation experiments, and the dif-

ferences in micro particle arrangement between the two types of
soil were investigated.

The software utilized was Particle Flow Code (PFC). Consid-
ering the tradeoff between sample representativeness and com-
putational efficiency, the quantity of particles generated for silt
and silty fine sand ranged between 20 000 and 30 000 in accord-
ance with the grain diameter grading curve of the soil utilized in
the flume experiment. The sample size generated by discrete ele-
ment simulation was scaled down proportionally with respect to
the size of the sample for consolidation permeability experiment.
The generated silt sample measured 2 mm x 3 mm, while the silty
fine sand sample measured 20 mm x 30 mm, resulting in 21 769
particles for silt and 22 063 particles for silty fine sand (Fig. 5).
The linear model was employed for inter-particle contact, where
the normal stiffness k, was 2 x 108 N/m, the tangential stiffness k,
was 2 x 108 N/m, and the coefficient of friction between particles
was 0.3.

To compress the generated samples, a displacement-con-
trolled loading method was implemented. The model’s upper
boundary was set as an active boundary, while the remaining
boundaries were fixed. The compression displacements of two
soil samples at each loading in the consolidation experiment
were converted to the corresponding compression displace-
ments in the discrete element simulation based on the size ratios.
Subsequently, the samples were subjected to compression and
the changes in the microscopic particle arrangement were recor-
ded after each loading was applied.

3 Results and discussions

3.1 Soil bed liquefaction behavior: silt vs. silty fine sand
The pore water pressure response curves of silt and silty fine
sand bed are presented in Figs 6 and 7, and the residual pore wa-
ter pressure can be obtained using the following equation:
4T
5= J; Cpdt
5
where p is the residual pore water pressure, p is the real-time
pore water pressure, £ istime, and 7 is the wave period.
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For the silt bed, the pore water pressure at different depths re-
mained stable when the wave height was 6 cm and 10 cm (Ren et
al., 2020a). However, when the wave height increased to 18 cm,
there was a sharp accumulation of pore water pressure at a depth
of 21 cm in the silt bed, leading to liquefaction. The pore water
pressure at other depths also gradually accumulated and eventu-
ally led to liquefaction (Fig. 6).

For the silty fine sand bed, the pore water pressure exhibited
periodic oscillations around the hydrostatic pressure at different
depths, and the amplitude of the oscillations was found to in-
crease with an increase in wave height. However, it is observed
that even with a significant increase in wave height up to 18 cm,
pore water pressure did not accumulate within the sand bed
(Fig. 7). The silty fine sand bed remained stable and no fluctu-
ation of the bed could be observed through the glass sidewall
(Table 2).

After the wave height increased to 18 cm, the accumulation of
pore water pressure occurred in the silt bed at different depths.
The accumulation rate was the fastest at a depth of 21cm, while
the pore pressure accumulation in deeper layers was relatively
slow. In contrast, the silty fine sand bed only exhibited elastic re-
sponse to wave loads even under the dynamic conditions of a
wave height of 18 cm, and there was no occurrence of pore pres-
sure accumulation. Due to the limitations of wave flume dimen-
sions, the wave-induced hydrodynamic loads could not be fur-
ther increased. In order to induce liquefaction of the silty fine
sand bed, artificial disturbance was applied to the bed. The dis-
turbance was performed by using a rectangle hammer with di-
mensions of 10 cm x 15 cm and a weight of 3.5 kg to repeatedly
strike the bed surface (hammering the bed surface downward
during wave crests and lifting the hammer during wave troughs),
with the frequency of artificial disturbance equal to the wave fre-
quency. The disturbance stopped immediately after the fluctu-
ation of the bed and the variation in pore water pressure were ob-
served. The pore water pressure response in the silty fine sand
bed after an artificial disturbance is shown in Fig. 8.

Following an artificial disturbance, the pore water pressure in
the silty fine sand bed rapidly accumulated. However, this accu-
mulation was confined to the location of sensors A and B, while
the position of sensor C remained unaffected by the disturbance.
Additionally, the extent of the pore water pressure rise was con-
siderably smaller than that observed in the silt bed. Specifically,
the range of the pore water pressure rise at sensors A and B was
limited to 0.6 kPa. Based on the observation of soil bed fluctu-
ation through the glass sidewall of the flume, the silty fine sand
bed was liquefied only within a shallow surface layer of 6.6 cm. In
comparison to the silt bed, the silty fine sand bed had a signific-
antly reduced liquefaction depth. Moreover, the whole liquefac-
tion process in the silty fine sand bed was brief, and the excess
pore water pressure caused by artificial disturbance dissipated
completely within 143 s only.

It is noteworthy that the pore water pressure values in Figs. 6,
7, and 8 exhibited different characteristics over time. The pore
water pressure values in Figs 6 and 8 accumulated under extern-
al loading, indicating the occurrence of soil beds liquefaction fail-
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ure. After liquefaction, the pore pressure within the silt bed
reached a peak value and could remain stable for a long time
(Fig. 6). In contrast, the pore pressure within the silty fine sand
bed dissipated quickly (Fig. 8), implying that the duration of li-
quefaction is longer for silt bed than for silty fine sand bed. Fig. 7
displayed a steady change in pore pressure over time, mainly be-
cause the fine sand bed remained stable under 18 cm wave
height wave action. Therefore, based on the experimental phe-
nomena and data described above, the liquefaction behaviors of
two soil beds are summarized in Table 3.

It can be seen that the silt bed is more prone to liquefaction
compared to the silty fine sand bed. This can be attributed to the
following manifestations: (1) the silt bed requires less dynamic
load from waves to reach the state of liquefaction as compared to
the silty fine sand bed; and (2) after reaching the state of liquefac-
tion, the silt bed undergoes a greater development depth and
duration of liquefaction compared to the silty fine sand bed.

3.2 Analysis of the reasons for differences in soil bed liquefaction
behavior

3.2.1 Macroscopic physical properties differences in silt and silty
fine sand

de Groot et al. (2006) summarized the cases of damage to a
seabed under various field conditions and proposed the concept
of a characteristic drainage period. It is considered that the accu-
mulation of pore water pressure will occur only when the time re-
quired to produce a specific excess pore water pressure is less
than the time required to dissipate the pressure due to drainage.
The accumulation and dissipation of pore water pressure are
closely related to the plastic deformation and permeability of soil.
Existing studies have only indicated that the permeability of fine
sand is greater than that of silt, and with the increase of consolid-
ation degree, the permeability of both will decrease. However,
there has been no specific study on the permeability and deform-
ation variation degrees of two types of soil with increasing con-
solidation pressure. In this study, a combined method of consol-
idation and permeability experiments was used to explore the
changes in the plastic deformation ability and permeability of silt
and silty fine sand under external forces.

During the experiment, the applied consolidation pressures
were 0 kPa, 12.5 kPa, 25 kPa, 50 kPa, 100 kPa, and 200 kPa. The
compression displacements of the silt and silty fine sand under
each consolidation pressure condition are presented in Table 4.

A comparison curve of the compression displacements of two
types of soil under various levels of consolidation pressure is
shown in Fig. 9.

According to Table 4 and Fig. 9, it can be observed that as the
consolidation pressure increased, the heights of the silt and silty
fine sand specimens steadily decreased. However, when the con-
solidation pressure increased from 12.5 kPa to 200 kPa, the com-
pression displacement of the silt specimen increased by 1.698 mm,
while that of the silty fine sand specimen only increased by
0.669 mm. The compression modulus Eg , ,, calculated when the
consolidation pressure increased from 100 kPa to 200 kPa was se-

Table 2. Changes in pore water pressure of silt and silty fine sand bed during experiments

Silt bed

Silty fine sand bed

When H = 6 cm, the pore water pressure of the soil remained stable.

When H = 6 cm, the pore water pressure of the soil remained stable.

When H =10 cm, the pore water pressure of the soil still remained stable. When H = 10 cm, the pore water pressure of the soil remained stable.

When H = 18 cm, the pore water pressure began to increase in all layers
of the seabed.

When H = 18 cm, the pore water pressure of the soil still remained
stable.
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after the artificial disturbance.

lected as the index to represent the plastic deformation capacity
of soil. After the calculation, the compression modulus Eg ; 5 of
silt and silty fine sand were 5.67 MPa and 19.90 MPa, respect-
ively, and the latter was 3.5 times greater than the former. There-
fore, the silt bed is more prone to plastic deformation than the
silty fine sand bed under external load. The permeability experi-
ment was carried out on the soil samples compressed under vari-
ous levels of consolidation pressure, and the variation relation-
ship between the permeability coefficient of the soil sample and
the consolidation pressure is displayed in Fig. 10.

Notably, the permeability coefficient of silt was significantly
lower in comparison to silty fine sand. A gradual decrease in per-
meability coefficient was observed as the consolidation pressure
increased in both soils. Throughout this process, the silt sample
exhibited a reduction in permeability coefficient of 67.4% as com-

pared to its initial state at a consolidation pressure of 0 kPa,
whereas the sand sample demonstrated a reduction of only
28.6%.

3.2.2 Microscopic arrangement characteristics of particles in silt
and silty fine sand

The permeability coefficient of the silt is significantly smaller
than that of the silty fine sand. The physical and mechanical
properties of the soil are a macroscopic reflection of its internal
microscopic characteristics. In order to investigate the reasons
for the significant difference in permeability between the two
soils, the discrete element simulation has been utilized to invest-
igate the microscopic particle arrangement characteristics of silt
and silty fine sand. The generated samples from Fig. 5 were
zoomed in on a specific region to explore the differences in mi-
cro arrangement characteristics of particles in silt and silty fine
sand. The specific simulation results are shown in Fig. 11.

According to the simulation results, obvious differences in the
arrangement of microparticles between the silt and silty fine sand
were observed, which is an important reason for the great differ-
ence in permeability between the two soils, which is embodied in
the following aspects:

(1) First, there exists a considerable variation in the diameter
of particles within silt, as evidenced by a nonuniformity coeffi-
cient of 21.69. The interstitial gaps situated between larger silt
and sand particles are vulnerable to filling via the intrusion of
smaller clay particles, thereby resulting in a marked decrease in
overall porosity, as well as a constriction of water seepage path-
ways. Simultaneously, several studies have demonstrated the ex-
istence of a hydration film on the clay particle surface, which ori-
ginates from electrostatic adsorption. The thickness range of hy-
dration film is typically acknowledged to vary in the 0-200 nm

Table 3. Comparison of the liquefaction behavior of the silt and silty fine sand beds

Soil type Wave height required for liquefaction/cm Maximum liquefaction depth/cm Liquefaction duration
Silt 18 45.0 >250 min
Silty fine sand >18 6.6 2min23s

Note: The silt bed data come from Ren et al. (2020a) test 1, and the maximum liquefaction depth and duration of liquefaction were obtained

under wave load with wave height H =18 cm.

Table 4. Compression displacement of silt and silty fine sand under different consolidation pressures

Consolidation pressure 12.5 kPa 25 kPa 50 kPa 100 kPa 150 kPa 200 kPa
Silt/mm 2.442 2.998 3.329 3.435 4.011 4.140
Silty fine sand/mm 0.086 0.189 0.310 0.554 0.630 0.755
225 ¢ 10
12 13.50
250 F *qo1 A
é ' g T’; | e | ,T:
Lo silty soil & silty fi d & Jfo2E : - | :
% 2.75 '. ] leso; . silty fine san 0.2 E Tg 0k ! 4325 f
E300l m g g i {03 § 2 i .I S
2 ES 2 2 k= \ I S [ E
sl < g los & 2 st ._ = silty soil & & —*—silty finesand | | 3.00 2
° . ) =1 ° E ; S & ] =
f=1 - [ o = 15 | v
2 " % % 2 3 B 3 3
z 3.50 S S 1053 S ] % % i o
@ = = w0 5 s
g EIRNE A g g 6 T g s 8
375} . {0.6 & g Y £ & g
) A ) ] : . ]
S : / S E . o E
400 | . : 107 & g4l e &
S e e 1250
425 4 L L +10.8 L R L L

0 50 100 150 200 200 150 100 50 0
Consolidation pressure/kPa Consolidation pressure/kPa

Fig. 9. Change in the compression displacement of the two kinds
of soil with increasing consolidation pressure.
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Fig. 10. Change in the permeability coefficient of the two kinds
of soil with increasing consolidation pressure.
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a. SEM image of Terano landslide soil with a clay content of 11% (quoted from Gratchev et al. (2006))

b. Sample image of silt

c. Sample image of silty fine sand

Fig. 11. Discrete element sample images of silt and silty fine sand.

range (Peng et al., 2015). Furthermore, the existence of the hydra-
tion film is believed to decrease the seepage space and cause a
decrease in the silt’s permeability. Nevertheless, the particles dia-
meter of silty fine sand exhibits a high degree of uniformity as
evidenced by its nonuniformity coefficient of 7.78. The pore
space between particles of silty fine sand is relatively large. In ad-
dition, the pore space formed by silt and sand particles with large
diameters is not filled by clay particles because there are no (or
few) clay particles, so the silty fine sand has larger porosity and
wider pore water seepage channels.

(2) The clay particles in the silt are evenly distributed around
the silt and sand particles, and the large-diameter silt and sand
particles are wrapped, which is similar to the structure of the soil
sample (clay content 11%) photographed by Gratchev et al.
(2006) using SEM. The clay particles covering the surface of large
particles play a role similar to an “adhesive”, connecting the large
particles on both sides, blocking the seepage channel, and redu-
cing the permeability of soil, which is not possessed by silty fine
sand.

Therefore, based on the results of the consolidation permeab-
ility experiments and discrete element simulations, the macro-
scopic and microscopic reasons for the differences in pore pres-
sure response and liquefaction behavior of the two soil beds un-
der wave action can be depicted in Fig. 12.

The deformation abilities of silt and silty fine sand under ex-
ternal forces differ. When cyclic normal and shear stresses in-
duced by wave loading act on the silt bed, it is more prone to gen-
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Fig. 12. Schematic diagram of pore water pressure response dif-
ference between silt and silty fine sand beds.

erate larger plastic volumetric strains, leading to a densification
of the soil bed. From a microscopic perspective, the presence of
clay particles in silt results in smaller pore spaces between soil
particles and narrower seepage channels, leading to poor soil
permeability. Under the external wave load of high amplitude
and frequency, the water in the internal pores of silt bed cannot
be drained after the silt becomes denser. The pore water is "re-
tention" in the soil skeleton, resulting in the accumulation of pore
water pressure. When the accumulated excess pore pressure
reaches the initial effective stress of the overburden soil, liquefac-
tion occurs in the silt bed. On the contrary, the plastic volumetric
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strain of silty fine sand bed under wave loading is very small, and
the soil skeleton structure can maintain stability. Simultaneously,
the silty fine sand is characterized by the absence or minimal
presence of clay particles, resulting in larger pore spaces between
soil particles and wider seepage channels, ultimately leading to
greater permeability. Therefore, the pore water pressure within
the soil only exhibits an elastic response to wave loads, without
accumulating pore water pressure.

3.3 Discrete element simulation of consolidation experiments for

silt and silty fine sand

Figure 13 illustrates the evolution of micro arrangement char-
acteristics of particles in silt and silty fine sand during consolida-
tion loading. It can be observed that during the process of consol-
idation loading, there are significant changes in the arrangement
of particles within the silt. In contrast, the silty fine sand exhibits
a small compression displacement, therefore, there is no notice-
able change in the arrangement of particles during compression.
As compression proceeds, particles in the silt undergo significant
vertical displacement, causing the originally larger pore spaces to
decrease in size due to the intrusion of smaller particles (Fig. 13a).
The magnitude of the contact force between particles can be in-
dicated by the amount of particle overlap. The greater the degree
of overlap, the stronger the contact force between particles. After

consolidation loading, the overlap between internal particles of
the silt increases noticeably, indicating a tighter contact between
the particles. Additionally, due to the cohesive forces of clay
particles, the permeability coefficient of the silt experiences a sig-
nificant decrease during the compression process. The internal
pore space of silty fine sand does not exhibit significant changes
before and after consolidation loading (Fig. 13b). As a result, the
permeability coefficient experiences only minimal decline fol-
lowing consolidation compression.

Ren et al. (2020a) found through flume experiments and the-
oretical calculations that the initial failure mode of a silt bed with
a high degree of consolidation (consolidated for 7 days, Test 1)
under wave loading is shear failure, while the initial failure mode
of a silt bed with a low degree of consolidation (consolidated for
4 h, Test 2) is liquefaction (Fig. 14). After the initial failure, the
two kinds of soil bed are subject to progressive liquefaction from
top to bottom. However, no explanation is given for this phe-
nomenon.

The discrete element simulation of the consolidation experi-
ment on silt may provide a microscopic explanation for this phe-
nomenon. When the degree of consolidation of the silt bed is
high, the contact between particles inside the silt is tighter, and
the cohesive effect of clay particles causes the highly consolid-
ated silt bed to form a “whole” (Fig.14a). When the shear stress

b. Pore space changes in silty fine sand during loading

Fig. 13. The evolution of the soil pore space during loading.
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In this figure, the upper part of the
white line is the initial destruction
area, and the soil body is quasi-
symmctrical. The width of the
liquefaction area is 170 cm, and
the maximum depth is 16 cm.
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Fig. 14. Initial failure mode of the silt bed under different degrees of consolidation (Ren et al., 2020a).

caused by waves exceeds the shear strength of a weak point in the
silt bed, initial shear failure occurs. When the degree of consolid-
ation of the silt bed is low, the particles inside the silt are loosely
arranged, and the pore space between particles is larger. The silt
still has a relatively open microfabric (Fig.14b). Under the action
of wave loads, the connection between soil particles is destroyed,
and the internal pore pressure accumulates. Soil particles dis-
perse into the fluid and initial liquefaction failure occurs.

4 Conclusions

In this paper, a flume experiment to investigate the differ-
ences in pore water pressure response and liquefaction behavior
of silt and silty fine sand beds with different particle composi-
tions under wave action. Furthermore, the reasons for these dif-
ferences were analyzed from both macroscopic and microscopic
perspectives. Additionally, the microscale reasons for the dis-
tinct initial failure modes exhibited by soil beds with varying de-
grees of consolidation were investigated through the discrete ele-
ment simulations. The conclusions are as following:

(1) The silt bed is more prone to liquefaction than the silty
fine sand bed. Specifically, the silt bed requires less wave load in-
tensity to reach the liquefaction state, the liquefaction depth of
the silt bed is greater, and the liquefaction duration is longer. The
main cause of the differential response in pore water pressure
between two soil beds is the difference in permeability and
plastic deformation under external forces. Compared to silty fine
sand, silt exhibits lower permeability and is more prone to plastic
deformation under external forces, thereby causing easier accu-
mulation of pore water pressure and leading to liquefaction.

(2) The micro arrangement characteristics of particles in silt
and silty fine sand exhibits distinct characteristics. The pore
space and seepage channels of silt are smaller, and the permeab-
ility is worse because of clay particles in silt. At the same time,
when the degree of consolidation is low, the particles in the silt
are loosely arranged, and the soil is still a relatively open micro-
fabric. When the degree of consolidation is high, the particles
contact more closely, forming a “whole”, which makes the silt
bed have different initial failure modes under different degrees of
consolidation.
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