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Abstract: Suffusion in gap-graded soil involves selective erosion of fine particles through the pores formed by coarse particles
under seepage forces. As the fines content (FC) decreases, the hydraulic and mechanical behavior of the soil will change, posing
a huge threat to engineering safety. In this study, we first conduct a series of experimental tests of suffusion by using gap-graded
soils and then analyze the evolution process of suffusion and the effect of the hydraulic gradient. Subsequently, according to the
physical model, a discrete element method (DEM) numerical model with dynamic fluid mesh (DFM) is developed to extend the
experimental study to the pore scale. Our results reveal the migration process of fines and the formation of erosion zones. A
parametric study is then conducted to investigate the effect of the hydraulic gradient, FC, and K| pressure (which limits the
lateral displacement of the sample and applies vertical pressure) on eroded weight. The results show that the eroded weight
increases with the increase of the hydraulic gradient and FC but decreases with the increase of K, pressure.

Key words: Suffusion; Gap-graded soil; Discrete element method (DEM); Dynamic fluid mesh (DFM)

1 Introduction

Compared with continuously graded soils, fine
particles in gap-graded and widely-graded soils are
vulnerable to movement and loss under seepage force
without damaging soil structures. The phenomenon is
called suffusion (Chang and Zhang, 2011; Ke and
Takahashi, 2014; Ji et al., 2017; Hu et al., 2019). Suf-
fusion can deteriorate the soil strength and affect the
stability of geotechnical engineering projects (Golay
and Bonelli, 2011; Moffat et al., 2011; Luo et al., 2013;
Tao et al., 2018; Wen et al., 2021; Yin et al., 2021). In
addition, the process is challenging to monitor when
not exposed at the surface, which makes it difficult to
fully understand its evolution mechanism. According
to statistics (Bendahmane et al., 2008), soil instability
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caused by suffusion is one of the biggest threats to
building structures, dams, and foundations (Wan and
Fell, 2008; Yang et al., 2019).

The potential for suffusion in soil samples mainly
depends on the soil structure (internal factor) and oc-
currence state (external factor). Soil structure includes
particle size (Liu et al., 2019), gradation (Shire et al.,
2014), and particle shape (Tang et al., 2020; Wang et al.,
2022a). External factors include the hydraulic gradient
and the stress state (Moffat and Fannin, 2011). In the
study of soil structure, Kenney and Lau (1985) devel-
oped filter rules based on the particle gradation curve,
to assess whether soils are internally unstable and the
effectiveness of that method has been demonstrated in
numerous studies (Wan and Fell, 2008; Chang and
Zhang, 2011; Hunter and Bowman, 2018; Jin et al.,
2021). Hu et al. (2019) conducted a series of numeri-
cal experiments to study the suffusion process of gap-
graded and well-graded soils. Their results showed
that under a large hydraulic gradient, the fines loss in
well-graded soils was much lower than that in gap-
graded soils. Marot et al. (2012) developed a new
energy analysis of tests, linking the erosion rate to the
power expended by fluid flow and the eroded clay
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mass to the energy dissipation. Rochim et al. (2017)
experimentally investigated the effects of hydraulic
loading history on the suffusion susceptibility of cohe-
sionless soils.

In addition to internal factors, a large number of
studies have been conducted focusing on external ones
(Luo et al., 2013; Ke and Takahashi, 2015). Moffat
and Fannin (2011) proposed, by erosion testing under
K, stress (which limits the lateral displacement of the
sample and applies vertical pressure) conditions, the
concept of hydromechanical pathways in stress-gradient
space to describe the response of internal erosion to
seepage flow. By performing stress-controlled erosion
experiments, Chen et al. (2016) revealed that granular
soils changed from the initial dilation to compaction
after a significant loss of fine particles. Chang and
Zhang (2013) investigated critical hydraulic gradients
in the suffusion process by gradually increasing the
hydraulic gradient, from which three critical gradients
were defined: initiation, skeleton-deformation, and
failure hydraulic gradients.

Despite these advances, a better understanding
of the evolution process of fine particle migration at
the pore scale and the interaction mechanism of coarse
and fine particles is still needed. The selection mecha-
nism of erosion channels under multiple outlets re-
mains unclear. To this end, we develop a transparent
apparatus and conduct experiments to investigate the
suffusion process. To investigate the variation of pore
scale in more detail and to conduct more parametric
studies, a numerical model that is similar to the exper-
imental one is created for reproducing the suffusion
process in a sand layer with gap-graded grains, and
three fluid outlets are designed to study the suffusion
pattern under multiple outlets. This model can be used
to reveal the migration process of fines in a coarse
particle matrix and the formation process of the ero-
sion channel.

The rest of this paper is organized as follows.
Section 2 describes the physical experiments includ-
ing model setup, testing material, testing proce-
dure, and results and analysis. Section 3 introduces an
experiment-based numerical simulation, which includes
dynamic fluid mesh, governing equations, calcula-
tion of hydro-mechanical forces on the particles, cou-
pling procedures, numerical model setup, simulation
process and results, and experiment and simulation
comparison. Section 4 presents parametric analysis

based on simulation. Finally, a summary is given in
Section 5.

2 Laboratory experiments

Fig. 1 illustrates the suffusion process in a gap-
graded sand layer under a hydraulic gradient. It is
based on suffusion experiments and numerical simula-
tion (Chang and Zhang, 2013; Cheng et al., 2018;
Zhang et al., 2022). Fines move in the direction of
the hydraulic gradient through pores formed by coarse
particles under a drag force while the coarse parti-
cles only move slightly because they are subjected to
greater resistance (friction and contact forces between
particles). In the process, some fines are clogged and
reaccumulated in pores or around coarse particles.
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Fig. 1 Schematic diagram of suffusion in a gap-graded sand
layer

2.1 Physical model setup

To reproduce the phenomenon shown in Fig. 1,
we designed a new physical model apparatus that
allows fluid to flow into a specimen tank and sand
particles to flow out from three outlets. Fig. 2a is a
schematic diagram of the experimental apparatus which
consists of a specimen tank, a camera, a water head
control device, and a sewage collection device. The
head control device includes a water supply tank and
an overflow tank. The water supply tank sends water
into the overflow tank. The overflow tank keeps the
water surface stable during the experiments. Fig. 2b
is a zoom-in view of the specimen tank. The tank is
100 mm long, 50 mm wide, and 15 mm deep. Some
glass beads with a diameter of 4 mm are placed inside
the tank to disperse water. A Cannon EOM M6 cam-
era with a resolution of 2656x1992 pixels is mounted
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Fig. 2 Schematic diagram of the experimental apparatus for investigating suffusion (a) and zoom-in view of the specimen

tank (b)

150 mm below the specimen tank and provides high-
resolution photographs recording the suffusion pro-
cess at nine frames per second. A pressurized block is
placed on the specimen tank to apply the K, pressure
on the sand sample. A sealing rubber is arranged
around the top cover to prevent water from overflow-
ing from the tank during the experiment. According to
our measurement, when a 0.25-kg weight is applied
to the top of the seal cap, the cap can overcome fric-
tion and begin to move. In this study, when applying
K, pressure, an additional 0.25-kg weight is applied to
ensure accurate pressure. A water pressure control is
connected to the inlet of the specimen tank and is
used to supply a constant water head. According to
similar experiments (Chang, 2012), based on the mea-
sured outflow velocity, the calculated head loss within
the tubes is generally within 2% of the applied hy-
draulic head, and can be neglected. A beaker is placed
under the outlets to collect the eroded sand. During
the experiment, a new beaker is replaced every 5 s.

2.2 Testing material

In this study, the evolution process of suffusion
is studied using gap-graded specimens. The advantages
of using gap-graded specimens include: accelerating
the suffusion process due to the internal instability of
the gap-graded samples, facilitating the photographic
recording of the process, and simplifying the analysis
process by avoiding interference from medium-sized
particles.

The gap-graded specimens consist of two types
of particles. The coarse particles are glass beads with
d, of 6.25 mm and the small particles are silica sand
with d, of 0.75 mm, where d, is the mean particle diam-
eter. The particle size distribution is plotted in Fig. 3.
According to the filter rules developed by Kenney
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Fig. 3 Particle size distribution of the testing material

and Lau (1985), the sample is internally unstable. To
better distinguish between the two particle groups in
the experiment, the coarse particles are colored white
and the small particles are colored black. Other physi-
cal properties are listed in Table 1. The fines content
(FC) in the experiments is set to 20% to reproduce the
migration process of fines in the matrix formed by the
coarse particles. The sample is soaked in water for
24 h to ensure saturation. Before the test, the sample
is placed in the instrument. To prevent desaturation,
testing is begun immediately.

Table 1 Physical properties of the testing material

Property Value
Dry density of fines, p (g/cm’) 1.92
Specific gravity of fines, G 2.65
Relative packing density (%) 70
Fines content, FC (%) 20
Diameter of fines (mm) 0.5-1.0
Specific gravity of coarse particles, G, 2.65
Diameter of coarse particles (mm) 4.0-8.5
Coefficient of friction of fines 0.60
Coefficient of friction of coarse particles 0.56
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2.3 Testing procedure

In the experiment, the effect of the hydraulic gra-
dient is examined by three tests with different hydrau-
lic gradients. The main purpose of this experiment is
to reproduce the evolution process of suffusion caused
by water flowing into a gap-graded specimen. The
experimental procedure is as follows:

(1) Mix the coarse particles and fines and ensure
that the FC is 20% and the sample is saturated.

(2) Install the instruments, connect the hydraulic
head control device to the specimen tank, and place
the camera and beaker.

(3) Place the specimen and place the pressur-
ized block on the cover of the specimen tank to reach
20-kPa K, pressure, and ensure that the specimen is
compacted.

(4) Adjust the hydraulic head to the desired height
(2, 4, and 8 kPa) and turn on the switch to allow water
to flow into the specimen tank.

(5) Record the experimental process and collect
the eroded particles in the beaker.

(6) Dry the suffusion particles and weigh them.

2.4 Experimental results and analysis

The evolution processes of suffusion under 2, 4,
and 8 hydraulic gradients are shown in Fig. 4, and the
obvious erosion zones are marked in rectangle. As
shown in Fig. 4, the specimen is homogeneous before
the fluid flows into the specimen tank. However, after
the suffusion process starts, some particles are lost
from the outlets and some erosion zones in which fines
are lost appear inside the specimen. The area and the
number of erosion zones increase with time. The ero-
sion areas show obvious localization characteristics.
In some zones, the loss of fine particles is severe; in
other zones, however, suffusion is not as pronounced.
In the initial stage, the erosion zone is small. Subse-
quently, the area gradually expands. At the end of the
test, the area of erosion zones is stabilized. In addi-
tion, as the hydraulic gradient increases, so do the
area and number of erosion zones.

The erosion curve in Fig. 5 shows the same re-
sults. The final erosion weight increases with the in-
crement of the hydraulic gradient. Under the lower
hydraulic gradients (2 and 4), most of the particles are
lost in the initial stage and the suffusion rate becomes
zero after 5 s. Under the hydraulic gradient of &, the
suffusion rate decreases gradually over time but the
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Fig. 4 Evolution process of suffusion under hydraulic
gradients of 2, 4, and 8
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Fig. 5 Percentage of eroded weight (the suffusion mass
divided by the total sample mass) under different hydraulic
gradients

rate of reduction is slower. With the increase of hydrau-
lic gradient, the amount of internal erosion increases
and the process of internal erosion increases. When
the hydraulic gradient is 8, during the test time, the
internal erosion lasts for a longer time and does not
enter a stable stage. Therefore, the curve of the hy-
draulic gradient of 8 is different from the others.



3 Numerical simulation

To further investigate the suffusion mechanism,
especially at the pore scale, we establish a discrete
element method (DEM) model based on the experi-
mental setup. All numerical models in this study are
performed using a dynamic fluid mesh (DFM) algo-
rithm developed based on the particle flow code
(PFC) (Itasca Consulting Group Inc., 2015). To capture
changes in pores dynamically formed by particles,
Zhang et al. (2020) developed a DFM method. Refer-
ence should be made to the electronic supplementary
materials (ESM) for a detailed description of the
DFM’s mesh generation, governing equations, and
drag force model.

The flowchart of the coupling procedure is pre-
sented in Fig. 6. A DEM model of gap-graded soil
is generated first. Subsequently, a DFM is created
with a Python script based on a coarse center. The .-
dimensional tree (KD-tree) algorithm (Silpa-Anan and
Hartley, 2008) is used to locate fine particles and then
calculate the permeability of each pore through the
Konzeny-Carman equation. A Laplace equation is solved
to obtain the pressure gradients in each grid and flow
velocity is solved according to Darcy’s law. After that,
the drag forces on coarse and fine particles are applied.
In the DEM software, the position and contact force
of the particles are updated. The process is repeated
until the calculation is complete.

3.1 Numerical model setup

To reproduce the phenomenon in the experiment,
a cuboid assembly of gap-graded particles is generated
by the coupled DEM-DFM (Fig. 7). In the model, we
focus on the horizontal migration of fines. The length,
width, and height of the sample are 10, 5, and 1 cm,
respectively. The computational region is enclosed by
six walls. The front wall has three rectangular outlets
for fines to pass through and to block coarse particles.
The length of the outlets is 1.0 cm and the width is
0.5 cm. Forces are applied onto the top wall and sub-
jected to a servo-controlled mechanism for a constant
effective confining stress (20 kPa in the base case sim-
ulation). The other walls are fixed. The hydraulic head
is applied to the back wall (80 cm in the base case),
and zero at the outlets. No flux is allowed on the other
walls, so the fluid flow is only in the horizontal direc-
tion. To ensure specimen uniformity, gravity and buoy-
ancy are not considered in the model.
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Fig. 7 Experiment-based numerical model setup for
understanding suffusion

The gap-graded samples consist of two groups
of particles of large and small sizes. The radius of the
coarse particles ranges from 4.18 to 8.50 mm, and the
radius of fines ranges from 0.468 to 1.036 mm. The
diameter of the coarse particles is on average 8 times
greater than that of the fine particles and both of them
follow a uniform distribution. In benchmarking, suffu-
sion is studied using a sample with an FC of 20%
(fines accounting for 20% of the total weight). In the
parametric analysis, two models with FC=10% and
30% are added. The total numbers of particles in these
models are 7959, 17953, and 30823, respectively. The
number of coarse particles in all specimens is 159. In
this work we use the rolling resistance contact model
to represent the contact relationship between particles
(a detailed description is provided in the ESM), which
dissipates energy during particle rotation (Zhang et al.,
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2019). Many studies have been conducted to investi-
gate the microscopic parameters (Nardelli et al., 2017;
Wang et al., 2022b). Based on a previous study (Zhang
et al., 2019), the normal-to-shear stiffness ratio is set
to 2, and a friction coefficient of 0.6 is adopted. The
input parameters are listed in Table 2.

Table 2 Input parameters in the numerical model

Model parameter Value
Normal stiffness of coarse particles (N/m) 8.0x10°
Normal stiffness of fine particles (N/m) 1.0x10°
Average radius of coarse particles (m) 3.2x107°
Average radius of fine particles (m) 4.0x10™
Normal-to-shear stiffness ratio 2.0
Coefficient of friction 0.6
Rolling resistance coefficient 0.1
Particle density (kg/m’) 2650
Normal stiffness of wall (N/m) 1.0x10°
Shear stiffness of wall (N/m) 5.0x10°

3.2 Simulation process and results

In this study, the simulation process can be divided
into three stages: specimen generation, flow field acti-
vation, and suffusion simulation. First, some uniform
particles are generated within the simulation area and
159 particles are randomly selected for grouping. The
remaining particles are grouped into another group.
Subsequently, the particle size of the 159 particles is
increased, while the size of the remaining particles is
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decreased until the average particle size ratio of the
two groups is 8. The specimen volume remains un-
changed during the process. The ratio of average un-
balance of the model is reduced to 0.01 in order to
decrease the energy of the specimen. Excess of fine
particles is randomly removed according to the targets
of FC (10%, 20%, and 30%). The confining stress is
applied to the top wall and the other walls are fixed to
consolidate the sample. The consolidation process is
completed after a total of 100000-time steps, approxi-
mately reaching the force equilibrium. The front wall
is then replaced by a wall with outlets.

In the second stage, a tetrahedral fluid mesh is
built according to the centers of the coarse particles
and the contact points between the coarse particles
and the walls (Fig. 8a). Thereafter, a water pressure of
8 kPa is applied at the inlet of the model and the pore
pressure is solved (Fig. 8b), and the flow force is
applied to the coarse particles. Based on Darcy’s law,
the flow field is calculated (Fig. 8c) and the drag force
is applied to the fine particles. To represent the migra-
tion of fines in the sample, porosity is also solved and
shown in Fig. 8d.

After the flow field is activated, erosion starts.
The suffusion curve is shown in Fig. 9a. The eroded
weight increases rapidly in the first few seconds, and
then the erosion rate slows down gradually with the
simulation time. At the initial time, the crosion rate is
fast. This is because the initially eroded particles are
located near the outlets. When seepage forces are ap-
plied to the particles, these particles quickly disappear.
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Fig. 8 Initial states of the numerical model with 20% FC: (a) initial mesh; (b) pore pressure; (c) flow velocity in each

grid; (d) initial porosity
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experiment and numerical simulation with 20% FC (a) and
evolution of average flow velocity of pores during suffusion (b)

Subsequently, particles further away from the outlets
are lost more gradually. Due to the barrier between
the particles, particles far from the outlet are not so
easily lost, so the erosion rate gradually slows down.
The evolution of average flow velocity of the grids is
essentially synchronized with the evolution of erosion
rate (Fig. 9b). In the initial stage, the average flow
velocity increases rapidly as the erosion weight in-
creases. Subsequently, as the erosion rate gradually
decreases, the average flow velocity increases slowly.
Fig. 10 shows the changes of the assembly of the
numerical model during the suffusion process. Before
the erosion begins, fine particles in the specimen are
evenly distributed. After the fluid pressure is applied,
the fines move to the outlets following the pressure
reduction direction. The particles near the outlets are
quickly lost, and at 5 s, a significant erosion is seen at
the outlets. At 10 s, the porosity and the erosion zone
near the outlets continue to increase. At 15 s, the
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erosion inside the specimen can be clearly seen. Subse-
quently, the erosion zone in the specimen expands, and
the porosity of the severely eroded area gradually in-
creases. At 25 s, large areas of erosion are formed, in
which coarse particles are completely exposed. The fines
show a pronounced aggregation phenomenon and accu-
mulate in some pores made of coarse particles. The
entire model forms apparent erosion and blocking zones.

From the view of the contact force chain, the
same results are obtained. As shown in Fig. 11, in the
initial stage, there are only a few contacts between
coarse particles and fines. As the erosion goes on, the
contacts between coarse particles and fines and be-
tween the fines increase. After 5 s, the distribution of
force chains is obviously localized and is consistent
with aggregation of fines.

As erosion becomes localized, flow velocity is
also localized. Fig. 12 shows the profiles of the model
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Fig. 11 Variation of force chains during suffusion in the
model with 20% FC
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Fig. 12 Evolution of erosion zone (a, c, e, g, i, and k) and
flow velocity (b, d, f, h, j, and 1)

and the flow velocity synchronized with the suffu-
sion. In the profile, erosion and blocking zones can be
clearly seen. The flow velocity in the erosion zone is
faster than that in the blocked zone. In addition, com-
pared with the initial stage, the inhomogeneity of flow
velocity increases in the sample.

To investigate the erosion of each section, the
specimen is evenly divided into five sections from

outlets to the inlet boundary (the first section is near
the outlets). As shown in Fig. 13a, the 5th section has
the largest reduction in fines weight; however, in the
final stage of the simulation, the erosion weight re-
mains approximately the same. The weight loss of the
4th section is lower than that of the 3rd section. This
is because more erosion zones are in the 3rd section
of the specimen. Some fines from the 5th section are
blocked in the 4th section and cannot enter the 3rd
section. The weight of the 3rd section first increases
and then decreases, remaining roughly unchanged
throughout the simulation. This is because the amount
of fine particles lost is roughly equal to the amount
moved in. The weight of the 1st section increases be-
cause there are a large number of fines that are clogged
in the area, many more than those eroded.
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Fig. 13 Percentage of weight variation in each section (a)
and percentage of eroded weight in each outlet (b) during
suffusion

The eroded weight at each outlet is shown in
Fig. 13b. In the initial stage, fines are poured out near
the outlets and the erosion rates from the three outlets



are approximately equal. Subsequently, the erosion
rates decrease, consistent with the erosion curve shown
in Fig. 9. The erosion rate curve for outlet 1 is smoother
throughout the simulation, but the erosion rates at out-
lets 2 and 3 increase continuously. This may be due to
the fact that the erosion channel connecting outlet 1 is
more open. In the final stage, the erosion rates at out-
lets 1 and 2 become approximately zero, while outlet 3
still shows continued particle loss. The reason could
be that the erosion rate decreases and then increases
in the curve for outlet 3, which indicates that erosion
may occur in phases.

3.3 Comparison of experimental and simulation
results

To verify the reliability of the coupled numerical
simulation, comparisons of the evolution process and
suffusion curves are presented in Figs. 14 and 9,
respectively.

The variation of erosion rate and the trend of the
suffusion curve are similar to those of the experiment.
The percentages of eroded weight in the experiment
and numerical simulation are 10.96% and 10.04%,
respectively. The difference may be due to the non-
uniformity of the experimental and simulated specimens.

As shown in Fig. 14, compared with the experi-
ment, the same erosion process is also presented in
the simulation. The erosion zone also gradually ex-
pands in the simulation. Moreover, at 25 s, suffusion
and blocking zones also appear in the simulation, sim-
ilar to the experimental results. The results show that
the coupled DEM-DFM model can be used to investi-
gate the suffusion in gap-graded soil.

4 Parametric study of numerical simulation
4.1 Effect of the hydraulic gradient

To investigate the effect of the hydraulic gradi-
ent, we set up three models with different hydraulic
heads at the inlet (80, 140, and 200 cm) while main-
taining a K, pressure of 20 kPa and the FC of 20%. A
positive correlation between the pressure gradient and
the erosion weight is observed, as shown in Fig. 15.
In the initial stage, the eroded weight increases rapidly.
Subsequently, the erosion weight levels off and the
erosion rates also gradually decrease over time.
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4.2 Effect of fines content

Fig. 16 shows the numerical results for cases with
different FCs (10%, 20%, and 30%). The variation of
the percentage of eroded weight during suffusion is
shown in Fig. 16a. The model with an FC of 10% has
the most fines loss. The fines losses with a content
of 20% and 30% are roughly the same. However, as
shown in Fig. 16b, the eroded weight of the fines in-
creases with the increment of the FC. The results also
consist with the study of Liu et al. (2020). This may
be because fine particles have higher mobility in
models with lower FC and the flow velocity under the
same hydraulic gradient is faster due to higher porosity.
Therefore, the model with the lowest FC has the high-
est percentage of eroded weight. However, lower FC
leads to lower eroded weight.
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Fig. 16 Variation of percentage of eroded weight (a) and
variation of eroded weight (b) during suffusion

4.3 Response to K, pressure

To explore the effect of K, pressure in fines mi-
gration, we perform simulations with an FC of 10%

under three different K, pressures. The results are
shown in Fig. 17, where the eroded weight increases
as the K| pressure decreases. The erosion rates are the
same under different K, pressures in the initial stage.
Afterwards, as the loss of fine particles develops, the
difference in eroded weight under different K, pres-
sures gradually becomes apparent. The reason is that
the movement of the fine particles near the outlets is
less affected by the confining stress. Near the outlet,
the particles are not supported by the wall in the outlet
direction, and confining pressures do not completely
limit the movement of these particles, so they are easy
to lose under the drag force. In addition, the flow ve-
locity is faster at the outlets, resulting in a rapid initial
loss rate, which leads to the loss of particles near the
outlets in a very short time. However, for particles
far from the outlets, lower confining stress leads to less
friction between particles, which facilitates particle
movement.
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Fig. 17 Percentage of eroded weight under different K|
pressures

5 Conclusions

In this study, we propose a new method to quan-
tify the suffusion process in gap-graded soils through
a series of experiments and numerical simulations
using the coupled DEM-DFM. First, physical experi-
ments are carried out to reproduce suffusion through a
horizontal apparatus with three outlets, and the effect
of the hydraulic gradient is investigated. Subsequently,
based on the physical model test results, we develop a
new DEM numerical model to reveal the erosion mech-
anism at the pore scale and to further study the influ-
encing factors. The simulation results are generally



consistent with the experimental data. The following
conclusions can be drawn from this work:

(1) As erosion progresses, erosion zones are formed
inside the specimen and gradually expand. From the
force chain analysis, fines gradually accumulate in the
pores formed by coarse particles under the action of
water flow and are blocked by the coarse particles.

(2) As erosion and blocking zones are formed,
flow velocities are also localized. In the erosion zone,
the porosity increases, and the flow velocity is gener-
ally fast. However, in the blocking zone, the flow
velocity is slow.

(3) From the evolution of erosion and flow ve-
locity, it is concluded that many particles are trans-
ported away by the water flow, and the flow velocity
rises rapidly in the pores in the initial stage of erosion.
Subsequently, the erosion rate decreases gradually, and
the fluid velocity eventually reaches a steady state.

(4) Parametric analysis shows a positive correla-
tion between the final eroded weight and the hydrau-
lic gradient. The eroded weight decreases as the K,
pressure increases. As the FC increases, the eroded
weight increases. However, in the model with a lower
FC, a larger fines fraction is lost.

In this study, in order to clearly observe the
migration process of fine particles, the model has a
shorter height in the vertical direction, which is defi-
cient in stress uniformity. However, during the experi-
ment and simulation, the skeleton of coarse particles
is mainly stressed and the coarse particles do not
move much during the process, so the stress distribu-
tion should have little influence on the model. In
some experiments, a fluid channel is often formed
between the particles and the sample and the water
flow is faster. This is not well reproduced in the simu-
lation, which may lead to a lower amount of eroded
mass in the simulation. In addition, according to pre-
vious studies (Shire and O’Sullivan, 2013; Ahmadi
et al., 2020), relative density will influence the internal
stability of a gap-graded sample; however, according
to some suffusion studies (Cheng et al., 2018; Huang
et al., 2021), the overall trend will not change as the
relative density varies.
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