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CFD-DEM modelling of suffusion in multi-layer soils with
different fines contents and impermeable zones
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Abstract: Suffusion in broadly graded granular soils is caused by fluid flow and is a typical cause of geo-hazards. Previous studies of it have mainly focused on suffusion in homogeneous soil specimens. However, in this study, the coupled
discrete element method (DEM) and the computational fluid dynamics (CFD) approach is adopted to model suffusion in
multi-layered soils with different fines contents, and soils with one or more impermeable zones. The parameters of the
CFD-DEM model are first calibrated with the classic Ergun test and a good match with experiment is obtained. Then
suffusion in multi-layered soils with different fines contents and impermeable zones is simulated and discussed. The
simulation results show that, for soils with multiple layers, the cumulative eroded mass is mainly determined by the fines
content of the bottom layer. In general, the higher the fines content of the bottom soil layer, the higher the cumulative
eroded mass. In addition, suffusion is more severe if the fines content of the layer above is decreased. Impermeable
zones inside soil specimens can increase the flow velocity around those zones, facilitating the migration of fine particles
and intensifying suffusion.
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1 Introduction

Suffusion refers to the process in which fine
particles are washed away and coarse particles
remain in the soil. It often appears in widely
graded or gap-graded soils subjected to the impact of fluid flow (Xiong et al., 2021b). The loss of
fine particles may lead to a degradation in soil
strength and increase the risk of geo-hazards
such as landslide and debris flow. Suffusion has
been considered as the major reason for half of all
dam failures across the world since the 1900s
(Foster et al., 2000; Yang et al., 2020). On the
other hand, the migrated fine particles may cause
clogging among skeleton soil particles, which re
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duces soil permeability and increases pore pressure, and imposes instability risks on surrounding
structures (Yang et al., 2019b; Liu et al., 2021c;
Qian et al., 2021c). A better understanding of the
factors influencing suffusion is key for geotechnical engineers for predicting and evaluating the
serviceability and stability of structures.
In previous studies, extensive experiments
have been conducted to study internal instability
and critical hydraulic gradients for suffusion in
soils. Different types of tests have been used, including crumb test (Emerson, 1967), jet erosion
test (Hanson and Hunt, 2007), flume tests (Lyle
and Smerdon, 1965; Ghebreiyessus et al., 1994),
pinhole test (Sherard et al., 1976), and hole erosion test (Reddi et al., 2000). These experiments
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provide valuable data on the effects on fines
contents and on hydraulic gradients for internal
erosion in soils (Wan and Fell, 2004; Kakuturu and
Reddi, 2006; Indraratna et al., 2011; Moffat et al.,
2011). Considering its significant effect on the
mechanical behavior of soils, various analytical
models for quantifying the suffusion potential of
gap-graded soil have been proposed (Kenney
and Lau, 1985; Horikoshi and Takahashi, 2015;
Yang et al., 2019a).
In recent years, the coupled CFD-DEM approach has been widely used to investigate suffusion in soils from a microscopic perspective (Liu et
al., 2020). For example, the effect of flow direction,
fines content, confining pressure, and particle
generation method have all been successfully
analyzed through the CFD-DEM approach (Hu et
al., 2020; Xiong, et al., 2021b). Recently, Xie et al.
(2021b) developed a smoothed volume distribution model (SVDM) to solve the fluid-particle interactions. In their study, the grid size approaches
to, or is smaller than the particle diameter, which
can accurately describe the liquid flow around
particles. Cheng et al. (2018) proposed a
semi-resolved CFD-DEM model for seepage-induced
fine
particle
migration
in
gap-graded soils where the large particle is resolved by a resolved CFD-DEM method and the
small particle is resolved by the conventional
CFD-DEM method. Xiong et al. (2021a) investigated the effect of particle shape on suffusion by
CFD-DEM modeling. Qian et al. (2021b) investigated the effect of particle angularity on suffusion
of gap-graded soil using coupled CFD-DEM. Xie
et al. (2021a) conducted a study of segregation
and mixing characteristics under a bi-disperse
solid-liquid fluidised bed by coupling CFD-DEM.
Compared to models based on continuum mechanics (Yang et al., 2019a; Xie et al., 2020; Qian
et al., 2021a), the advantage of this method lies in
its ability to directly observe the migration of fine
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particles, to apply various boundary conditions,
and to obtain and interpret the results of simulations easily (Wang et al., 2022b). To date, studies
mainly focus on suffusion in homogeneous soil
specimens with cubic or cylindrical shapes, without considering the heterogeneity of soils and
complex boundary conditions. However, homogeneous soils are rare in real engineering practice,
and suffusion in soils with heterogeneity may
cause severe engineering problems, such as dewatering in excavation (Lyu et al., 2021); recharge
during construction (Shen et al., 2021); groundwater inrush in tunnelling (Liu et al., 2018); and
slurry diffusion in tunnelling (Liu et al., 2021a; Liu
et al., 2021b) which have been unfortunately ignored in previous studies. In addition, the sediment layer often contains impermeable materials
such as rocks, which may increase local flow velocity and generate severe erosion zones in their
vicinity. At present, studies on these problems are
not sufficient.
To fill the gap between current research and
engineering practices on suffusion, this study will
investigate the suffusion process in layered soils
with complex boundary conditions, i.e., soil
specimens with different fines contents along the
flow direction, with partially permeable boundary,
and with impermeable zones. The study results
reveal the influences of multi-layered soils with
different fines contents and impermeable zones
on the evolution of suffusion.
This paper is organized as follows. Section 2
introduces the CFD-DEM coupling algorithm and
a benchmark case. Section 3 describes the suffusion process in multi-layered soil specimens, and
Section 4 analyzes the suffusion process in soil
specimens with impermeable zones. Relevant
conclusions are drawn from the above analysis
and are summarized in Section 5.
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2 Benchmark of CFD-DEM coupling algorithm
Numerical simulations in this study are conducted with PFC3D (Itasca, 2015) for the DEM part
and OpenFOAM for the CFD part. PFC3D is one of
the widely used commercial codes to investigate
the behavior of granular materials at different
scales (Yin et al., 2020; Wang et al., 2022a), with
the ability of coupling with other CFD solvers using TCP sockets. OpenFOAM is a widely used CFD
software, which is able to model fluids by Finite
Volume Method (Jasak et al., 2007). The coupling
between the two TCP sockets is to exchange the
interaction forces between the particles and the
fluid. The DEM software first solves the particle
system and provides the porosity of CFD elements to OpenFOAM. The drag force, viscous
force and pressure gradient force will be averaged for each cell and then used for CFD computation. In each CFD step, the flow velocity and
pressure are updated. The updated interaction
forces acting on each particle are calculated in
DEM software for the next loop of simulation. A
detailed description of the coupling process can
be found in (Hu et al., 2019). The governing
equations are introduced as follows.

(2)).
𝜕𝑛
𝜕𝑡

2.1 Governing equations

In the CFD-DEM coupling, the basic Navier-Stokes equations are modified to consider
the interaction between particles and fluid:

+ 𝛻 ⋅ (𝑛𝒗) = 0,

(2)

The magnitude of the drag force applied to a
single particle can be obtained by Di Felice (1994)
as follows:
1

𝒇0 = 2 𝐶d 𝜌f 𝜋𝑟 2 |𝒖 − 𝒗|(𝒖 − 𝒗),

(3)

where 𝐶d is a drag coefficient, r is the particle radius, 𝜌f is the fluid density, and 𝑢
⃗ is the particle
velocity.
The drag coefficient is defined as:
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3

𝐶d = (0.63 +

4.8
√𝑅𝑒p

2

(4)

) ,

where 𝑅𝑒p is the particle Reynolds number, defined as:
𝑅𝑒p =

2𝜌f 𝑟|𝒖−𝒗|
𝜇

(5)

,

The drag force is defined as:
𝒇drag = 𝒇0 𝑛−𝜒 ,

(6)

where the 𝑛−𝜒 term is an empirical factor to account for the local porosity. The empirical coefficient 𝜒 is defined as:
2

𝜌f

𝜕𝑛𝒗
𝜕𝑡

+ 𝜌𝑓 𝒗 ∙ ∇(𝑛𝒗) = −𝑛∇𝑝 + 𝜇∇2 (𝑛𝒗) + 𝒇b , (1)

where 𝜌f is the density of the fluid, p is the fluid
pressure, μ is the dynamic viscosity of the fluid, 𝒗
is the flow velocity (arrows represent vectors, the
same as below), n is the porosity, t is time, 𝒇b is
the drag force per unit volume applied by the
particles to the fluid in each fluid element.
The equations are closed with a continuity
equation that considers the porosity effect (Eq.

𝜒 = 3.7 − 0.65 exp [−

(1.5−log10 𝑅𝑒p )
2

],

(7)

The particle-fluid interaction force includes a drag
force and a pressure gradient force:
𝒇fluid = 𝒇drag +

4
3

𝜋𝑟 3 (∇𝑝 − 𝜌f 𝒈),

(8)

where 𝑝 is the fluid pressure and 𝒈 is the acceleration due to gravity. The pressure gradient term
accounts for buoyancy if the hydrostatic gradient
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is part of the fluid pressure field. Sometimes the
hydrostatic pressure gradient is omitted for numerical stability and the buoyancy forces are
added explicitly. The body force per unit volume
exerted on the fluid is:
𝒇b =

∑𝑗 𝒇𝑗fluid
𝑉

(9)

,

where V is the volume of the fluid element and
the sum is over the particles which overlap the
fluid element.
The unresolved CFD-DEM method is widely
used to solve fluid-particle coupling problems.
The advantage of the method lies in its high
computational efficiency and robustness. The use
of the method in the field of suffusion has been
verified in several studies, showing its ability to
simulate the process of suffusion (Liu et al., 2020a).
The method requires a coarse mesh and generally
the mesh size is more than 3 times the particle
diameter. The main disadvantage of the method
is that it cannot capture the fluid flow around the
particle but, for suffusion analysis, this is less important when compared to other characteristics
such as eroded mass and flow channel. Therefore,
the method is adopted for this study.
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To validate the robustness of the CFD-DEM
method, three drop tests are conducted and the
results are compared with theoretical solutions
(Eq. (10) and (11)) (Zhao et al., 2014). In these
tests, particles with radii of 0.001, 0.0015, and
0.002 m are set to drop from the top of a water-filled container with dimensions 0.3×0.3×0.6
m3 (Fig.1a). Because of the resistance of the fluid,
the particles will eventually fall at a terminal velocity relative to the fluid. The terminal velocity of
the particles will be compared with the theoretical
values to verify the accuracy of CFD-DEM method
used in the study.

The parameters of particles and fluid are
shown in Table 1, and are also used in the following simulations in the study. The linear contact
model is employed to simulate the interaction
between particles, which provides linear elastic
behaviors in the normal and shear direction at the
contact. The particle density and friction coefficient are 2500 kg/m3 and 0.3, which are consistent with the characteristics of conventional
sand. The normal stiffness controls the overlap
between particles, and a value of 1.5×106 ensures
that the overlap is much smaller than the particle
size. A similar friction coefficient was used in previous studies (Yin, et al., 2020; Wang, et al., 2022a).
For a particle at its terminal velocity, the force
balance equation is given as
4
3

𝜋𝑟 3 𝜌p

𝑑𝒖𝑧
𝑑𝑡

4

1

3

2

= 𝜋𝑟 3 (𝜌p − 𝜌f )𝒈 − 𝜋𝑟 2 𝐶d 𝜌f 𝒖2𝑧 , (10)

where uz is the relative velocity between the considered particle and the fluid and 𝜌P is the density
of the particle.
When the fluid is static, the terminal velocity (uz)
of the spherical particle in the water is:
𝒖𝑧 =

2 𝑟 2 (𝜌p −𝜌f )𝒈
9

𝜇f

(11)

,

where 𝜇f is the viscosity of the fluid.
The evolution process of velocities of three
particles with different diameters in drop tests is
shown in (Fig.1b). The results indicate that a good
agreement is observed (Fig.1b), confirming the
accuracy of the coupling method.
Table 1 The parameters of the test
Parameters for DEM part
Particle radius (mm)
3
Particle density (kg/m )
Friction coefficient (-)
Void ratio (-)
Normal stiffness (N/m)
Shear stiffness (N/m)
Column width (mm)
DEM timestep (s)

Value
0.25
2500
0.30
0.45
1.5e6
1.5e6
14.9
1e-5
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Parameters for CFD part
Mesh scale (mm)
Cell size (mm)
3
Fluid density (kg/m )
2
Dynamic viscosity (N·s/m )
CFD timestep (mm)

5

flow at the bottom are applied and the pressure
drops with different velocities are measured.
The CFD-DEM of the Ergun test is shown in
Fig. 2. The element size for CFD simulations is
around four times the mean particle size in DEM,
following the requirement of the coarse grid
CFD-DEM approach (Liu, et al., 2020). A comparison between the CFD-DEM simulation results
and the analytical solution is shown in Fig. 3. It
shows a very good match and indicates that the
proposed CFD-DEM model can accurately capture the behavior of particles and fluid flow.

Value
32×32×100
4×4×3.33
1000
1.5e-3
1e-4

Fig. 1 (a) Schematic diagram of the drop test; (b) the
variation of particle velocities and theoretical values
(dashed line).
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2.3 Ergun test

Δ𝑝 =

150𝜇𝐿(1−𝑒)2
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1.75𝐿𝜌(1−𝑒)
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A benchmark process using the Ergun test
(Ergun, 1952) is designed to test the robustness of
the CFD-DEM coupling algorithm. In the Ergun
test, water flows upwards to flush the particle bed,
and the relationship between the pressure drop
∇𝑝 and the flow velocity 𝑣𝑠 is given as

Gran ul ar co lu mn

(a)

(b)

(c)

Fig. 2 The CFD-DEM model of Ergun test

(12)

where 𝐿 is the height of the particle bed, 𝑑 is the
particle diameter, 𝜌 is the fluid density, 𝜇 is the
viscosity of the fluid, 𝑒 is the void ratio, and 𝑣s is
the flow velocity.
The main steps in the Ergun test are as follows:
1. DEM model setup: A box with dimensions
of 25×25×15.6 mm is first created. An assembly
of particles with a void ratio of 0.45 and particles
with a diameter of 0.5 mm is generated at the
bottom of the domain.
2. CFD model generation: a CFD model with
dimensions of 32×32×100 mm is generated in
OpenFOAM, providing a constant flow velocity at
the bottom.
3. Ergun Test: different velocities for fluid

Fig. 3 A comparison between the CFD-DEM simulation
results and the analytical solution of the Ergun test

3 Suffusion in multi-layered soil specimens
3.1 CFD-DEM model for multi-layered soils
In actual geotechnical practice, it is more
common to see multi-layered soils rather than
single-layered ones. It is therefore essential to
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take the variation in soil properties into consideration in suffusion analysis. One of the most important influencing factors of suffusion is the initial fines content, which is defined as the weight
of fine particles over the total weight of soils
(Chang and Zhang, 2013). Therefore, the effect of
multi-layered soils, characterized as soils with
different fines contents in DEM, is investigated in
this section.
Two kinds of soils with fines content respectively equal to 15% and 35% are adopted in this
study, and their cumulative particle size distributions are shown in Fig. 4. There are six soil specimens with different fine contents along the flow
direction, which are named as FC15, FC35,
FC15B-FC35T, FC15T-FC35B, FC15TB-FC35M,
and FC15M-FC35TB, as shown in Fig. 5. The size
of the DEM model is 13×13×26 mm, while the
CFD domain has a larger dimension of 13×13×52
mm with a grid size of 6.5×6.5×6.5 mm (i.e., 32
elements), so that both the soil specimen and the
eroded particles will be included in the CFD domain. The validated parameters in Table 1 are also
used for this study. Particles are generated according to the given grain size distribution and
initial void ratio within the given size range. During the generation, large particles are generated
first to form the skeleton, and then fine particles
are randomly generated within the voids between
the larger particles. The diameters of coarse and
fine particles are respectively 2 mm and 0.5mm,
resulting in a size ratio of 4, which is, according to
(Kenney and Lau, 1985), not stable and is erodible.
Depending on the fines content, the number of
particles in the six soil specimens ranges from
30652 to 68662. The simulation takes 75 to 180
hours on a computer with Intel I7 processor and
128 gigabytes of memory, depending on the total
number of particles. After all the particles are
generated, the soil specimen is consolidated with
an isotropic pressure of 100 kPa, and the consol-
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idation stops when the specimen reaches equilibrium. During the simulation, a constant pressure
of 100 kPa is applied at the top of the sample. In
the next stage, the wall at the bottom is replaced
by a filter wall with square holes of 0.875×0.875
mm on it. The size of holes is larger than that of
the fine particles but smaller than that of the
coarse ones to make sure that only fine particles
will be eroded. Then the DEM model is coupled
with the CFD model, and a fixed flow velocity of
0.01 m/s is applied to the top of the CFD model.
The outlet hydraulic gradient is set as zero and
other boundaries are impermeable with no fluid
flux passing through. The coupling calculation
lasts 18s during which fluid from the top flows
towards the bottom and imposes a drag force on
the particles. During the erosion process, the
eroded particles at the bottom are collected, and
the particle displacement, velocity and force
chains are recorded.

Fig. 4 Initial grain size distribution of soils

Fig. 5 multi-layered soil specimens in DEM

3.2 Results and discussion
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The percentage of cumulative eroded mass
( 𝑀𝑒 ), which is defined as the percentage of
eroded mass of fine particles mass to the total
mass of fine particles before the test, is recorded
during the test and is plotted against time in Fig. 6.
Fines content in different soil layers does not
change the overall evolution trend of 𝑀𝑒, which
increases rapidly at the beginning of the test and
then becomes stable. However, the total eroded
mass is significantly affected by the multi-layered
soil conditions. According to Fig. 6, the
two-layered soil specimen FC15T-FC35B has the
maximum cumulative eroded mass (47.01%), and
the FC15B-FC35T yields the lowest (10.07%). In
specimen FC15T-FC35B, the bottom of the sample is highly compacted with fine particles, which
reduces the porosity and permeability of the
specimen. As a result, both the flow velocity and
the drag force applied to the fine particles are
higher at the bottom, resulting in more eroded
fines. The eroded particles are mainly from the
bottom part with a fines content of 35%, which
produces flow channels for fine particles from
upper soils. By contrast, in the specimen
FC15B-FC35T, the porosity at the top is higher
than at the bottom, so the fine particles that come
with the flow from the top stop at the bottom part
due to the decrease of the velocity and drag force.
It is also interesting to see that although specimens of FC15M-FC35TB and FC15 (lines with cyan and black markers) have a higher number of
fines particles, the cumulative eroded mass is
smaller than that from FC15B-FC35T. This observation confirms that soil layers above the bottom
layer may prevent suffusion by blocking some
flow channels.

Fig. 6 Cumulative eroded mass over fluid time

Fig. 7 exhibits the displacement evolution of
fines particles. Note that both the front view and
cut view at the middle are presented to better
capture the particle displacement throughout the
specimen. As seen in Fig. 7, for all the specimens
with different layers of soils, the movement of
particles on the surface is larger than that inside
the specimen. This is mainly because particles at
the front, back, left, and right surfaces are in contact with walls with fewer constraints and can
easily move downwards along the vertical walls.
The particles inside the soil are compacted with
high interlocking and inter-particle friction, so the
fines particles are not so easily moved.
In addition, migration of fines particles in
soils with 15% fines contents starts earlier than
that in soils with 30% fines contents. For example,
in
both
specimens
FC15B-FC35T
and
FC15T-FC35B at t=1s, there is a higher magnitude
of particle movement in soils with 15% fines content than that in soils with 30%. Such difference
can also be attributed to the stronger constraints
in soils with higher fines contents. In the
FC15T-FC35B specimen, there are a large number
of fines particles with displacements greater than
10 mm in the FC35 area, indicating that many of
them are eroded particles from the upper FC15
area. In other words, the upper layer with 15%
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fines content facilitates suffusion by providing
fines particles. For the specimen FC15B-FC35T,
fines particles in the FC35 area gradually flow
downwards into the lower FC15 area, and then
are blocked by the bottom layer. Therefore, it is
rare to see fines particles with a displacement
greater than 10 mm, and the coarse particle skeleton at the bottom plays a blocking role. Therefore, the particle loss of FC15T-FC35B is significantly greater than that of FC15B-FC35T.
The above-mentioned mechanism is also
applicable to specimens with three layers. For the
specimen FC15TB-FC35M in Fig. 7, fines particles
with displacements greater than 10 mm in the
FC15 area at the bottom remain almost unchanged from 3 s to 7 s. It indicates that fines
particles from the upper part are blocked, and
seepage channels are not developed. For
FC15M-FC35TB, the number of fines particles
with large displacements continues to increase,
demonstrating that particles are continuously
flowing out and stable flow channels are formed
within the specimen. Therefore, in multi-layered
soil conditions, soils with 15% fines content at the
lower part can prevent the loss of fines particles
to some extent, which is consistent with the results in Fig. 6. It can be concluded that the larger
the region of soils with 15% fines content in the
lower part, the harder it is to lose the fines particles.
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Fig. 7 Evolution of particle displacement in multi-layered soil specimens

The force chains in the specimens at different
times are presented in Fig. 8. Due to the combined effects of gravity and fluid flow, strong
force chains concentrate at the bottom of the
specimens. Because there are more large particles
in soils with 15% fines content, force concentration
is stronger in FC15 regions in the specimens, as
shown in Fig. 8. At the microscale, soils with 15%
fines content have stable skeletons mainly made
of coarse particles, while skeletons in soils with 30%
fines content contain a higher percentage of fines
particles with highly distributed contact force.
Therefore, during the whole suffusion process,
both skeletons and force chains in FC15 regions
do not show significant changes. On the other
hand, because the magnitudes of contact forces
are relatively smaller in FC35 regions without
forming a stable soil skeleton, fines particles are
vulnerable to migration within flow channels. The
loss of fines particles leads to continuous changes
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in soil skeletons within FC35 regions.
FC15B-FC35T

FC15T-FC35B

FC15M-FC35TB FC15TB-FC35M

Front view Cut view Front view Cut view Front view Cut view Front view Cut view

U

tigated and discussed.
Four specimens with irregular flow conditions
were prepared for this study, as shown in Fig. 9.
For the first and second specimens, the impermeable zones are located at the bottom and top,
respectively. The other two specimens have one
or two impermeable zones within the specimens
on the left or/and right side, as shown in Fig. 9.
The sample preparation method presented in
Section 0 is used to generate a DEM specimen
without impermeable zones. Then a wall covering
half of the top/bottom of the specimen is created,
preventing particles as well as flow from passing
the inlet/outlet. To generate specimens with impermeable zones on the left or/and right side,
particles within the impermeable zones are manually deleted and walls are created at the boundaries of the impermeable zones. Accordingly, the
CFD model only covers the region with soils with
a fixed flow velocity of 0.01 m/s at the top. All the
specimens have a fines content of 35% with the
diameters of coarse and fine particles of 2 mm
and 0.5 mm respectively.
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Fig. 8 Evolution of particle contact force in multi-layered soil specimens
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4 Suffusion in soil specimens with impermeable zones
4.1 CFD-DEM model for soil specimens with
impermeable zones

In previous studies, researchers mainly
adopted an idealized flow boundary, i.e., regular-shaped specimens with permeable granular
soils. However, in real engineering practice, it is
common for soils to contain impermeable zones
such as boulders or clay layers with very low
permeability, making the suffusion process much
more complicated. In addition, there may be partially permeable inlets or outlets in some cases,
and those have not been investigated in previous
studies. Therefore, in this section, the effects of
both partially permeable boundary and impermeable zones on suffusion in soils will be inves-

Fig. 9 Specimens with impermeable zones

4.2 Results and discussion
Fig. 10 displays the cumulative eroded mass
curve of each case, and shows the effect of partially impermeable boundaries and impermeable
zones on suffusion. Due to the high fines content,
a high cumulative eroded mass is observed in all
the tests. The specimen with a partially permeable
inlet has the lowest cumulative eroded mass
(25.1%); next it is the specimen with a partially
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permeable outlet. Due to the decreased inlet area,
in the test with a partially permeable inlet, both
the volume of fluid flow and the eroded region
are much smaller than in the FC35 test. Combined
with the decreased drag force applied to the particles, the cumulative eroded mass is significantly
decreased. Similarly, for the test with a partially
permeable outlet, the eroded region is decreased
at the bottom, leading to smaller number of
eroded fines particles. The impermeable zones
inside specimens play a minor effect on suffusion,
as shown in Fig. 10. The specimens with an impermeable zone on the left even yield an increased cumulative eroded mass compared to the
FC35 specimen. This increased eroded mass can
be attributed to the flow channels on the permeable (right) side, which is caused by the increased flow velocity and leads to severe suffusion. However, with the increase of impermeable
zones, continuous flow channels passing through
the whole specimen cannot be well developed,
resulting in decreased eroded mass.
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Fig. 10 Cumulative eroded mass over fluid time

The evolution of particle displacement is displayed in Fig. 11. The specimen with partially
permeable inlet shows the least amount of particle displacement, and no obvious flow channel is
developed. Such observation is consistent with
the results in Fig. 10. The specimen with a partially

permeable outlet exhibits slightly larger particle
displacements than the partially permeable inlet,
but particles with large displacement are mainly
located at the center of the specimen. As a result,
the number of eroded particles is small. In the two
specimens with impermeable zones on the left
and right, the flow velocity is increased due to a
decrease in flow area. Therefore, fines particles
are subjected to higher magnitudes of drag forces
and more readily migrate with the flow. Particularly, in the specimen with one impermeable zone
on the left side, the high velocity flow produces
an obvious flow channel on the right side,
through which a large number of particles are
eroded.
Fig. 12 shows the force chains of the specimens. For all the specimens, contact forces are
almost evenly distributed within the specimen
with only a slight concentration at the bottom at
the beginning of the test. During the test, as fines
particles continue to be eroded, contacts between
coarse particles are generated and force concentration appears. In other words, strong force
chains are prone to develop in regions with severe suffusion. For example, strong force chains
are observed near the partially permeable outlet
and the flow path in the specimen with an impermeable zone on the left.
Table 2 shows the final eroded mass of all
tests. The results indicate that the higher the fines
contact of the bottom soil layer, the higher cumulative eroded mass. When soils above the
bottom layer have higher fines content, suffusion
is alleviated. When soils above have lower fines
content, suffusion is more severe. The eroded
mass of the model with unilateral water entry is
lower than that of the model with normal water
entry. Under the condition of constant flow velocity, the erosion of the model with a unilateral
impermeable layer is higher than that of the
model with impermeable layers on both sides.
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Table 2 The final erosion weights of all tests

permeable regions, the volume of flow plays a
major role in determining the cumulative mass.
The impermeable zones inside soil specimens can
increase the flow velocity around these zones,
facilitating the migration of fines particles and
intensifying suffusion. Suffusion can also be alleviated by increasing the number of impermeable
zones, which can increase the length of flow path
and settle the fines particles.
The above observations enable engineers to
make a better prediction of eroded mass in real
engineering cases with various soil conditions.

Test

Final erosion weight (%)

FC15T-FC35T

46.93

FC35

35.02

FC15M-FC35TB

34.48

FC15

14.08

FC15TB-FC35M

13.08

FC15B-FC35T

10.12

Left side impermeable

38.38

Both sides impermeable

31.33

Partially permeable outlet

28.95

Partially permeable inlet

26.02

5 Conclusions
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In this paper, suffusion has been investigated
using a coupled DEM and CFD approach. In contrast to previous simulations and tests using homogeneous soil specimens and regular-shaped
specimens, this study focuses on suffusion in soils
with multiple layers and impermeable zones. The
parameters of the CFD-DEM model are first calibrated with the classic Ergun test and a good
match with experiment is obtained. Then suffusion in multi-layered soils with different fines
contents and soils impermeable zones is simulated and discussed.
For soils with multiple layers, the cumulative
eroded mass is mainly determined by the layer at
the bottom. In general, the higher the fines contact of the bottom soil layer, the higher the cumulative eroded mass. In addition, when soils
above the bottom layer have higher fines content,
suffusion is alleviated. On the other hand, when
soils above have lower fines content, suffusion is
more severe.
In the tests with specimens with various im-

U

Fig. 11 Evolution of particle displacement in specimens
with impermeable zones
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impermeable zones
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中文概要：
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目：不同细颗粒含量及含不透水区域层状土试样
CFD-DEM 潜蚀模拟
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999077； 湖南大学，土木工程学院，中国长沙，
410082
目

d
e
t
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d

的：不同细颗粒含量及含不透水区域层状土中的潜蚀
过程与均质土中的潜蚀过程存在差异。本文旨在
探讨非均质土以及复杂边界条件下间断级配土
的潜蚀过程。

创新点：1. 建立 CFD-DEM 耦合数值模型，并通过单颗粒
下落速度和 Ergun 测试进行模型验证,确认了该

e
n

方法的准确性；2. 分析了不同细颗粒含量层状土
对潜蚀量的影响，阐述了非均质土中潜蚀的演化

过程；3. 揭示了层状土中不同分布的不透水区域
对潜蚀的影响。
方

U

法：1. 采用颗粒下落以及 Ergun 测试对 CFD-DEM 耦

合数值模拟中流体及颗粒参数进行标定（图 2）
；
2. 利用标定参数对具有不同细颗粒含量的层状
土试样进行潜蚀模拟（图 7）
；3. 对含有不透水区
域的层状土试样进行潜蚀模拟。
结

论：1. 对于层状土样，累积侵蚀质量主要由底层土层
决定。一般来说，底层土层的细颗粒含量越多，
累积侵蚀量越大。此外，当底层以上的土层细粒
含量较高时，潜蚀得到缓解。当底层以上的土层
细粒含量较低时，潜蚀较为严重。
2. 对具有不同不透水区域的试样进行的测试表
明，流量在决定累积质量方面起主要作用。土样
内部的不透水区域可以增加周围区域的流速，有
利于细颗粒的迁移，加剧潜蚀。但当不透水区域
较多时，由于增加了流动路径的长度，阻碍细颗
粒的迁移，潜蚀程度则有所降低。

关键词：潜蚀；层状土样；流动边界；不透水区；CFD-DEM

