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Abstract
Accurately assessing the erodibility of geomaterials is of great significance for the design of earthen structures and the 
prevention of the associated failure induced by seepage force. Recently, the un-resolved Computational Fluid Dynamics–
Discrete Element Method (CFD–DEM) has been widely used to investigate internal erosion. However, due to the use of 
wall boundary and the fact that the fixed CFD domain cannot be changed with the soil sample’s volume contraction during 
the erosion test, a larger porosity at the boundary of the CFD domain is commonly formed, resulting in sidewall preferential 
flow (i.e., relatively more fine particles migrate along the boundary of the DEM domain) and thereby overestimating the soil 
erodibility. In this study, a new method based on particle boundary is developed to tackle this problem. The newly proposed 
particle boundary can prevent its particles from erosion via inter-particle bonding and transfer stress from servo walls to the 
simulated sample. An optimal particle boundary thickness is determined by considering sample contraction and computa-
tional efficiency. The performance of the new method was compared with the conventional method and also verified using 
experimental results. The results show that the newly proposed method has significantly improved the uniformity of fluid 
velocity distribution. Furthermore, the cumulative eroded mass of fine particles in the new model is approximately 15% 
lower than in the conventional model. It is convincingly demonstrated that the new method can simulate internal erosion 
better and give a more accurate assessment of geomaterial erodibility.
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Introduction

Soil erosion generally includes internal erosion and surface 
erosion. Seepage-induced internal erosion would lead to a 
change in soil properties (e.g., porosity, permeability, and 
shear strength) (Bora et al. 2022; Garg et al. 2022; Li et al. 
2023), which ultimately lead to the failures of hydraulic 

geo-structures such as earth dams, embankments and dikes 
(ICOLD 2013). Numerous experimental and numerical stud-
ies have been carried out to investigate the macroscopic and 
microscopic behavior of internal erosion (Bendahmane et al. 
2008; Chen et al. 2021; Cheng et al. 2021; Ke and Takahashi 
2014; Li and Li 2023; Nie et al. 2023; Zhao and Shan 2013). 
In addition, there have been recent developments in theoreti-
cal models utilizing erosion constitutive laws for simulating 
internal erosion (e.g., Bora et al. 2023; Cai et al. 2023). It is 
worth noting that, the unresolved CFD–DEM approach has 
recently received much attention because of its relatively 
higher computational efficiency than the fully-resolved or 
semi-resolved CFD–DEM (Cheng et al. 2021; Nijssen et al. 
2023). It can reveal the evolution of soil microstructure dur-
ing erosion (Liu et al. 2023; Mu et al. 2022).

In existing unresolved CFD–DEM simulations, a repre-
sentative volume element (RVE) is generally modeled using 
5000 to 50,000 particles and 5 to 10 fluid cells in each direc-
tion of the model. Rigid and planar walls are commonly 
generated to serve as boundaries of the RVE, such as the 
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modeling in Hu et al. (2019, 2020), Wang et al. (2022), and 
Zhang et al. (2023). As a result of using these wall bounda-
ries, sidewall preferential flow typically occurs during seep-
age testing (Kim et al. 2019; Premkumar et al. 2016). For 
instance, in the studies by Hu et al. (2019, 2020), it was 
observed that due to the preferential flow near the perimeter 
of the sample, most fine particles adjacent to the wall are 
eroded, while the center of the sample does not have obvi-
ous erosion. It is worth noting that many researchers have 
recognized the issue of sidewall preferential flow, especially 
in laboratory experiments, and several methods have been 
proposed to prevent this problem, as it often determines 
the success or failure of experiments. For example, Chen 
et al. (2021) used Vaseline to coat the sidewalls of the per-
meameter in suffusion tests, and Zhou et al. (2018) applied 
latex membranes inside the test chamber to prevent sidewall 

preferential flow, yielding favorable experimental outcomes. 
These findings emphasize the significance of preventing 
sidewall preferential flow. However, there have been limited 
numerical simulation studies addressing this problem, which 
might lead to an overestimation of soil erosion development, 
subsequently impacting the accurate assessment of the erod-
ibility of geomaterials.

Figure 1 shows the cross-section of a cubic soil sample 
perpendicular to the seepage direction using the conven-
tional modeling method. Pore W near the wall is larger than 
pore P inside the sample, leading to a higher fluid veloc-
ity near the boundary. The fluid cells in the CFD domain 
are fixed, and their range is generally identical to the initial 
sample size defined in the DEM domain. Figure 2 illustrates 
the distribution of fluid cells under two different bound-
ary conditions: (i) non-displacement boundary; and (ii) 

Fig. 1   Schematic diagram of the conventional method: a cross-section of soil sample perpendicular to seepage direction

Fig. 2   Fluid cells in the conventional method under different boundary conditions: a non-displacement boundary; b constant-stress boundary 
using a servo-controlled approach
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constant-stress boundary using a servo-controlled approach. 
In the latter case, the sample in the DEM domain may expe-
rience significant volumetric contraction during consolida-
tion and erosion. Therefore, the CFD domain becomes larger 
than the DEM domain. The porosity of fluid cells and the 
predicted water velocity at the boundary of the DEM domain 
would become very large. Given the above two problems, 
the water flow velocity is higher near the wall boundary, 
inducing the sidewall preferential flow (Hu et al. 2020). 
Consequently, more fine particles migrate along the wall 
boundary (Nguyen and Indraratna 2020; Xiong et al. 2021; 
Zou et al. 2020), overestimating the erosion initiation and 
development (i.e., soil erodibility).

Some recent studies have attempted to tackle this prob-
lem. Gu et al. (2019) created a much larger granular assem-
bly (i.e., DEM domain). Other particles surrounding the 
numerical sample were treated as particle boundaries, and 
their locations were fixed. Liu et al. (2020) built a granular 
assembly slightly larger than the sample, but they did not 
propose a method to determine the size of the DEM domain. 
The above approaches only overcome wall boundary defi-
ciency and are suitable for erosion tests involving little or 
no sample volume change. However, preferential flow still 
occurs if the sample volume decreases significantly during 
the erosion stage. Therefore, a more efficient method for 
preventing preferential flow is desired. It is worth noting 
that periodic boundary conditions can help reduce the high 
porosity caused by the rigid and planar walls. However, for 
a sample with a given volume, it may lead to additional fines 

loss due to volumetric contraction at the periodic boundary. 
This might explain why the existing CFD–DEM studies have 
not utilized this approach (e.g., Gu et al. 2019; Shi et al. 
2018; Zou et al. 2020).

In this study, a new un-resolved CFD–DEM modeling 
method is developed to simulate internal erosion without 
sidewall preferential flow. In the following sections, the 
modeling methods are first introduced. Then, numerical 
simulations are conducted to compare the efficiency of the 
new and conventional modeling approaches. Finally, the per-
formance of the new method is justified by a one-way analy-
sis of variance (ANOVA) and verified using experimental 
data from the literature.

A new modeling method for coupled CFD–
DEM

As explained above, the use of wall boundaries is a major 
reason for the preferential flow. To address this problem, 
particle boundary is used for the numerical sample based 
on the principle of flexible membrane boundary (Cheung 
and O'Sullivan 2008). In other words, coarse particles are 
added around the numerical sample (see Fig. 3), where both 
micro and macro behaviors of soil particles are determined 
and analyzed. These added particles are treated as a particle 
boundary of the numerical sample to reduce pore size near 
the walls. Moreover, a linear contact bond model (Itasca 
Consulting Group, 2015) is set at the inter-particle contacts 

Fig. 3   Schematic diagram of the new modeling method under different boundary conditions: a non-displacement boundary; b constant-stress 
boundary using a servo-controlled approach
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inside the particle boundary, so that these newly-added par-
ticles are not dragged away by seepage force (Li et al. 2017).

On the other hand, the preferential flow is intensified 
by volumetric contraction, which leads to a gap between 
the CFD domain boundary and the sample boundary (see 
Fig. 2b). From the perspective of eliminating preferential 
flow, a thicker particle boundary is preferred. In fact, if 
numerical computational efficiency is not the primary con-
cern, the thickness of the particle boundary can be quite 
substantial. However, the thickness of the particle bound-
ary should not be too large because the CFD–DEM cou-
pled analysis is very time-consuming. Therefore, an optimal 
thickness of the particle boundary needs to be determined to 
seek good computational efficiency and accuracy. Consider-
ing that the CFD and DEM programs run separately when 
not coupled, DEM’s computational domain can be set larger 
than CFD's. For a given numerical sample (a in height and 
b in width, equal to the size of the CFD domain), the initial 
size of the DEM domain is determined as follows:

Under non-displacement conditions (see Fig. 3a), only 
one row/column of coarse particles is used along each side, 
sufficient to reduce the porosity near the boundary walls. 
Therefore, the new model’s dimensions can be determined 
by Eqs. (1 and 2):

where L1 and L2 are the height and width of the new model 
under non-displacement conditions, respectively; d is the 
average diameter of coarse particles.

For the sample under constant-stress conditions (see 
Fig. 3b), it is necessary to consider the volume contraction 
(i.e., radial or axial strain) in addition to the above consid-
eration. By modifying Eqs. (1 and 2), the size of the DEM 
domain is as follows:

where L’1 and L’2 are the height and width of the new model 
under constant-stress conditions, respectively; ∆a and ∆b 
denote the reductions in height and width of the original 
model due to consolidation and seepage erosion, respec-
tively, which can be determined by some preliminary tests.

It should be noted that the size of the above new model is 
relatively optimal for ensuring good computation efficiency 
and accuracy. The dimension in the third direction can also 
be determined similarly. Given that fine particles occupy the 
inter-particle voids among the coarse particles, their impact on 
the thickness of the particle boundary is negligible. Therefore, 

(1)L1 = a + 2d,

(2)L2 = b + 2d,

(3)L�
1
= a + 2d + Δa,

(4)L�
2
= b + 2d + Δb,

when determining the thickness of the particle boundary, we 
consider only the presence of coarse particles. The particle 
boundary and the numerical sample are simultaneously gen-
erated as they are set to be the same particle size distribution 
(PSD). This means that the particle boundary includes a mix-
ture of coarse and fine particles. To prevent the finer particles 
in the boundary from being dragged away by seepage force, a 
bonding is set at the inter-particle contacts inside the particle 
boundary.

Performance of the new modeling method

Coupled CFD–DEM method

Numerical simulations were carried out to evaluate the new 
method's performance. All simulations are implemented in the 
PFC3D program using a fixed coarse mesh scheme (i.e., a so-
called un-resolved method) (Yao et al. 2020). The methodol-
ogy details on the coupled CFD-DEM are briefly introduced 
below.

Governing equations for fluid phase

In the CFD domain, the fluid flow is governed by the conti-
nuity and locally averaged Navier-Stokes equations (Hu et al. 
2020; Nguyen and Indraratna 2020), as shown in Eqs. (5 and 
6):

where n is the porosity of a fluid cell; t is the time; v is the 
fluid velocity vector; �f  is the fluid density; p is the fluid 
pressure; ∇p is the gradient of fluid pressure; � is the viscous 
stress tensor; g is the gravity acceleration; f int is the interac-
tion force per unit volume between the particles and fluid.

Governing equations for solid phase

In the DEM domain, the motions of solid particles are com-
puted by Newton’s second law of motion (Cundall and Strack 
1979). The translational and rotational motions of particles are 
governed by the following equations:

(5)
�n

�t
= −(∇ ⋅ nv),

(6)
�(nv)

�t
= −(∇ ⋅ nvv) −

n

�f
∇p −

n

�f
∇ ⋅ � + ng +

f int

�f
,

(7)�u

�t
=

fmech + ffluid

m
+ g,

(8)
�w

�t
=

M

I
,
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where u is the particle velocity vector; m is the particle mass; 
fmech is the sum of additional forces acting on the particle; 
ffluid is the total force (the drag force and the pressure gra-
dient force) applied by the fluid on the particle; w is the 
particle angular velocity; I is the moment of inertia, and M 
is the moment acting on the particle.

Fluid–solid interaction

In this study, the predominant forces between the particle 
and fluid, including the drag force f d and the pressure gra-
dient force f

�p are considered (Wang et al. 2022). The total 
fluid-particle interaction force on an individual particle can 
be written as:

The pressure gradient force f
�p is calculated according 

to the expression:

where the Vp is the volume of the particle, the drag force can 
be expressed by the theory of Di Felice (1994):

where dp is the diameter of the particle; Cd is the parti-
cle–fluid drag coefficient depending on particle Reynolds 
number Rep ; �f  is the dynamic viscosity; � is the empirical 
coefficient to account for the local porosity.

Model implementation

Model setup

A cubic soil sample (14 mm × 14 mm × 14 mm) is simulated 
under isotropic stress of 50 kPa (e.g., Hu et al. 2019; Liu 
et al. 2020). The simulated sample here is a gap-graded 
mixture composed of fine particles with a radius of 0.25 mm 
and coarse particles with a radius of 1.0 mm, identical to 
Liu et al. (2020). According to the criterion proposed by 
Kézdi (1979), the simulated soil is internally unstable for 
internal erosion.

Based on some preliminary tests conducted on 
samples with fines contents of 15%, 25%, and 35% 

(9)ffluid = f d + f
�p.

(10)f
�p = Vp∇p,

(11)

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

f d =
1

8
Cd�f πd

2
p
(u − v)�u − v�n−�

Cd =

�
0.63 +

4.8√
Rep

�2

Rep =
�f dp�u − v�

�f

� = 3.7 − 0.65 exp

�
−
(1.5 − log10 Rep)

2

2

�
,

without considering sidewall preferential f low, it is 
observed that the maximum deformation (∆a or ∆b) 
in each direction is around 0.5  mm during consoli-
dation, and it is only about 0.02  mm during erosion, 
i.e.,, ∆a or ∆b = 0.52 mm. According to Eqs. (3 and 4) 
proposed in Sect. "A new modeling method for cou-
pled CFD–DEM", L’1 = a  + 2d  + ∆a  = 18.52   mm, 
and L’2 = b + 2d + ∆b = 18.52  mm, which is approxi-
mately 18.5  mm. Hence, the new model size is 
18.5 mm × 18.5 mm × 18.5 mm (see Fig. 4b). Other con-
figuration parameters are detailed in Table 1.

Numerical program

This study uses new and conventional methods to simulate 
erosion tests with different fines contents (FC). To further 
evaluate the model capability, numerical results from the 
new and the conventional methods were compared with 
experimental results in Ke and Takahashi (2014), which 
studied the seepage-induced erosion of a silica sand binary 
mixture. Three fine contents (i.e., FC = 15%, 25%, and 
35%) were considered. It is worth noting that the experi-
mental results are obtained using a triaxial permeameter 
using a flexible membrane, in which preferential flow can 
be effectively prevented. Details of the numerical program 
are summarized in Table 2.

Simulation procedure

The simulation procedure comprises four stages: sample 
generation, consolidation, reconsolidation, and erosion 
test. In the first stage, the granular assembly with the des-
ignated PSD is generated by randomly inserting sample 
particles in the three-dimensional(3D) cuboid domain (see 
Fig. 4). During the consolidation phase, the sample is iso-
tropically confined to achieve the desired mean effective 
stress of 50 kPa. In the reconsolidation stage, the top wall 
is first replaced by a permeable wall (i.e., filter screen). 
Note that the filter has a mesh spacing 2.5 times larger 
than the average particle size of the fine particles, allowing 
fine particles to pass through. Besides, an inter-particle 
contact bonding (see Table 1) is set in the particle bound-
ary to make them like a flexible membrane (Cheung and 
O'Sullivan 2008). Then, the isotropic stress of 50 kPa is 
again applied to the granular assembly. In the final stage, 
a relatively large hydraulic gradient, i = 2.0, and erosion 
time, t = 15 s, are selected for the erosion tests (Liu et al. 
2020). Note that the 15 s duration is sufficient to allow ero-
sion within the soil sample to reach its maximum extent, 
meaning that in the later stages of the test, no further fine 
particles are being eroded.
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Comparison between the new and conventional 
modeling methods

Comparison of fines loss

The cumulative eroded fines mass me, defined as the ratio 
of eroded fine particle mass to the initial total mass of the 

sample, is a crucial indicator of soil erosion degree. Figure 5 
illustrates the evolution of me over time under varying fines 
content using the conventional and new modeling methods. 
It is evident that, for a given fines content, the me obtained 
using the new modeling method is consistently higher than 
that obtained using the conventional modeling method. For 
instance, in the case of FC15-Con, the me is 17% higher 

Fig. 4   Numerical models 
established by: a conventional 
method; b new method
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Table 1   Summary of the 
numerical model parameters

Property names Parameter types (units) Values

Particle boundary Particle Young's modulus (kPa) 3 × 104

Normal and Shear bond strength (kPa) 4 × 103

friction coefficient 0.0
Simulated sample sample L × W × H (mm) 14 × 14 × 14
Model dimension New model L × W × H (mm) 18.5 × 18.5 × 18.5

Conventional model L × W × H (mm) 14 × 14 × 14
Particle Particle diameter (mm) 0.5 ~ 2.0

Young's modulus (kPa) 3 × 104

Poisson's ratio 0.3
friction coefficient 0.3

Wall Wall stiffness (N/m) 1 × 107

friction coefficient 0.0
Fluid Cell size (m3) 2.8 × 2.8 × 2.8

Density (Kg/m3) 1 × 103

Dynamic viscosity (Pa·s) 0.001
Coupling parameters DEM timestep (s) 5 × 10–7

CFD timestep (s) 5 × 10–5

Coupling interval (s) 5 × 10–5

Simulation time (s) 15
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than FC15-New. Similarly, in the case of FC25-Con, it is 
15% higher than FC25-New, and in the case of FC35-Con, 
it is 14% higher than FC35-New. The primary reason for 
this difference is that the numerical models generated using 
the conventional modeling method exhibit higher porosity at 
the wall boundary, resulting in higher flow velocities. Con-
sequently, this leads to a greater loss of fine particles at the 
boundaries of the sample. Subsequent sections will provide a 
more detailed analysis of the sources of eroded fine particles 
and the flow field in the CFD domain, further elucidating 
this phenomenon.

Figure 6 shows the distribution of the original position 
of eroded fine particles in the x–y plane. The conventional 
method predicts a highly non-uniform distribution and 

more particle loss occurs at the boundary. The particle 
loss in the new methods looks quite uniform. When com-
paring FC15-Con with FC35-Con, the difference in fine 
particle loss between the boundary and center cells in 
the case of FC15-Con may appear less significant. This 
observation is primarily attributed to the relatively lower 
fines content in the sample, resulting in a smaller discrep-
ancy in the number of particles between the boundary and 
center cells. To provide a more precise analysis of the 
difference between the boundary and center cells for all 
samples, a one-way analysis of variance (ANOVA) was 
carried out to analyze these observations quantitatively. 
The statistical analysis was performed using the Statisti-
cal Product Service Solutions (SPSS) version 26 (IBM 

Table 2   Simulation program Case number Model types Hydraulic 
gradient, i

Isotropic stress, 
P (kPa)

Fines content, 
FC (%)

void ratio, e

FC15-New New model 2.0 50 15 0.56
FC15-Con Conventional model 2.0 50 15 0.56
FC25-New New model 2.0 50 25 0.47
FC25-Con Conventional model 2.0 50 25 0.47
FC35-New New model 2.0 50 35 0.44
FC35-Con Conventional model 2.0 50 35 0.44

Fig. 5   The cumulative eroded 
masses vary with the testing 
time using the conventional 
and new modeling methods: 
a FC = 15%; b FC = 25%; c 
FC = 35%
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2012) in terms of 95% confidence level. The results of 
ANOVA are given in Table 3. In the conventional method, 
the difference in fine particle loss between the boundary 

and center cells is significant (i.e., P value < 0.05). In 
contrast, the difference is not significant in the new 
method.
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Fig. 6   Distribution of the original position of eroded particles: a FC15-Con; b FC15-New; c FC25-Con; d FC25-New; e FC35-Con; f FC35-
New
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Comparison of velocity distribution

To explain the above results about particle loss, the veloc-
ity distributions of the flow field are determined for analy-
sis. In the cases of FC15-Con, FC25-Con, and FC35-Con 
(see Figs. 7a, 8a, and 9a), the fluid velocity at the bound-
ary is significantly higher than that in the center before 
erosion (i.e., t = 0.001 s). The difference becomes more 
significant after erosion (i.e., t = 15 s), implying that the 
high fluid velocity along the model walls has eroded more 
fine particles.

On the contrary, for the cases of FC15-New, FC25-New, 
and FC35-New, the velocity distributions are much more 
uniform at the beginning of the erosion tests (see Figs. 7b, 
8b, and 9b). It implies that the soil structure modeled by 
the new method is relatively homogeneous. Moreover, 
when the erosion tests end (i.e., t = 15 s), the velocity dis-
tributions remain uniform, indicating no obvious prefer-
ential flow occurs in new models.

Comparison between computed and experimental 
results

Figure 10 shows the comparison between the experimen-
tal results (Ke and Takahashi 2014) and computed results. 
Because the time scales of the experiment and simulation are 
different, the normalization method is applied (Jäger et al. 
2018; Yin et al. 2021). Specifically, in each tested method, 
the dimensionless time td = t/ttotal, where t is the elapsed time 
and ttotal is the total erosion time; the dimensionless eroded 

mass med = me/me, FC=35%, where me, FC=35% is the cumulative 
eroded mass of sample with FC = 35%. The erosion curves 
generated by the new method closely align with the experi-
mental results. The difference between the computed results 
in the new method and the experimental results, particularly 
during the early testing age (from dimensionless time 0 to 
0.4), may be primarily attributed to the shape of soil par-
ticles and the method of applying the hydraulic gradient. 
In contrast, the erosion rate in the conventional method is 
significantly higher, especially in the early testing age. As 
a result, it can be concluded that the new method is more 
suitable for simulating the erosion behavior of soil samples.

Discussion

As mentioned earlier, apparent sidewall preferential flow has 
been observed in internal erosion simulations on soil samples 
with different fines contents using the conventional modeling 
method. It is worth noting that as the fines content increases 
from 15 to 35%, the difference in cumulative eroded fines 
mass between the new and conventional methods gradually 
decreases, reducing from 17 to 14%. The primary reason 
is that, in simulations with soil samples featuring higher 
fines content using the conventional method, more fine 
particles densely fill the wall boundaries, resulting in a more 
uniform distribution of particles throughout the sample. This 
leads to a smaller difference in porosity between the wall 
boundary and the center of the sample, ultimately reducing 
the sidewall preferential flow effect. This phenomenon is 
further supported by observations in Figs. 7, 8, and 9. These 

Table 3   Comparison of fine 
particle loss from the boundary 
and center cells

d.f.: degree of freedom; N.S.: not significant

Sample ID Source d.f Sum of squares Mean squares F P

FC15-Con Treatment 1 1.33 1.33 6.24  < 0.001
Residual 23 0.85 0.04
Total 24 2.18

FC15-New Treatment 1 0.21 0.21 3.68 N.S
Residual 23 1.29 0.06
Total 24 1.50

FC25-Con Treatment 1 1.88 1.88 6.95 0.0179
Residual 23 1.12 0.26
Total 24 2.30

FC25-New Treatment 1 0.53 0.53 2.84 N.S
Residual 23 1.98 0.18
Total 24 1.54

FC35-Con Treatment 1 0.58 0.58 5.79 0.0104
Residual 23 1.71 0.07
Total 24 2.29

FC35-New Treatment 1 0.17 0.17 3.06 N.S
Residual 23 1.28 0.06
Total 24 1.46
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figures reveal that with an increase in fines content, the 
velocity difference between the sample’s wall boundary and 
center gradually decreases, indicating a diminishing sidewall 
preferential flow effect.

This observation offers valuable insights and practical 
implications. Increasing the fine particle content within the 
soil, particularly near rigid sidewalls, can be an effective 
means of mitigating sidewall preferential flow. Addition-
ally, for laboratory erosion experiments, the application of 

binding materials at the wall boundaries can immobilize the 
particles and replicate the functionality of particle bounda-
ries. It is evident that incorporating particle boundaries into 
internal erosion simulations is an effective approach for pre-
venting sidewall preferential flow. However, it is important 
to note that the particle boundary can lead to the generation 
of more particles, potentially impacting numerical compu-
tational efficiency. Therefore, it is necessary to conduct a 
thorough evaluation of this trade-off and explore potential 

Fig. 7   Fluid velocity distri-
bution computed using the 
conventional and new methods: 
a FC15-Con; b FC15-New
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Fig. 8   Fluid velocity distri-
bution computed using the 
conventional and new methods: 
a FC25-Con; b FC25-New
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optimizations of particle boundary thickness to enhance 
computational efficiency in future studies.

One might wonder if this new model can simulate soils 
containing very fine particles, such as biochar or ash (Chen 
et al. 2023; Wani et al. 2022), or replicate real field condi-
tions. In theory, simulating these scenarios is indeed possi-
ble. However, it is essential to acknowledge that simulating 
soils with an abundance of such fine particles can signifi-
cantly impact computational efficiency. Given current com-
putational capabilities, it is not advisable to simulate the 
soils containing biochar or ash and the real field conditions 

due to the substantial increase in the number of particles. 
Instead, it is recommended to use representative volume ele-
ments (RVE) to simulate real soil samples.

Conclusion

Sidewall preferential flow is generally observed in conven-
tional CFD–DEM simulations of internal erosion due to 
rigid wall boundary conditions and the volume contraction 
induced by consolidation and seepage erosion. This study 
proposes a particle boundary instead of a wall boundary to 
address this problem. The optimal dimensions of the new 
model under non-displacement boundary and constant-stress 
boundary conditions have been established. Comparisons 
of fines loss and velocity distribution in three pairs of 
numerical tests are conducted, showing that the percent-
age of cumulative eroded fine particles in the new model is 
approximately 15% lower than in the conventional model. 
The new method is verified using experimental results with 
different fines contents. It suggests that the newly proposed 
modeling method can simulate internal erosion well and give 
a more accurate assessment of geomaterial erodibility.
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Fig. 9   Fluid velocity distri-
bution computed using the 
conventional and new methods: 
a FC35-Con; b FC35-New
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