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Abstract: The effect of particle shape on the suffusion of gap-graded soils is an essential although poorly understood subject in geotechnical
engineering that requires further investigation. This work presents a macroscale and microscale numerical investigation into the effect of
particle shape on the suffusion of gap-graded granular materials. Rounded, elliptical, and convex particles with the same volume-equivalent
diameter and varying shape coefficients were generated and used to produce samples. Next, a series of resolved coupled computational fluid
dynamics (CFD) and discrete-element method (DEM) simulations were performed to provide evidence of the effect of particle shape on
the suffusion susceptibility of gap-graded soils. The evolution of particle orientation, moment, and drag force coefficient were analyzed to
determine the mechanisms by which particle shape exerts influence. The fine angular particles under seepage flow were found to adjust their
orientation, reducing the projected area of the particle perpendicular to the fluid flow direction. Fine particles in high-flow-velocity regions
had a smaller projected area and drag force coefficient. The continuous rotation of the irregularly shaped particles during suffusion implies
that their migration should counteract the moments exerted by the surrounding particles. In the sample containing various irregularly shaped
particles, the initial position of the most irregularly shaped particle was closer to the outlet, implying that irregularly shaped particles are less
susceptible to suffusion. DOI: 10.1061/JGGEFK.GTENG-11891. © 2024 American Society of Civil Engineers.

Author keywords: Granular material; Internal erosion; Computational fluid dynamics (CFD); Discrete-element method (DEM); Particle
shape; Micromechanics.

Introduction

Suffusion, which is a major type of internal erosion affecting gap-
graded soils, involves the selective loss of the fine fraction within a
coarse soil matrix under the action of seepage. The geometrical cri-
teria of suffusion proposed in the literature usually are based on the
profile of the particle-size distribution (PSD) curve or the equiva-
lent diameter of voids between soil particles (Kenney and Lau 1985;
Burenkova 1993; Indraratna et al. 2011). However, natural soil and
sand particles usually are irregularly shaped, meaning that the par-
ticle length varies along different axes. Therefore, basing the geo-
metrical criteria on a single particle-size parameter is likely to lead
to a failure to evaluate suffusion susceptibility properly in some
cases. Several studies that explored the effects of particle shape
(e.g., aspect ratio and angularity) on suffusion in laboratory experi-
ments (Marot et al. 2012; Fleshman and Rice 2014; Slangen and

Fannin 2017; Maroof et al. 2021) reported that an increase in par-
ticle aspect ratio and angularity caused a reduction in hydraulic
conductivity and an increase in the suffusion resistance. Numerical
analysis (Guises et al. 2009) revealed that the coordination number
of a granular packing increased with the increase of aspect ratio of
the constituent particles until it reached a plateau for the largest
aspect ratios (>1.8). A larger coordination number contributes to
the retention of the fine particles, and accordingly increases the
soil’s erosion resistance (Shire et al. 2014; Liu et al. 2020b). One
study based on the capillary tube model (Dallo and Wang 2016)
found that irregularly shaped particles decreased the mean diameter
of pores and increased the probability of fine-particle clogging.

In recent years, numerical experiments exploring such problems
have been carried out mainly using coupled computational fluid
dynamics (CFD) and the discrete-element method (DEM), including
some recent works on polyhedral particles (Xiong et al. 2021; Zhou
et al. 2023). The unresolved CFD-DEM method is frequently em-
ployed in these studies, where the particle diameter is smaller than
one-third of the CFD cell length (Link et al. 2005), and the local
volume-averaged Navier-Stokes equation is solved. Interaction force
(e.g., drag force) between fluid and particle is calculated by empiri-
cal equations deduced from laboratory experiments, such as a single
particle settling in the liquid (Di Felice 1994). For irregularly shaped
particles, empirical drag force models are inadequate for accurately
representing the fluid-induced drag force and moment (Shen et al.
2022). Due to the limitations of the method, the influence of some
key factors (e.g., particle orientation, aspect ratio, and actingmoment)
on suffusion remains elusive. Previous research suggests that these
factors significantly affect particle movement and the characteristics
of the fluid field (Ma et al. 2017; Liu et al. 2020a).

The resolved CFD-DEM method based on immersed boundary
method (IBM) has the capacity to directly resolve drag forces ex-
erted on particles, thereby eliminating the need for empirical drag
force models. When the CFD mesh size is sufficiently refined, the
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IBM method exhibits greater precision and reasonability in captur-
ing fluid–particle interaction forces. This method is also applicable
in the context of the lattice Boltzmann method–discrete-element
method (LBM-DEM) coupling approach (Feng and Michaelides
2004; Kang and Hassan 2011).

In view of the aforementioned issues, this study investigate the
effects of the particle aspect ratio and angularity on the suffusion
susceptibility of gap-graded solids based on resolved CFD-DEM
simulations. A systematic numerical simulation of suffusion was per-
formed on samples with nine different particle shapes. The simulated
macroresponse of the eroded particle mass was interpreted from the
micromechanical perspective, including the evolution of particle ori-
entation, drag force, and coordination number.

Resolved CFD-DEM Method and Irregularly Shaped
Particle Generation

The resolved CFD-DEM used in this study consisted of three
main ingredients: CFD, DEM, and the immersed boundary method
(Peskin 1972; Hager et al. 2014; Shen et al. 2022). CFD and DEM
were employed to model fluids and dispersed particles with inter-
particle interactions, respectively. Fluid–particle interaction was
fully resolved via the immersed boundary method (Peskin 1972).
Specifically, the fluid domain and particle domain were assumed
to overlay each other, with the fluid mesh size much smaller
(e.g., about 1/8–1/10) than the particle size (Hager et al. 2014).
The effect of particle motion on the fluids was accounted for by
enforcing the fluid velocity to be the same as that of the particles,
whereas the force exerted on the particles by the fluids was com-
puted by integrating the pressure gradient and viscous stress over the
surface of the particles. The drag force acting on irregularly shaped
particles during suffusion was calculated directly using the resolved
CFD-DEM method, thus eliminating the reliance on empirical drag
force models. Furthermore, the method employed in this study en-
ables the capture of particle rotation and moments during suffu-
sion, which in turn facilitates the investigation of their impacts on
the suffusion process. The suffusion behavior of mixed-shape
particles was examined and compared with that of single-shape
particles. Therefore, fluid–particle interaction was fully resolved,
and the particle size and shape effect could be considered explic-
itly. For the sake of completeness, the formulation of the DEM,
CFD, and CFD-DEM coupler is described briefly in the follow-
ing section; Hager et al. (2014) and Shen et al. (2022) presented
more details.

Governing Equations for DEM

DEM is a widely used approach for simulating the behavior of
dispersed particles based on Newton’s second law of motion
(Cundall and Strack 1979). At any time t, the equations governing
the translational and rotational motion of particle i are written as
follows:

mi
dUi

dt
¼

Xnci
j¼1

Fc
ij þ Ff

i

Ii
dωi

dt
þ ωi × ðIi · ωiÞ ¼

Xnci
j¼1

Mc
ij þMf

i ð1Þ

where mi and Ii = mass and moment of inertia tensor of particle i,
respectively; Ui and ωi = transitional and angular velocities of par-
ticle i, respectively; and nci = number of total contacts for particle i.
The forces involved include the contact force and torque acting on

particle i by particle j (i.e.,Fc
ij andM

c
ij), as well as the particle–fluid

interaction force and torque acting on particle i (i.e., Ff
i and Mf

i ).
Gravitational forcewas not considered in this study. This work used
the linear Hooke’s contact law in conjunction with Coulomb’s
friction law to evaluate interparticle contact forces.

The modeling of nonspherical particles employs polyhedral par-
ticles, wherein the significance of the shape edge, a vital geomet-
rical feature, is emphasized (Zhao et al. 2015). This study adopted
the Hertz–Mindlin contact model, which calculates the normal and
tangential forces based on the overlap between two interacting par-
ticles. In the case of polyhedral particles, this overlap corresponds
to the intersection of two sets of inequalities. The determination of
contact between two polyhedral particles is ascertained by estab-
lishing a common plane (Cundall 1988). If a plane can distinctly
separate all vertices of Particle A on one side from all vertices of
Particle B on the other, it signifies the absence of contact between
the two particles. Conversely, when such a differentiating plane can-
not be established, it indicates that the particles are in contact.

The normal orientation of contact for spheres is defined as the
vector connecting two spherical centers, whereas for polyhedral
particles, the vector is determined utilizing the least-squares fitting
method (Elias 2014). Based on the contact line, which can be ob-
tained by solving the set of bounding faces inequalities, a fitting
plane can be determined. The vector perpendicular to the fitting plane
through the mass center of overlap is defined as the normal contact
direction of polyhedral particles. A comprehensive introduction to
the contact detection and overlap calculation of polyhedral particles
has been well documented in the work of Zhao et al. (2015).

Governing Equations for CFD

For simplicity, this work focused on a single-phase incompressible
fluid. The CFD method solves the following continuity equation
and Navier–Stokes equation:

∂ρf
∂t þ∇ · ðρfUfÞ ¼ 0

∂ðρfUfÞ
∂t þ ∇ · ðρfUf ⊗ UfÞ ¼ −∇pþ ∇ · ðμf∇ ⊗ UfÞ þ ρfg

ð2Þ

where Uf = average velocity of a fluid cell; p = fluid pressure; ρf
and μf = fluid density and viscosity, respectively; g = gravitational
acceleration; and ⊗ denotes the direct product of two vectors. The
influence of particle motion on the fluid field is implemented by
enforced equality between particle velocity (us) and fluid cell veloc-
ity (Uf), as follows:

us ¼ Ui þ ωi × ri inΩp

Uf ¼ cUfαf þ usð1 − αfÞ inΩ ð3Þ

where cUf = fluid velocity before correction; ri = positive vector
relative to the particle centroid; αf (i.e., void fraction) = proportion
of fluid in a cell calculated by a multisphere mapping algorithm
(Hager et al. 2014), and αf ¼ 0 when the fluid cell is entirely oc-
cupied by a particle; and Ω andΩp are the whole simulation domain
and particle domain, respectively.

Hydraulic Force on Particles

The hydraulic force exerted on the particles by fluids is calculated
by integrating the fluid stress over the particle surface as follows:

© ASCE 04024008-2 J. Geotech. Geoenviron. Eng.
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t ¼ σ · n on ∂Ωp

σ ¼ −pI þ τ ¼ −pI þ μfð∇ ⊗ Uf þ Uf ⊗ ∇Þ ð4Þ

where σ = fluid stress for a Newtonian fluid; n = outward normal
vector of particle surface; I = unity tensor; and Ωp and ∂Ωp = par-
ticle domain and particle surface, respectively. With recourse to the
divergence theorem and transferring all of the hydraulic forces to
particle centroids, the hydraulic force subjected by the particles can
be calculated as

Fi;f ¼
I
∂Ωp

tdS¼
I
∂Ωp

σ · ndS¼
Z
Ωp

∇ · σdV ¼
Z
Ωp

ð−∇pþ∇ · τÞdV

Mi;f ¼
I
∂Ωp

r× tdS¼
I
∂Ωp

r× ðσ · nÞdS¼
Z
Ωp

r×∇ · σdV

¼
Z
Ωp

r× ð−∇pþ∇ · τÞdV ð5Þ

In addition, in a discretized form, the force and moment are
calculated as

Fi;f ¼
X

ð−∇pþ ∇ · τÞVcð1 − αfÞ ¼
X

fIBVcð1 − αfÞ
Mi;f ¼

X
r × ð−∇pþ∇ · τÞVcð1 − αfÞ

¼
X

r × fIBVcð1 − αfÞ ð6Þ

where Vc = volume of a fluid cell; τ ¼ μfð∇Uf þ ð∇UfÞTÞ; and
fIB ¼ −∇pþ ∇ · τ = fluid force for a Newtonian fluid.

The approach employed for fluid dynamics computation in this
study involved utilizing the finite-volume method (FVM) to solve
the Navier–Stokes equation. Other commonmethod for fluid dynam-
ics computation includes the lattice Boltzmann method, smoothed
particle hydrodynamics (SPH), and arbitrary Lagrange–Euler (ALE)
method. The finite-volume method was adopted in this study due to
the computational efficiency. For instance, smoothed particle hy-
drodynamics constitutes a discrete Hamiltonian system comprised
of material points of constant mass that evolves over time, and thus
SPH requires a neighbor-searching procedure for every particle at
each time step, which significantly impacts code efficiency (Douillet-
Grellier et al. 2019). In contrast, both the lattice Boltzmann method
and the FVM exhibit comparable computational efficiency, espe-
cially when dealing with simpler fluid models; LBM is superior in
dealing with complicated boundaries, but it requires specific algo-
rithms and meticulous consideration. Because this study involved a
cubic fluid domain with an inlet and outlet, boundary conditions
which are relatively simple and straightforward for the LBM and
FVM, the FVM was suitable, and was favored because the authors
possess substantial experience with FVM-based open-source code
(Liu et al. 2020b, 2021, 2023; Qian et al. 2021; Zhou et al. 2023).
The computational efficiency of the ALE method is higher than that
of the FVM (Xiao et al. 2017), and the ALE-DEM coupling ap-
proach remains unreported (Wang et al. 2022).

Irregularly Shaped Particle Generation and Shape
Quantification

A simple method based on spherical harmonics (SH) was adopted
to generate virtual particle shapes with prescribed shape features
(Wei et al. 2018). SH is a complete set of orthogonal functions de-
fined on the surface of a sphere. The coordination of the vertices on
a particle surface can be represented by SH expansion as follows
(Press et al. 1992):

0
B@

xðθ;ϕÞ
yðθ;ϕÞ
zðθ;ϕÞ

1
CA ¼

0
BBB@

Plmax
l¼0

P
l
m¼−l cmx;lYm

l ðθ;ϕÞPlmax
l¼0

P
l
m¼−l cmy;lYm

l ðθ;ϕÞPlmax
l¼0

P
l
m¼−l cmz;lYm

l ðθ;ϕÞ

1
CCCA ð7Þ

where Ym
l and cmx;l, c

m
y;l, and c

m
z;l = spherical harmonic functions and

coefficients of degree l and order m, respectively; and lmax = maxi-
mum SH degree used to reconstruct a particle surface.

The particle aspect ratio (AR) is characterized by the mean
value of the elongation index (EI ¼ p2=p1) and flatness index
(FI ¼ p3=p2)

AR ¼ EI þ FI
2

ð8Þ

where p1, p2, and p3ðp1 ≥ p2 ≥ p3Þ are the three principal di-
mensions of a particle, and are determined by principal compo-
nent analysis (Zhou and Wang 2017). Numerous techniques exist
for characterizing particle aspect ratio (Ersoy and Waller 1995;
Hentschel and Page 2003; Blott and Pye 2008; Suh et al. 2017;
Lai and Chen 2019). The approach chosen for this study is a
straightforward concept and involves simple calculations, but re-
sults in closely related elongation and angularity values for par-
ticles with different shapes. As Suh et al. (2017) indicated, the
aspect ratio of natural sand, computed as dmax=dmin, typically falls
within the range 1–5. Applying the shape parameter algorithms
utilized by Suh et al. (2017), the particles in this study had aspect
ratios of 1, 4, and 16. These values can effectively represent both
standard and extremely irregular particle shapes.

The particle angularity (AG) is controlled by a rotation-invariant
SH factor d2–8=d1

d2−8
d1

¼
X8
l¼2

dl
d1

dl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i∈ðx;y;zÞ

Xl

m¼−l
kcmi;lk2

vuut ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i∈ðx;y;zÞ

Xl

m¼−l
cmi;lc

m
i;l
�

vuut ð9Þ

where * denotes the conjugate transpose. The SH coefficients, cmx;l,
cmy;l, c

m
z;l, are constructed in two steps. First, a first-degree ellipsoid

(FDE) with specified aspect ratios is generated and used to calcu-
late d1. Second, the coefficient matrices of SH degrees between 2
and 8 (i.e., d2 − d8) are constructed from the value of d2–8=d1. Zhao
et al. (2017), Wei et al. (2018), and Lai and Chen (2019) provided
more details about the irregularly shaped particle generation method.
Fig. 1 shows the nine randomly generated particles with three dif-
ferent aspect ratios (i.e., AR ¼ 1.0, 1.9, and 4.2) and angularities
(i.e., d2–8=d1 ¼ 0, 0.4, and 0.8), which were used in a series of

Angularity (AG)

A
oitartceps

(A
R

)

0 0.4 0.8

4.
2

1.
9

1 Rounded

Angular

0 30

Fig. 1. Nine randomly generated particles with different shape coeffi-
cients (The legend indicates mean value of surface curvature).
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suffusion simulations. In subsequent sections, rounded particles
refers to the particles with AR ¼ 1.0, whereas angular particles
refers to those with AR ¼ 1.9 and 4.2. The selection of AR and
AG values served to clearly distinguish particle shapes across three
distinct levels. These nonstandard integer values were derived
from integer parameters (e.g., 1, 2) within the particle generation
method.

Validation of the Method

Single Particle Settling in Water

To validate the CFD-DEM methodology, a laboratory experiment
conducted by Guo et al. (2018) on the free settling of ellipsoidal
particles was used for comparison with the results of numerical
simulation. Fig. 2(a) shows the experiment setup, which involved
releasing a nonspherical particle, generated by a three-dimensional
(3D) printer, into a cylinder filled with water, in which it sank freely
under the force of gravity. As the velocity increases, the drag force
exerted on the particle gradually increases until it equilibrates with
gravity, resulting in a constant velocity known as the free settling
velocity. The volume equivalent sphere diameters (dpe) of the
ellipsoidal particles used in the experiment are 7.6 and 9.8 mm,
respectively, and a density of 1,031 kg=m3 at room temperature.
Detailed test conditions and particle properties were presented by
Guo et al. (2018). The CFD-DEM simulation used a similar-sized

particle as in the physical experiment, with an aspect ratio of 1.3.
The dimensions of the CFD domain were 40 × 40 × 110 mm,
which was large enough to ensure negligible border effects. Fig. 2(b)
shows a schematic representation of the simulation setup. Table 1
summarizes the key parameters for the validation model.

Fig. 3 shows the validation case results, including the predicted
and experimental velocities of particles in water. The coupled
CFD-DEM method accurately predicted the particle velocity, with
a maximum percentage difference of less than 5% compared with
experimental data. This outcome highlights the predictive capabil-
ity of the CFD-DEM method in capturing particle–fluid interaction
forces for a single particle. The disparity between the simulation
and experimental data probably resulted from the irregular shape
of the particle, which complicates the accurate identification of
solid–liquid interfaces. Additionally, there appears to have been an
imprecision in calculating the pressure and velocity field around the
irregularly shaped particle. The numerical solution for the Navier–
Stokes equation necessitates the transformation of a volume integral
into a surface integral using the divergence theorem. Consequently,
it is crucial to carefully address and enhance the accuracy of the
calculated velocity at the surface of the cell, particularly for cells
situated at the fluid–particle interface.

Particle Cluster Settling in Water

Pal and Kulkarni (2023) conducted experiments focusing on particle
clusters settling within a tranquil liquid environment in a container.

(a) (b)

Water 

dpe = 7.6, 9.8 mm

D = 40 mm

dpe= 8Lc

Lc

CFD cells

H
 

m
m

011
=

Irregular-shaped particle 
Volume equivalent
spherical particle 

Fig. 2. Diagram of free settling experiments: (a) experiment (reprinted from Particuology, Vol. 39, Y. Guo, Y. Yang, X. Yu, “Influence of particle
shape on the erodibility of non-cohesive soil: Insights from coupled CFD–DEM simulations,” pp. 12–24, © 2018, with permission from Elsevier);
and (b) CFD-DEM model.

Table 1. Summary of model parameters and settings for validation model

Content Model parameter Single-particle settling Particle cluster settling

Physical model Sample dimensions, L ×W ×H (mm) 40 × 40 × 110 150 × 150 × 100

Simulation time (s) 1.5 0.5

CFD Cells 60 × 60 × 165 360 × 360 × 245

Fluid viscosity, μf (Pa · s) 1 × 10−3
Density, ρf (kg=m3) 1,000

Timestep (s) 1 × 10−3

DEM Particle density, ρp (kg=m3) 1,031 1,580
Elastic modulus, E (MPa) 1 × 108

Poisson’s ratio, υ 0.3
Friction coefficient, μp 0.5

Timestep (s) 1 × 10−6
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Their findings revealed a significant correlation between the settling
time, the spreading time of the sugar cluster, and its initial mass.
Furthermore, the dynamic changes in the cluster’s morphology dur-
ing the settling process were well documented. Fig. 4 shows the
validation model setup consistent with the experiment. The sugar
particle model was designed with a cubic shape, measuring 2.45 mm
on each side, similar to the dimensions in the experiment. A particle-
to-fluid cell size ratio of 6 was adopted for expedited calculation.
Table 1 lists the properties of the particle and fluid adopted in the
simulation.

Fig. 5 shows the impact of the total initial mass of particles on
settling time within a square water tank, as determined through ex-
periments and simulations. Both sets of results indicate a decrease
in settling time as the cluster mass increases, indicating that the
methodology employed in this study can effectively account for
the intricacies of flow fields in porous media. According to the sim-
ulation findings, particles located at the center of the cluster experi-
ence reduced fluid influence due to their enclosure by other particles,
resulting in relatively lower drag forces. Consequently, particles at the
cluster’s center reach the tank bottom first. In the case of clusters with

larger masses, the central particles are enveloped by a greater number
of surrounding particles, leading to diminished drag forces and higher
vertical settling velocities. Fig. 6 shows the sequence of cluster
spreading after collision with the vessel bottom surface. The simu-
lated results aligned well with the experimental findings.

The discrepancy between the experimental and simulated results
arose primarily from variations in particle-size distribution and the
estimation of drag forces. Notably, the particle equivalent size did
not consistently measure 2.45 mm, and this value was not accu-
rately provided in the work by Pal and Kulkarni (2023). Further-
more, the resolved CFD-DEM method should be improved to
more-accurately define the interface between irregularly shaped
particles and the surrounding fluids. The precise values for veloc-
ity and pressure fields around these irregularly shaped particles, as
well as the drag forces, should be calculated to obtain a more rea-
sonable result. The following section presents a detailed analysis
of the performance of this method when applied to both irregularly
shaped and spherical particles.

Fig. 3. Evolution of free settling velocities for irregularly shaped
particles in the physical experiments and the simulations.

Fig. 4. Model setup for settling of particle cluster.

Fig. 5. Settling time versus mass of sugar particles in experiments and
simulations.

(a) (b)

(c) (d)

Fig. 6. Sequence of cluster spreading after collision with the vessel
bottom surface.
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Mesh Dependency Analysis

Particle sedimentation tests in Fig. 2(b) with a particle size–fluid
cell ratio (Rpc) of 3, 6, 9, 12, 15 were performed to investigate the
grid-dependent problem. Fig. 7 shows the terminal settling velocity
of spheres and ellipsoids for cases with identical settings, but meshes
of different grid size. For ellipsoids, the results for the two coarser
meshes (Rpc ¼ 3 and 6) differed significantly from those with the
finer meshes. However, the coarser mesh representations can pro-
vide a qualitative approximation of the terminal settling velocity,
i.e., larger particles typically exhibit higher terminal settling veloc-
ities. For spheres, the disparity between theoretical and simulated
outcomes was relatively smaller for coarser meshes compared to
ellipsoids. One likely reason for this disparity is the irregular shape
of the particle, which complicates the accurate identification of
solid–liquid interfaces. Additionally, there appears to be a challenge
in calculating the pressure and velocity field around the irregularly
shaped particle. The numerical solution for the Navier–Stokes
equation necessitates the transformation of a volume integral into
a surface integral using the divergence theorem. Consequently, it is
crucial to carefully address and enhance the accuracy of the cal-
culated velocity at the surface of the cell, particularly for cells sit-
uated at the fluid–particle interface.

Model Setup and Simulation Scenarios

Simulation Scenarios

A total of 17 simulation scenarios were analyzed to examine the
impacts of particle aspect ratio and angularity on the suffusion be-
havior of gap-graded soils. For fine particles, all nine shapes in
Fig. 1 were assessed individually in each scenario, and an addi-
tional scenario featured a blend of all nine fine particle shapes.
The study further examined the impact of flow direction, specifi-
cally investigating cases aligned with the direction of gravity,
perpendicular to the direction of gravity, and against the direction of
gravity. Additionally, the study explored the influence of suffusion
time. For each case, the specimen followed the PSD shown in Fig. 8.
Typically, the fine contact Fc (i.e., the ratio of the mass of fine par-
ticles to that of all particles) was about 10%, yielding a represen-
tative case of particle packing with coarse particles underfilled by

fine particles. A sample with a particle size ratio D15c=d85f ¼ 5.2
(where D15c and d85f are the diameters of the 15% mass passing in
the coarse fraction and the diameters of the 85% mass passing in the
fine fraction, respectively) is internally unstable according to the
Kenney and Lau criterion (Kenney and Lau 1985). The coarse par-
ticles play a crucial role in determining pore heterogeneity and flow
field characteristics. For simplicity, the shape of the coarse particle
remained uniform across all cases, characterized by an aspect ratio
of 1.9 and an angularity of 0.8. Notably, the dmax=dmin of this particle
was 4, which is a value that aligns with the shape parameter range
observed in natural sand particles (Suh et al. 2017). Table 2 summa-
rizes the settings of the 17 different simulation scenarios.

Model Geometry and Parameters

Fig. 9 shows an example of the model setup. The DEM domain
consisted of a cuboid pack of nonspherical particles with an ap-
parent packing size of about 10 × 10 × 10 mm. The CFD domain
was 10 × 10 × 12 mm. The cross section of the CFD domain was
slightly larger than the DEM sample to ensure that all fluid flowed
through the sample. The CFD domain was meshed into 75 × 75 ×
90 cells with a mesh size of about 0.13 mm, which was about 1=3
the fine particle equivalent diameter (i.e., 0.4 mm) and 1=15 the
coarse particle equivalent diameter (i.e., 2 mm).

The relatively large size of the CFD cell, which was only 3 times
smaller than the fine particle, might not precisely capture the fluid
dynamics around the fine particles. However, the adopted CFD cell
size was 15 times smaller than the coarse particles, which adequately
captured the flow field within the coarse particle matrix. The lower
resolution for the fine particles was a trade-off made for compu-
tational efficiency. The mesh dependency analysis in the section
“Mesh Dependency Analysis” demonstrated that the coarser mesh
representations can provide a qualitative approximation of the ter-
minal settling velocity, i.e., larger particles typically exhibit higher
terminal settling velocities. In the future, specific research will be
conducted to strike a balance between resolution and computational
efficiency. Table 3 summarizes the model parameters and settings.

Boundary Conditions

For the CFD domain, a constant inlet velocity of 0.1 m=s was
adopted for the bottom plane, the free-slip boundary condition was

Fig. 7. Terminal settling velocity of spheres and ellipsoids under dif-
ferent values of Rpc.

Volume-equivalent particle

Fig. 8. Sample gradation.

© ASCE 04024008-6 J. Geotech. Geoenviron. Eng.

 J. Geotech. Geoenviron. Eng., 2024, 150(4): 04024008 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

SU
N

 Y
A

T
-S

E
N

 U
N

IV
E

R
SI

T
Y

 o
n 

03
/1

1/
24

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



applied to each lateral plane, and the top was taken as a free outlet
with zero pressure. Given the relatively high inlet velocity, the
maximum particle Reynolds number (Rp) reaches approximately
600. The following formula proposed by Eppinger et al. (2011)
was used to calculate Rp:

Rp ¼ ρfjUfjdp
μf

ð10Þ

where jUfj = magnitude of fluid velocity; and dp = particle diam-
eter. In the fluid–solid coupling problems, the particle Reynold
number (Rp) commonly is used as a criterion of the flow regime,
in which a low Rp value (e.g., Rp < 1) denotes the laminar flow,
and a high Rp value (e.g., Rp > 1,000) indicates the turbulent flow
(Eppinger et al. 2011). The beginning of turbulence is indicated by
values of Rp in the range 1–1,000. Because the Rp was within the
transition range, a laminar flow model was used for simplicity and
computational efficiency in all cases.

For the boundary conditions of the DEM, a vertical pressure
(i.e., p 0 ¼ 100 kPa) was applied to the particle packing using a
servocontrol algorithm on the top boundary wall. To allow particles
to be eroded, a series of 1.2 × 1.2-mm holes (about 3 times the fine
particle equivalent diameter) was set on the bottom wall. The down-
stream wall was fixed with zero displacement during the simulation.

Simulation Procedure

A cuboid assembly of spheres first was generated with the pre-
scribed gradation (Fig. 8) and shape coefficient. The coarse and

Table 2. Simulation program

Simulation
identity

Aspect
ratio, AR

Angularity,
d2–8=d1

Void
ratio, e

Flow direction,
θ (degrees)

Suffusion time,
t (s)

Fines content,
Fc (%)

No. of fine
particles

No. of coarse
particles

R1G1 1 0 0.65 0 15 10 2,000 144
R1G2 1 0.4 0.66 0 15
R1G3 1 0.8 0.66 0 15, 80

90
180

R2G1 1.9 0 0.68 0 15
R2G2 1.9 0.4 0.69 0 15
R2G3 1.9 0.8 0.68 0 15, 80
R3G1 4.2 0 0.72 0 15
R3G2 4.2 0.4 0.72 0 15
R3G3 4.2 0.8 0.74 0 15, 80

90
180

Mix 1–4.2 0–0.8 0.68 0 15

Note: θ = angle between flow direction and direction of gravity (see Fig. 20, inset).

Slip boundary

Fluid outlet

Fluid inlet

(a)

Volume equivalent sphere diameter
(mm)

0.4   0.8   1.2   1.6   2

Hole size
1.2×1.2 mm

(b)

Fig. 9. Mode setup: (a) DEM sample; and (b) CFD domain.

Table 3. Summary of model parameters and settings for suffusion model

Content Model parameter Values

Physical
model

Sample dimensions, L ×W ×H (mm) 10 × 10 × 12

Simulation time (s) 15.0

CFD Cells 75 × 75 × 90

Fluid viscosity, μf (Pa · s) 1 × 10−3
Density, ρf (kg=m3) 1,000

Timestep (s) 1 × 10−3

DEM Particle density, ρp (kg=m3) 2,650
Elastic modulus, E (N=m) 1 × 109

Poisson’s ratio, υ (N=m) 0.3
Tangential stiffness ratio, kt=kn 1.0

Friction coefficient, μp 0.5
Restitution coefficient, e 0.3

Timestep (s) 1 × 10−6
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fine particles were distributed uniformly in the domain surrounded
by the six boundary walls. This was followed by a vertical consoli-
dation by pressing the top wall of the sample to achieve a consoli-
dation pressure of p 0 ¼ 100 kPa. For this process, an interparticle
contact friction value ranging from 0 to 0.5 was employed to ensure
that the void ratio of each sample fell within the range 0.65–0.75.
The void ratio was limited to a narrow range to minimize its influ-
ences on suffusion (Tao and Tao 2017). The relative density, Dr, of
each sample was calculated using the following equation:

Dr ¼ ðemax − eÞ=ðemax − eminÞ ð11Þ

where e = void ratio of the sample; and emax and emin = maximum
and minimum void ratios of the sample, respectively. Following
Salot et al.’s (2009) method, the maximum and minimum void ratios
were achieved by setting the coefficients of interparticle friction
to μ ¼ 0.0 and 1.0 during the isotropic compression stage of the
lowest- and highest-density samples, respectively. Fig. 10 shows
the relative density for each sample. In most cases, the sample’s rel-
ative density was about 50%. Achieving uniform void ratios and
relative densities across all samples is a challenging endeavor.

After the generation of the initial DEM sample, the seepage flow
with the specified inlet velocity was imposed on the bottom of the
CFD domain to model the suffusion process. The gap ratio of the
sample (i.e., 5) was relatively small for irregularly shaped particles.
A downward flow direction, i.e., aligned with the gravity direction,
was adopted to facilitate the migration of the fine particles (Xiong
et al. 2021). The initial inlet flow velocity of 0.1 m=s was applied
abruptly. This higher flow velocity was chosen due to the notable
rolling resistance exhibited by the irregularly shaped particles and
the small gap ratio of the sample (i.e., 5). Prior research indicated
that whether the flow velocity increases gradually or suddenly, it
has a quantitative impact on the loss of eroded fines, rather than a
qualitative impact (Liu et al. 2023). During the suffusion process,
the pressure of the six surrounding walls remained constant. The
fine particles underwent migration due to the seepage flow. Some
became entrapped within the sample, whereas others were carried
away by the flow. Previous research primarily has emphasized the
latter scenario, because the fine particles exiting the sample tend to
exert more-pronounced influences on the sample’s mechanical be-
havior (Ke and Takahashi 2014; Sibille et al. 2015; Chen et al.
2016). Therefore, particular attention was directed toward particles
that exited through the downstream wall; these were designated
eroded particles. Particle data (including position, velocity, hydraulic

force, and so forth) and all contact forces were extracted every
0.05 s during the simulations for postanalysis.

Each simulation, which modeled 15 s of physical time of suf-
fusion, took approximately 13–15 days on an HP station with 32
Intel Xeon E52680-v4 2.4 GHz processors and 512 GB DDR4
RAM. Although the simulation duration was relatively short
compared with that in a laboratory test, this duration covered
the key stages of suffusion (i.e., initiation and intensified suffusion
following initiation). The following sections present and interpret
the simulated macroresponse of the eroded particle mass from the
micromechanical perspective, including the evolution of the par-
ticle orientation, drag force, and coordination number.

Interpretation of the Simulation Results

Macro Responses of the Sample to Suffusion

Fig. 11 shows the percentage of the cumulative eroded particle
mass (i.e., the mass ratio of the eroded fine particles to the initial
fine particles) for different cases. Both the particle aspect ratio and
angularity had an apparent influence on suffusion. The ultimate
eroded particle mass decreased significantly as the aspect ratio in-
creased when the particle angularity was the same. The angularity
significantly influenced suffusion for the sample with a low aspect
ratio (e.g., AR ¼ 1), which was consistent with the observations in
previous research (Qian et al. 2021). These observations imply that
the aspect ratio and angularity make a significant contribution to
the resistance of suffusion in gap-graded soils. Zhao et al. (2015)
also demonstrated that a self-locking effect between irregularly
shaped particles increases particle-to-particle occlusion, resulting
in strong resistance to the fluid flow. Fig. 12 shows the correlation
between the average mass of eroded particles and the shape coef-
ficient, including the aspect ratio and angularity, which supports
the aforementioned point.

Because of the low fines content adopted in this study (e.g., 10%),
the influence of fine particles on the soil stress–transfer matrix was
marginal. As a result, the erosion of fine particles merely triggered
significant rearrangements of soil structure, which predominantly
was composed of coarse particles (Shire et al. 2014). The vertical
strain for each sample was within the 0%–0.4% range, indicating
the stability of the soil structure in the sample (Fig. 13).

Fig. 10. Index void ratios and relative densities for different samples. Fig. 11. Cumulative eroded mass percentage for each case.
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Fig. 14 shows the percentage of the of the cumulative eroded
particle mass for AR ¼ 1.0 and 4.2 and AG ¼ 0.8 under different
flow directions. In each flow direction, particles with a larger aspect
ratio exhibited lower eroded particle mass, indicating that particle
shape consistently impacts suffusion when the flow conditions are
held constant. These findings align with previous research by Qian
et al. (2021) and Maroof et al. (2021), in which upward and down-
ward flow directions were considered, respectively. In each flow
direction, particles with greater irregularity experience milder suf-
fusion effects. In addition, each sample exhibited a slightly higher
eroded particle mass when the flow direction aligned with the force
of gravity (Fig. 14). This observation is consistent with the findings
presented by Xiong et al. (2021). However, comparing the results
of this study with those of Xiong et al. (2021), it is evident that the
effect of flow direction on irregularly shaped particles is consider-
ably less pronounced than its impact on spherical particles.

The simulation time, i.e., 15 s, was relatively short compared
with suffusion experiments or real-world suffusion processes. As a
result, the simulation in this study mainly covered the initiation and
initial developmental phases of erosion. A short simulation time
was adopted for two main reasons:

1. The resolved CFD-DEM method has limited computational
efficiency, rendering it unsuitable for extended calculations
involving thousands of irregular particles and millions of fluid
grids. In this study, a single case required an estimated compu-
tation duration ranging from 15 to 20 days when executed on a
device featuring a 32-core Core i9 CPU.

2. The erosion rate (the cumulative mass of eroded soil divided by
time) displayed variability across each case within a 15-s time-
frame, demonstrating a discernible pattern. According to previous
research, the final eroded soil mass is higher if the initial erosion
rate of the sample is higher (Wautier et al. 2019; Chen and Zhang
2023; Maroof et al. 2021; Qian et al. 2021).
Although the ultimate eroded soil mass at t ¼ 15 s exhibited

minor variations among different samples, the erosion rates for
each sample diverged. Previous research indicated that a higher
initial erosion rate corresponds to a greater final eroded soil mass
(Wautier et al. 2019; Chen and Zhang 2023; Maroof et al. 2021;
Qian et al. 2021). This trend is illustrated in Fig. 15, which displays
the eroded soil mass for AR ¼ 1, 1.9, and 4.2 and AG ¼ 0.8 at
t ¼ 80 s. Evidently, there was a substantial disparity in the eroded
soil mass among these cases, aligning with the aforementioned as-
sertion. Notably, in instances featuring a large particle aspect ratio,
the eroded soil mass tended to stabilize toward a consistent value.

To reduce the variability in macroscopic results, such as devia-
toric stress or volume strain, the behavior of DEM samples with
different sizes is examined, and specific criteria for minimum sam-
ple size ratios or particle counts are determined (Salot et al. 2009;
Kuhn and Bagi 2009; Huang et al. 2014). For example, Salot et al.
(2009) observed that the influence of the number of 3D clumped-
sphere particles on the macroscopic response is minimal when as-
semblies larger than 8,000 elements are considered. However, the
standard for defining the representative volume element (RVE) in
the context of suffusion has yet to be explored. This may be attrib-
uted to the nonuniform and time-dependent nature of suffusion,
which poses challenges in precisely establishing the RVE. This
study conducted suffusion experiments on samples that were 0.5
and 1.5 times the standard size (size ratio ¼ 0.5 and 1.5), with ARs
of 1.0 and 4.2. Larger samples, such as those twice the standard
size, entail tens of thousands of particles and millions of CFD cells,
resulting in significantly reduced computational efficiency.

Fig. 16 shows the cumulative eroded particle mass for AR ¼ 1.0
and 4.2 across various sample sizes. Due to the increased computa-
tional time associated with larger samples, the analysis focused on

Fig. 12. Relationship between the cumulative eroded particle mass and
the shape coefficients.

Fig. 13. Vertical strain for samples containing particles of various
shapes.

Fig. 14. Cumulative eroded mass percentage with time for AR ¼ 1 and
4.2 under different flow directions.
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results within a 6-s timeframe. Sample size had a quantitative in-
fluence on the results for each particle shape. Smaller samples, spe-
cifically those 0.5 times the original size, had the highest eroded
particle mass. One contributing factor is the shorter distance of fine
particles to the outlet, which reduced the likelihood of blockage by
coarse particles. The effect of particle shape remained consistent
across different sample sizes. Detailed RVE analysis for suffusion
should be a focus of future research. Some studies of the spatial and
temporal effects of suffusion (Moffat et al. 2011) indicated the chal-
lenges in accurately determining an RVE.

Effect of Particle Shape on Micromechanical
Properties of Soil

Internal erosion occurs under the combined interplay of three fac-
tors: (1) material gradation or geometry condition, (2) critical stress
condition, and (3) critical hydraulic load (Shire et al. 2014). In this
study, the 10% fine content was well below the transitional fine con-
tent. It is expected that all fine particles are susceptible to suffusion
because they do not contribute to the soil stress matrix. However, the

geometric criterion is not invariably met. The presence of small con-
strictions (i.e., pore throats smaller than the fine particle), resulting
from the nonuniform distribution of such features within the sample,
potentially can impede the movement of fine particles (Indraratna
et al. 2007; Jung et al. 2018). Pore-clogging is more likely to oc-
cur by forming bridges when many suspension particles flow simul-
taneously through a single constriction (Valdes and Santamarina
2006; Nguyen et al. 2019). Previous studies also have discovered
that, in samples characterized by a fines content (e.g., Fc ¼ 10% or
20%) below the transitional threshold, fine particles do not undergo
complete erosion at the end of the erosion process (Bendahmane
et al. 2008; Cividini et al. 2009; Liang et al. 2017). Some erosion
laws adopt the residual fines content as a parameter (Cividini et al.
2009; Bonelli and Marot 2011). The following observation illus-
trates that fine particles with irregular shapes have a higher propen-
sity to obstruct the voids formed by the coarse particles,
consequently impeding the continued movement of upstream fine
particles.

Figs. 17(a and b) show a cross section of the DEM sample and
fluid velocity field for AR ¼ 1.0 and 4.2 at t ¼ 0.8 s, respectively.
In both cases, many fine particles downstream were eroded due to
the seepage flow. The flow velocity was lower in the region of the
coarse particle, and it was greater than the inlet velocity in the voids
formed by the coarse particles. For the samples with fine particles
with a high aspect ratio, the transportation channel for the fluid and
fine particles easily could be blocked by clusters of fine particles
that consist of 3–5 elongated particles. A large aspect ratio facil-
itates the formation of strong contact force chains and thus further
enhances the self-block effect (Yin et al. 2020). This blockage
results in the retention of many irregularly shaped fine particles
upstream [Fig. 17(a)].

In contrast, the fine particles with a low aspect ratio (i.e., AR ¼ 1)
exhibited a low possibility of blocking the fluid channel, resulting
in the continuous migration of fine particles during suffusion.
Consequently, the number of fine particles upstream was signifi-
cantly lower than that in the sample with irregularly shaped par-
ticles. In addition, fluid flow in the sample with rounded particles
tended to concentrate in a continuous pore channel, thereby pro-
moting the erosion of the fine particles around the concentrated
flow [Fig. 17(b)]. These observations are explained further from
a microscopic view, including coordination number, drag force,
and particle moment, in the following sections.

Fig. 18 shows the evolution of the coordination number of the
fine particles, Zfine, (i.e., the number of contacts of fine particles)
during suffusion for each case; Zfine is calculated as follows (Shire
et al. 2014):

Zfine ¼
PNp;fine

i¼1 ðCfine-fine
i þ Cfine-coarse

i Þ
Np;fine

ð12Þ

where Np;fine = total number of fine particles; Cfine-fine
i = number

of contacts between fine particle i and other fine particles; and
Cfine-coarse
i = number of contacts between particle i and coarse

particles.
The value of Zfine was higher for the sample with a larger aspect

ratio during the entire suffusion process, which is consistent with
previous research (Qian et al. 2021). For the sample with a low
aspect ratio (e.g., AR ¼ 1), the number of fine–fine contacts de-
creased apparently at the initial stage of suffusion, which also was
observed in the suffusion simulation of spherical particles (Hu et al.
2019). This was because spherical particles are prone to detach from
the soil skeleton under seepage flow, leading to the collapse of the
load-bearing structure constituted by the fine particles (Liu et al.
2020b). In contrast, Zfine increased less during the entire suffusion

Fig. 16. Cumulative eroded particle mass in samples of different sizes.

Fig. 15. Cumulative eroded particle mass for particles with varying
aspect ratios at t ¼ 80 s.
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process in the sample with a higher aspect ratio and angularity. As
analyzed previously, the self-block effect enhances the stability of
the load-bearing structure constituted by the angular particles under
seepage flow.

Fig. 19(a) shows the distribution of particle moment for each
case at the initial stage of suffusion (i.e., t ¼ 0.1 s). The particles
with a higher aspect ratio and angularity experienced a smaller mo-
ment. A small particle moment decreases the probability of particle
rotation, increasing the stability of the fine particles under seepage
flow. These results are consistent with the cumulative eroded
particle mass in each case (Fig. 11). The analysis in the section
“Behavior of Particle Orientation and Its Effect on Suffusion” shows
that the particle orientation is responsible for the smaller moment
of the angular particle. For the rounded particle (i.e., AR ¼ 1),
the particle moment was almost constant, no matter the particle’s
orientation.

Fig. 19(b) shows the distribution of the fluid hydraulic force
exerted on the particles for each case at the initial stage of suffusion
(i.e., t ¼ 0.1 s). Similar to particle moment, the drag force was
relatively smaller for the samples with a higher aspect ratio and

(a) (b)

Cross-section

Fig. 17. Transection of DEM domains for the cases with (a) AR ¼ 4.2, AG ¼ 0.8; and (b) AR ¼ 1.0, AG ¼ 0.8 at t ¼ 0.2 s.

Fig. 18. Evolution of the number of fine–fine contacts during suffusion
for each case.

Fig. 19. For each case at the initial stage of suffusion, distribution of the (a) particle moment; and (b) drag force.
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angularity under the same inlet flow velocity. Subjecting the fine
particles to a small drag force reduces the probability of particle
detachment and the migration distance of the fine particles. The
orientation of the angular particle determines its surrounding flow
field, further influencing the drag force of the particle. When an
angular particle is subjected to the action of seepage flow, it avoids
detachment and migration by adjusting its orientation and the
drag force applied to it. This explanation is verified in the section
“Behavior of Particle Orientation and Its Effect on Suffusion”
using the relationship between the particle orientation and several
key influential factors of suffusion, such as flow velocity, drag force,
and so forth.

Behavior of Particle Orientation and Its Effect on
Suffusion

Previous research on the coupled fluid–particle problem (Ma et al.
2017; Liu et al. 2020a) has shown that particle orientation greatly
influences drag force, particle motion, and flow field. This section
further analyzes the evolution of particle orientation during suffu-
sion. For the convenience of analysis, we set the longest and shortest
axes of irregularly shaped particles as major and minor directions,
respectively (Fig. 20, inset). The third axis was set as the medium
direction. For the present simulation cases, the size of the fluid
channel between the coarse particles generally was smaller than
the length of the major principal axis of the fine particles (Fig. 17).
Therefore, the fine particles were more likely to migrate through the
channels if their long axis was relatively parallel to the course of
the channel. The quantitative analysis presented in Fig. 20 shows the
variation of the angle from the particle minor principal axis to the
apparent flow direction of the fluid (i.e., z-direction of the model)
before and after suffusion for AR ¼ 1.9 and 4.2. The variation of the
angle for each eroded particle, Δθ, is calculated as follows:

Δθ ¼ θini − θend ð13Þ
where θini and θend = angles between particle minor principal axis
and global z-axis at the initial time and the time when the particle
flows out of the sample, respectively. A larger angle corresponds to
a smaller particle’s projected face area perpendicular to the fluid
flow, as well as to less drag force on the particle. All eroded fine
particles experienced an angle increase (i.e., the major principal axis
of the fine particle was more parallel to the global z-axis and flow

direction) during suffusion. Fig. 21 shows several snapshots of a
specific fine particle during suffusion in the case of AR ¼ 4.2 and
AG ¼ 0.8. The particle exhibited a decreased inclination angle
during migration. This result is consistent with Guo et al. (2018).

Further insights into the evolution of particle orientation during
suffusion can be gained by dividing the particle inclination angle
(i.e., θ) into three groups: 0°–30°, 30°–60°, and 60°–90°. The par-
ticles corresponding to each group of inclination angle were counted.
Fig. 22 shows the evolution of the particle inclination angle for the
cases of AR ¼ 4.2 during suffusion. The number of particles in the
range 60°–90° increased, suggesting that the projected area of more
fine particles decreased under seepage flow to avoid detachment and
migration. The number of fine particles in the ranges 0°–30° and
30°–60° slightly decreased. The results indicate that elongated par-
ticles will exhibit a decreased inclination angle during their migra-
tion, resulting in decreased hydraulic forces, leading to reduced
migration velocity. Therefore, an elongated particle will exhibit
higher resistance to suffusion than will less-elongated particles.

We investigated the mechanism of the particle orientation change
during suffusion. Fig. 23 shows the average flow velocity around the
fine particles (i.e., within one diameter range from the particle cent-
roid) at t ¼ 2.0 s for the cases of AR ¼ 1.9 and 4.2. In this example,
the average fluid velocity jUfij is defined as

jUfij ¼
Pnp

p¼1 jUfðθi < θp < θi þ 10°Þj
np

ð14Þ

where Uf = average flow velocity around a fine particle; θi ¼
0°; 10°; : : : ; 80°; θp ¼ θ value of a fine particle; and np = number
of fine particles that have θp values in the range θi to θi þ 10°. Be-
cause the simulations were based on resolved CFD-DEM, the flow
velocity around fine particles was the true velocity of the fluid in the
voids between the coarse particles. According to the results, the fine
particles in the area with a higher flow velocity had a larger incli-
nation angle (i.e., a smaller projected area perpendicular to the fluid
flow direction). This implies that an angular particle subjected to
seepage flow can adjust its orientation to reduce its projected face
area and increase its stability (i.e., no detachment and migration).
For this reason, the flow velocity causing the detachment of the an-
gular particle was statistically higher than that of the rounded par-
ticles (i.e., AR ¼ 1).

Fig. 24 quantitatively presents the influence of particle orienta-
tion on drag force. Specifically, the figure shows the average drag
coefficient of the fine particles in different ranges of θ at t ¼ 2.0 s
for each case. The drag coefficient CD is calculated as follows
(Bagheri and Bonadonna 2016):

CD ¼ 2FD

−ρfAjUp − UfjðUp − UfÞ
ð15Þ

Flow direction

θ

θ=θini-θend

Minor axis of 
particle

Major axis of 
particle

Fig. 20. Distribution of the variation of θ before and after suffusion for
the cases with AR ¼ 1.9 and 4.2.

t = 0 s t = 0.8 s t = 1.2 s

Fig. 21. Orientation evolution of a specific fine particle during suffu-
sion in the case with AR ¼ 4.2 and AG ¼ 0.8.
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where FD = drag force of the particle; ρf = fluid density; A = refer-
ence area related to particle size (e.g., πd2=4 for a sphere with a
volume equivalent diameter of d); Up = particle velocity; and
Uf = fluid velocity around the particle (i.e.,within one diameter
range from the particle centroid) in this study. The angular par-
ticles (i.e., AR ¼ 1.9 and 4.2) with larger θ statistically had smaller
drag coefficients, facilitating the stability (i.e., no detachment and
migration) of these fine particles under seepage flow. The drag co-
efficients of the rounded particles (i.e., AR ¼ 1) had no apparent
relationship with θ, suggesting that the orientation of the rounded
particle has a slight influence on drag coefficients. However, the
average drag coefficient for the rounded particle was larger than
that of the angular particle, consistent with the results in Fig. 19(b).
The fitted lines of the results are presented in the figures to explic-
itly show the relationship between the two variables.

Simulation Results for Mixed Case

Natural sandy soil usually contains particles of different shapes.
A suffusion case that mixed the nine kinds of irregularly shaped

Flow direction

θ Minor axis of 
particle

Major axis of 
particle

Fig. 22. Evolution of the number of the fine particles in different ranges of θ for the cases with AR ¼ 4.2 (blue dashed line denotes the slope of the
numerical results).

Fig. 23. Average flow velocity around the fine particles in different
ranges of θ at t ¼ 2.0 s for the cases with AR ¼ 1.9 and 4.2.

Fig. 24.Average drag coefficient of the fine particles in different ranges of θ at t ¼ 2.0 s for the cases with (a) AR ¼ 1.9 and 4.2; and (b) AR ¼ 1.0. (k
means the slope of the strait line.)
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particles was performed to investigate the erodibility of different
particles. Each fine particle had a diameter of 0.4 mm, and the mixed
case had a fines content of 10%. Among the nine particle shapes in
Fig. 8, each individual shape accounted for one-ninth of the total
fine particles. The erodibility of the mixed sample was close to that
of the sample with AR ¼ 1.9 and AG ¼ 0.4, suggesting that the
addition of the irregularly shaped particles increased the suffusion
resistance (Fig. 11). Fig. 25 shows the loss percentage (normalized
by the total number of the eroded particles) of each kind of fine
particle. Surprisingly, the loss percentages of each type of fine par-
ticle (including irregularly shaped and spherical particles) were rel-
atively close to each other, although the susceptibility of the rounded
particles to suffusion was higher than that of the irregularly shaped
particles (Fig. 11). The number of eroded fine particles with a higher
aspect ratio and angularity was slightly smaller.

Fig. 26 shows the cross section of the DEM sample and fluid
field for the mixing case. The rounded and angular particles to-
gether blocked the flow channel upstream, preventing the continu-
ous detachment and migration of other fine particles. The blocking
cluster, which consisted of the rounded and angular particles,
facilitated the retention of the rounded particles.

This study investigate the impact of particle shape on the cumu-
lative eroded soil mass, because this mass plays a pivotal role in
influencing soil mechanical behavior (Ke and Takahashi 2014;

Sibille et al. 2015; Chen et al. 2017). In the context of the mixing
case, the fine particles had an average irregularity level lower than
that of the most irregular particle sample (e.g., AR ¼ 4.2 and AG ¼
0.8) and higher than that of the sample with relatively rounded par-
ticles (e.g., AR ¼ 1 and AG ¼ 0). Consequently, the eroded soil
mass for the mixing cases was between the values observed for
these two aforementioned cases (Fig. 11). The mixed particle sam-
ple can be perceived as introducing irregular particles to the col-
lection of rounded particles or integrating rounded particles into
the assortment of irregular particles. Consequently, the former re-
sults in a reduction of the eroded soil mass, whereas the latter leads
to an increase. The cumulative eroded soil mass in the mixing case
aligned with the results of other cases, underscoring the impact of
particle shape on suffusion.

Within the mixing case, the eroded mass of irregularly shaped
particles was smaller than that of the rounded particles, yet the dif-
ference was not as significant as in the single-shape particle cases.
This complexity arises from the fact that suffusion is a hetero-
geneous process (Israr et al. 2016), influenced by a combination
of various factors. The emergence of this phenomenon can be
attributed to at least two reasons:
1. Within a sample, the suffusion behavior of fine particles is in-

fluenced not only by their shape but also by their proximity to
the outlet (Bendahmane et al. 2008; Liu et al. 2023). For exam-
ple, an irregularly shaped particle positioned near the outlet is
likely to erode sooner than a rounded particle located in the upper
layer of the sample. To verify this, Fig. 27 shows the initial aver-
age distance and percentage of eroded fine particles with varying
shapes. Notably, particles with a more regular shape tended to
have initial positions closer to the outlet. This suggests that irregu-
larly shaped particles located in the upper region of the sample are
more difficult to erode. In addition, the fine particles with the larg-
est aspect ratio underwent the mildest erosion (Fig. 27).

2. Suffusion is a nonuniform and time-dependent process. The lim-
itations imposed by the number of particles and simulation time
accentuate the heterogeneous nature of suffusion. Consequently,
the percentage of eroded fine particles does not exhibit a mon-
otonic decrease with changing aspect ratios (Fig. 27).

Conclusions

In this study, the immersed boundary method initially was employed
to examine the suffusion behavior of irregularly shaped particles.

Fig. 25. Loss percentage of each kind of eroded fine particle.

Fig. 26. Transection of the DEM and CFD domain for mixed case.

Fig. 27. Initial average distance and the percentage of eroded fine
particles with different aspect ratios.
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The drag force acting on irregularly shaped particles during suffu-
sion was calculated directly using the resolved CFD-DEM method,
thus eliminating the reliance on empirical drag force models. As a
result, a detailed analysis revealed the evolution of the drag force
coefficient for fine particles with different shapes during the suffu-
sion process.

Furthermore, the method employed in this study enabled the
capture of particle rotation and moments during suffusion, which
in turn facilitated the investigation of their impacts on the suffusion
process. For irregularly shaped particles, their detachment and mi-
gration not only must overcome the forces but also must counteract
the moments exerted by the surrounding particles.

The suffusion behavior of mixed-shape particles was examined
and contrasted with that of single-shape particles. The cumula-
tive mass and initial positions of the eroded particles with varying
shapes are analyzed. Based on the analyses of all simulation results,
the following conclusions can be made:
1. The aspect ratio and angularity of the soil particles increased the

number of contacts between fine particles, facilitating the for-
mation of a blocking cluster and enhancing the resistance to suf-
fusion for gap-graded sandy soils. Furthermore, the sustained
rotational movement of irregularly shaped particles during suffu-
sion increases their resistance to suffusion. This is due to the ne-
cessity of overcoming moments exerted by neighboring particles.

2. When subjected to the action of seepage flow, the long axis of an
irregularly shaped particle tended to become parallel the flow di-
rection, reducing the projected area of the particle perpendicular
to the fluid flow direction. The orientation adjustment of irregu-
larly shaped particles under seepage flow reduced the moment
and drag force applied to them, increasing the suffusion resis-
tance of the sample. Statistically, the fine particles in the local
area with a higher flow velocity had a smaller projected area
perpendicular to the fluid flow direction.

3. For the case containing the nine kinds of irregularly shaped par-
ticles, the addition of the irregularly shaped particle increased
the suffusion resistance of the sample. The particles with a more
regular shape tended to have initial positions closer to the outlet,
suggesting that irregularly shaped particles located in the upper
region of the sample are more difficult to erode.
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