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ABSTRACT
This study investigates, for the first time ever, the suffusion on gap-graded granular soils under torsional shear conditions from
a microscopic perspective. A numerical model of the hollow cylinder torsional shear test (HCTST) using the discrete element
method (DEM) is first developed, where an algorithm for simulating the real inner and outer rubber membranes of the hollow
cylinder apparatus (HCA) is introduced. After the validation, the computational fluid dynamics (CFD) approach is introduced for
the coupling between the particle and fluid phases. Then, a series of the coupled CFD-DEM suffusion simulations considering the
rotation of the major principal stress axis (α) and intermediate principal stress ratio (b) are conducted. It is found that more fine
particles are eroded in cases having smaller α and b, and the clogging phenomenon in the middle zones becomes more significant
as both α and b increase. From the microscopic perspective, the specimens whose contact anisotropy principal direction is close to
the fluid direction will lose more fines, and the anisotropy magnitude also plays an important role. In addition, the differences in
structure and vertical connectivity of the pores in HCTST samples under various complex loading conditions cause fine particles
to have different migration paths, further resulting in different fines mass loss.

1 Introduction

As a typical kind of internal erosion, suffusion is regarded as
one of the most common causes of the failure of hydraulic
structures [1]. During the suffusion process, the fine particles
are observed to detach from the coarse particles and migrate
through the pores inside the soil structure subjected to the impact
of seepage flow [2, 3]. This complex fluid–particle interaction
has been proven to be linked to many factors, including the
particle size distribution (PSD), particle shape, fines content (FC)
and hydraulic gradient [4–12]. Recently, considering the complex
in situ stress conditions in different zones of the hydraulic

structures, some physical experiments have been conducted to
investigate the effect of stress states on suffusion [5, 13–16]. For
example, Chang and Zhang [14] conducted a series of laboratory
tests using a stress-controlled apparatus and found that the
increase of the deviatoric stress would result in the increase of
the maximum erosion rate and deformation of the soil specimen.
Then, some hydro-mechanical coupling tests on gap-graded soils
under isotropic, triaxial compression and triaxial extension stress
paths were designed. A higher initiation hydraulic gradient
was observed in the suffusion test under the extension stress
condition [5]. Luo et al. [16] further found that there is a piece-
wise linear relationship between the critical initiation hydraulic
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gradient and deviator stress by a series of physical suffusion
tests.

Compared with the physical experiments, the coupled compu-
tational fluid dynamics-discrete element method (CFD-DEM)
method can provide an insight into the microscopic mechanism
of suffusion [17–21]. Xiong et al. [22] presented a coupled CFD-
DEM method to investigate the suffusion in a coarse-grained
skeleton and analysed the evolution of force network and the
effect of pore size on clogging. Qian et al. [11] studied the
evolution of contact anisotropy parameters and the flow paths
of fine particles in the gap-graded soils during erosion. Within
the coupled CFD-DEM method, the fluid phase, particle system
and fluid-particle interaction can be studied separately. The rear-
rangements of particles and force chains, the different pressure
gradients in different zones of the specimen and the drag force
on each particle can be accurately captured during the suffusion
[22–25]. Therefore, researchers can have a better understanding of
the effect of stress states on suffusion. For example, Hu et al. [26]
investigated the micro-mechanisms of initial stress anisotropy
on the suffusion and subsequent shear behaviours of gap-graded
soils by monitoring and analysing the evolution of coordination
number and fabric anisotropy. The confining pressure and FC
were observed having a coupled effect on suffusion: the increase
in the confining pressure would intensify the suffusion when
FC was large, while a negligible effect was observed when FC
was small [27]. Zhou et al. [28] investigated the internal erosion
of gap-graded sandy soil under isotropic, triaxial compression
and triaxial extension conditions using the coupled CFD-DEM
approach and found that the anisotropy magnitude of the
isotropic specimen remained constant, while that in the other two
specimens showed a decreasing trend during the erosion process.
In their work, the microscopic behaviours including the coordi-
nation numbers of both coarse and fine particles, typical erosion
paths of fine particles and force chain networks were analysed in
detail, and the superiority of the coupled CFD-DEM approach in
investigating the microscopic mechanism of internal erosion was
demonstrated.

As mentioned before, suffusion usually initiates and continues
in gap-graded soils under complicated stress states. This process
also often involves the rotation of the major principal stress axis
and various combinations of the three principal stresses. To better
describe the complex stress conditions, the parameter α which
presents the angle between themajor principal stress and vertical
axis and the intermediate principal stress ratio b (given by [σ2
– σ3]/[σ1 – σ3]) are introduced in this work. So far, apart from
someof the physical tests and simulationswhich considered some
simple stress states, few of the existing studies have investigated
the combined effect of α and b due to the difficulty in developing
the physical apparatus and numerical CFD-DEM model. In
this study, a stress-controlled hollow cylinder torsional shear
test (HCTST) DEM model with flexible membrane boundaries
allowing for the independent control of α and b is first developed.
After the validation work, the seepage flow is introduced. Then,
a series of coupled CFD-DEM simulations are conducted for both
macroscopic and microscopic investigations of suffusion on gap-
graded granular sands under different loading conditions with
various α and b.

2 Methodology

2.1 Coupled CFD-DEMMethod

Three types of formulations are implemented in the CFD-DEM
method: the DEM for the solution of the particle system, the
framework of CFD for simulating the hydrodynamic process and
the CFD-DEM coupling formulation for calculating the fluid-
particle interaction forces [18, 24, 29]. In this study, the DEM
code PFC3D is used to determine the position, velocity and
other quantities of particles by the Newton’s laws of motion, and
the CFD solver OpenFOAM is used for calculating the pressure
gradient, velocity and other quantities of the fluid phase by
the averaged Navier–Stokes (N–S) equation. The information
exchange between the fluid and particle phases is achieved
through the TCP sockets [24, 30].

DEM has been used in many investigations of the microscopic
behaviours of granular materials based on the Newton’s laws of
motion [31, 32]. In DEM, the governing equations of motion of a
given particle i at any time t can be expressed in a Lagrangian way
as follows:

𝑚𝑖

𝑑𝑼𝑖

𝑑𝑡
=

𝑛𝑐
𝑖∑

𝑗=1
𝑭𝑐
𝑖𝑗
+ 𝑭𝑓

𝑖
(1)

𝐼𝑖
𝑑𝜔𝑖
𝑑𝑡

=
𝑛𝑐
𝑖∑

𝑗=1
𝑴𝑖𝑗 (2)

where 𝑚𝑖 denotes the particle mass; 𝑼𝑖 denotes the translational
velocity; 𝐼𝑖 denotes the moment of inertia tensor; 𝜔𝑖 denotes the
angular velocity vector; 𝑛𝑐

𝑖
denotes the contact number of the

given particle i. 𝑭𝑐
𝑖𝑗
and 𝑴𝑖𝑗 are respectively the contact force

and torque exerted on the particle i by the surrounding particle
j, and the fluid-particle force 𝑭𝑓

𝑖
is another force that acts on the

particle i.

In the framework of CFD, the information of fluid phase is
obtained by solving the locally averaged N–S equation in a
Eulerian way. The Lagrangian–Eulerian mapping is introduced
to consider the fluid and particle fractions in the discretized fluid
elements. The average pressure and velocity at any time t can be
solved by the following equations [33]:

𝜕𝑛

𝜕𝑡
+∇ (𝑛𝒗) = 0 (3)

𝜌𝑓
𝜕𝑛𝒗

𝜕𝑡
+ 𝜌𝑓𝒗 · ∇ (𝑛𝒗) = −𝑛∇𝑝 + 𝜇∇2 (𝑛𝒗) + 𝒇𝑏 (4)

where 𝑛 is the local porosity which can account for the effect of
the particle phase on the fluid phase; 𝜌𝑓 is the fluid density; 𝒗
and 𝑝 are the average velocity and pressure of the fluid element,
respectively; 𝜇 is the dynamic viscosity of the fluid. 𝑓𝑏 denotes
the body force per unit volume exerted on the fluid phase by the
particles which localize inside each fluid element, expressed as:

𝒇𝑏 =
∑𝑚

𝑖=1 𝒇
𝑖
𝑓𝑙𝑢𝑖𝑑

𝑉
(5)

where 𝑉 is the volume of the fluid element.
∑𝑚

𝑖=1 𝒇
𝑖
𝑓𝑙𝑢𝑖𝑑

is
the sum of the particle–fluid interaction forces acting on the
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particles which overlap the fluid element, and the particle–fluid
interaction force 𝒇𝑓𝑙𝑢𝑖𝑑 consists of two parts: the drag force and
the pressure gradient force:

𝒇𝑓𝑙𝑢𝑖𝑑 = 𝒇𝑑𝑟𝑎𝑔 +
4

3
𝜋𝑟3

(
∇𝑝 − 𝜌𝑓𝒈

)
(6)

where 𝒈 is the gravitational acceleration; 𝑟 is the particle radius;
the term∇𝑝 accounts for the pressure gradient force; and the drag
force 𝒇𝑑𝑟𝑎𝑔 is expressed as follows:

𝒇𝑑𝑟𝑎𝑔 = 𝒇0𝑛
−𝜒 (7)

where 𝒇0 denotes the single particle drag force [34], defined as:

𝒇0 =
1

2
𝐶𝑑𝜌𝑓𝜋𝑟

2 |𝒖 − 𝒗| (𝒖 − 𝒗) (8)

where 𝐶𝑑 is the drag coefficient, expressed as:

𝐶𝑑 =

(
0.63 + 4.8√

𝑅𝑒𝑝

)2

(9)

The term 𝑛−𝜒 is an empirical term that accounts for the local
porosity of the fluid element, and the coefficient 𝜒 is given as
follows:

𝜒 = 3.7 − 0.65 exp
⎡⎢⎢⎣−

(
1.5 − lg 𝑅𝑒𝑝

)2
2

⎤⎥⎥⎦ (10)

where 𝑅𝑒𝑝 is the Reynolds number of the particles, defined as:

𝑅𝑒𝑝 =
2𝜌𝑓𝑟 |𝒖 − 𝒗|

𝜇
(11)

where 𝒖 is the particle velocity.

In the two-way CFD-DEM coupling algorithm, the following
operation sequence is performed. The particle system and the
fluid field are first generated according to the designed simulation
program. The fluid mesh information is then sent to the DEM
part, and the CFD module is initialized in DEM. After the
initial calculation of the porosity and drag force, the CFD solver
will update the information including the velocity, pressure and
pressure gradient of the fluid phase based on the data obtained
from DEM, and the updated information will be sent to the DEM
part. Then, the DEM solver will cycle forward a time increment
which is same as the coupling interval. During the interval, the
information of the particle system is updated, and the fluid-
particle interaction force will be added to the particles. The above
steps will be repeated until the required coupling time.

2.2 Validation of the Coupled CFD-DEMMethod

Many tests including the drop test [24, 30], sedimentation test
[27], Ergun test [11, 23] and fluidization test [28] have been used to
validate the coupled CFD-DEMmethod. In this study, the Ergun
test is conducted for the benchmarking [35]. During the test, there
is a pressure drop ∇𝑝 between the inlet and outlet of the CFD
domain (Figure 1), and the analytical solution of the pressure drop

FIGURE 1 The coupled CFD-DEMmodel for the Ergun test.

can be described by the following expression:

∇𝑝 =
150𝜇𝐿(1 − 𝑒)2

𝑑2𝑒3
𝒗𝑠 +

1.75𝐿𝜌(1 − 𝑒)
𝑑𝑒3

𝒗𝑠 |𝒗𝑠| (12)

where L denotes the particle bed height; d is the particle diameter;
e = 0.47 is the initial void ratio of the particle assembly. The fluid
density 𝜌 and dynamic viscosity 𝜇 are set as 1000 kg/m3 and
1.5 × 10−3 Pa, respectively.

In the benchmarking simulation, a particle bed with the size of
15.6 × 15.6 × 15.6 mm is first generated. The particles with the
same diameter of 0.65 mm are connected by the linear elastic
contactmodel, and the elasticmodulus, stiffness ratio and friction
coefficient are 1.0 × 108 Pa, 3.0 and 0.3, respectively. Then, a
CFD domain with the size of 15.6 × 15.6 × 62.4 mm is introduced
to achieve the flow of fluid through the particle assembly from
bottom to top at a different superficial velocity 𝒗𝑠.

Different pressure drop magnitudes are obtained with various
superficial velocities from the coupled CFD-DEM simulation
(Figure 2). The good agreement between the numerical result and
analytical solution indicates that the CFD-DEMmethod can well
capture the interaction behaviour between the particle and fluid
phases. More benchmarking work can be found in our previous
work [24].

2.3 DEMHCTSTModel

As a widely used tool in geotechnical research, hollow cylinder
apparatus (HCA) can help to independently control the stress
components (the vertical stress σz, torsional shear stress τzθ,
circumferential stress σθ and radial stress σr) by adjusting the
external loads (the vertical loadW, torqueT, internal cell pressure
pi and external cell pressure po) in real time. The formulae used
to calculate the stress and corresponding strain components are
summarized in Table 1.
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TABLE 1 Equations used to calculate the stresses and strains in the HCTST.

Vertical 𝜎𝑧 =
𝑊

𝜋(𝑟2𝑜 − 𝑟2
𝑖
)

𝜀𝑧 =
𝑧

𝐻

Radial 𝜎𝑟 =
𝑝𝑜𝑟𝑜 + 𝑝𝑖𝑟𝑖

𝑟𝑜 + 𝑟𝑖
𝜀𝑟 = − 𝜇𝑜 − 𝜇𝑖

𝑟𝑜 − 𝑟𝑖

Circumferential 𝜎𝜃 =
𝑝𝑜𝑟𝑜 − 𝑝𝑖𝑟𝑖

𝑟𝑜 − 𝑟𝑖
𝜀𝜃 = − 𝜇𝑜 + 𝜇𝑖

𝑟𝑜 + 𝑟𝑖

Torsional 𝜏𝑧𝜃 =
3𝑇

2𝜋(𝑟3𝑜 − 𝑟3
𝑖
)

𝛾𝑧𝜃 =
𝜃

3𝐻(𝑟2𝑜 − 𝑟2
𝑖
)

Major principal 𝜎1 =
𝜎𝑧 + 𝜎𝜃

2
+

√(
𝜎𝑧 + 𝜎𝜃

2

)2
+ 𝜏2

𝑧𝜃
𝜀1 =

𝜀𝑧 + 𝜀𝜃

2
+

√(
𝜀𝑧 + 𝜀𝜃

2

)2
+ 𝛾2

𝑧𝜃

Intermediate principal 𝜎2 = 𝜎𝑟 𝜀2 = 𝜀𝑟

Minor principal 𝜎3 =
𝜎𝑧 + 𝜎𝜃

2
−

√(
𝜎𝑧 + 𝜎𝜃

2

)2
+ 𝜏2

𝑧𝜃
𝜀3 =

𝜀𝑧 + 𝜀𝜃

2
−

√(
𝜀𝑧 + 𝜀𝜃

2

)2
+ 𝛾2

𝑧𝜃

Note: εz, εr, εθ and εzθ are the vertical, radial, circumferential and torsional shear strain components, respectively; z, θ, µo and µi are the vertical, angular
circumferential, outer and inner radial displacements, respectively; H, ro, and ri are the initial height, outer and inner radii of the HCTST specimen, respectively.
Abbreviation: HCTST, hollow cylinder torsional shear test.

FIGURE 2 Comparison between the analytical solution and the
CFD-DEM simulation result of the Ergun test.

Furthermore, to better understand the stress states in HCTSTs,
the following equations are used to describe the stress states in
the stress space of mean normal stress p and deviatoric stress q
[36, 37]:

𝜎𝑧 = 𝑝 − 1

3
𝑞

(
𝑏 − 1

2

)
+ 1

2
𝑞 cos(2𝛼) (13)

𝜎𝑟 = 𝑝 + 2

3
𝑞

(
𝑏 − 1

2

)
(14)

𝜎𝜃 = 𝑝 − 1

3
𝑞

(
𝑏 − 1

2

)
− 1

2
𝑞 cos(2𝛼) (15)

𝜏𝑧𝜃 =
1

2
𝑞 sin(2𝛼) (16)

Therefore,many loading conditionswith various of α and b can be
achieved by combining the two sets of stress states and adjusting
the corresponding external loads in HCTSTs. More details about
the principle of HCTST can be found in previous studies [36–40].

FIGURE 3 DEM HCTST model and the flexible membrane bound-
ary.

Based on the above principle, aDEMHCTSTmodel is proposed in
this study, as shown in Figure 3, to achieve the simulations under
various stress conditions. In this model, the top plate moves up
and down to achieve the adjustment of the vertical load, and the
torque is applied on the DEM specimen trough the rotation of the
top short vertical plates. The real-time adjustments of the internal
and external cell pressures are achieved by applying forces on
the sphere elements of the flexible membrane boundaries. The
inner and outer flexible membrane boundaries used in this
study are made of sphere elements bonded in a hexagonal
arrangement, and each sphere element can be regarded as a
central node (Figure 3). The force applied on the central node is
determined based on the surrounding sphere elements, and it is
continuously updated according to the pre-determined pressure
and the positions of these spheres during the simulation. The
flexible membrane is generated following the steps: (a) generate
the particle assembly in the HCA mould with rigid walls; (b)
determine the positions of the nodes and generate the bonded
flexible membrane spheres to surround both the inner and outer
rigid walls; (c) delete the inner and outer rigid boundaries; (d)
apply forces to the membrane sphere elements. It is noted that
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FIGURE 4 Particle size distribution used in the validation and
suffusion simulations.

different contact models are used to capture the interactions
among different materials in this model: the linear parallel
bond contact model is selected to bond the membrane elements
(MM), the rolling resistance linear model is used to capture
the interactions between granular particles (PP), and the linear
elastic contact model is used to describe the interactions between
particle and wall (PW), particle and membrane (PM), as well as
membrane and wall (MW). Similar flexible boundary algorithms
have been previously demonstrated to accurately capture the
mechanical characteristics of the real membrane used in physical
tests [37, 41–43].

2.4 Validation of the DEMHCTSTModel

The HCTST simulation with the fixed major principal stress
direction (α= 60◦) and intermediate principal stress ratio (b= 0.5)
is conducted for the validationwork of the proposedDEMHCTST
model. This DEM specimen has a size of 30 and 50 mm in
the inner and outer diameters, respectively, and the height is
twice the outer diameter. It is noted that the mean normal
stress p is also kept unchanged at 98 kPa during the shearing
process, and more details about the test can be found in the
experimental study by Miura et al. [44] The PSD used in the
validation is shown in Figure 4 (the blue dashed line). Figure 5
presents the comparison between the numerical simulation and
experimental results. The good agreements in both stress and
strain components demonstrate the ability of the proposed DEM
HCTST model in the description of the mechanical behaviour of
granular materials in the HCTSTs.

More validation work can be found in our previous study [37].
It is noted that the parameters related to the flexible membrane
boundaries have been determined before shearing with the same
method as the one in Zhang et al. [45]. In short, tensile and sus-
pension simulation tests are performed to determine the effective
modulus 𝐸𝑃𝑃, normal bond stiffness 𝑘̄𝑛, tangential bond stiffness
𝑘̄𝑠 and other related parameters. Meanwhile, a series of sliding
tests are conducted to determine the friction coefficients between
the membrane spheres, the soil particles and the rigid walls.
These parameters and the calibrated parameters related to soil

TABLE 2 Parameters used in the coupled CFD-DEM simulations.

Parameters Values

DEM Elastic modulus 𝐸𝑃𝑃 (Pa) 2.0 × 108

𝐸𝑃𝑊 (Pa) 2.0 × 108

𝐸𝑃𝑀 (Pa) 2.0 × 106

𝐸𝑀𝑀(Pa) 1.00 × 106

𝐸𝑀𝑊(Pa) 1.00 × 106

Stiffness ratio 𝑘𝑃𝑃 3.0
𝑘𝑃𝑊 3.0
𝑘𝑃𝑀 3.5
𝑘𝑀𝑀 3.0
𝑘𝑀𝑊 4.0

Friction coefficient 𝜇𝑃𝑃 0.30
𝜇𝑃𝑊 0.20
𝜇𝑃𝑀 0.35
𝜇𝑀𝑀 0.90
𝜇𝑀𝑊 0.65

Rolling friction
coefficient

𝜇𝑟 0.1

Normal stiffness of
the linear parallel

bond

𝑘̄𝑛 (Pa/m) 3.0 × 108

Tangential stiffness
of the linear parallel

bond

𝑘̄𝑠 (Pa/m) 1.00 × 108

Density of particles 𝜌𝑝 (kg/m3) 2650
Density of

membrane particles
𝜌𝑚 (kg/m3) 809

CFD Cells Radial ×
circumferential ×
vertical directions

3 × 12 × 25

Fluid viscosity 𝜇 (Pa*s) 1.0 × 103

Density of fluid 𝜌𝑓 (kg/m3) 1000

Abbreviations: CFD, computational fluid dynamics; DEM, discrete element
method.

particles used in the validation are listed in Table 2, and they will
be also used in the following coupled CFD-DEM simulations of
suffusion under various loading conditions considering different
values of both α and b.

3 Simulation Program

Based on the DEMHCTSTmodel, nine suffusion simulations are
designed with different α and b, as summarized in Table 3. As
the main objective of this study is to investigate the suffusion
under different loading conditions, the variation of FC is not
considered, and all suffusion cases have the same FC of 16%.
Previous studies found that the granular soil is internally unstable
when the gap ratio D15/d85 > 4 (where D15 and d85 represent the
particle diameters of 15% mass passing in the coarse particles and
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FIGURE 5 Comparison between the experimental and numerical results: (a) Stress ratio; (b) Strain components.

TABLE 3 Simulation program.

Test 1 2 3 4 5 6 7 8 9

α 25◦ 25◦ 25◦ 45◦ 45◦ 45◦ 65◦ 65◦ 65◦

b 0.2 0.5 0.8 0.2 0.5 0.8 0.2 0.5 0.8

FIGURE 6 The coupled CFD-DEM suffusion model.

85%mass passing in the fine particles, respectively) [46, 47]. Thus,
the gap ratio of the gap-graded soil is set as 5.6 in this paper, as
shown in the PSD curve (the red solid line in Figure 4).

The HCTST specimen used in the coupling simulation matches
the size of the DEMmodel used in the validation process. Before
coupling, the specimen is first generatedwith a relative densityDr
(=[emax—e]/[emax—emin]) of around 64.3%. The specimen is then
sheared under different loading paths with various fixed α and
b, and the confining pressure p is kept constant at 50 kPa during
the whole shearing process. When the deviatoric stress q reaches
55 kPa, the shearing process is paused, and the CFD domain is
then introduced for the suffusion simulations. Meanwhile, the
bottom rigid boundary is replaced by a filter wall with holes
whose size is about 2.5 times the diameter of the largest fine
particles but smaller than that of the coarse particles (Figure 6), so
that the fine particles can be washed out of the specimen by the

fluid flow. The stress states of the nine cases are kept the same
except for the major principal stress direction and intermediate
principal stress ratio during the suffusion process. In addition, the
shearing will restart to adjust the stress components if the stress
states of the specimens have deviated from the pre-determined
values due to the seepage flow and loss of the fine particles.

The introduced CFD domain has the same inner and outer
diameters as the particle assembly, while the height is set as 1.5
times that of the DEM sample. The free slip boundary condition
is applied on both the inner and outer lateral CFD boundaries,
and the fluid flows from top to bottom by applying the fluid
pressures at the inlet and outlet boundaries. The hydraulic
gradient i (=Δp/ρgL, where Δp denotes the differential pressure
between the inlet and outlet boundaries, and L denotes the
length of the particle assembly along the flow direction) is set
as 2.0 in this study. The coupling simulation process lasts for 10
s in all cases. It is noted that the Courant number C, expressed
in the following equation, should be below 1 during the whole
suffusion process: [48]

𝐶 =
∑

𝐹
𝑈𝐹Δ𝑆

2Δ𝑉
Δ𝑡𝑓 < 1 (17)

where
∑

𝐹
𝑈𝐹Δ𝑆 is the sum of the face fluxes of a fluid element;

Δ𝑉 is the volume of the fluid element; and Δ𝑡𝑓 denotes the
timestep in the CFD calculation. Meanwhile, the timestep Δ𝑡𝑝 in
the DEM domain should satisfy the criteria proposed by Cundall
and Strack [49]:

Δ𝑡𝑝 ≤ 2

√
𝑀

𝑘
(18)

where M and k are the particle mass and stiffness, respectively.
In this study, Δ𝑡𝑝 is approximately 1 × 10−7 s, and Δ𝑡𝑓 is set as
1 × 10−5 s. More parameters used in the suffusion simulations are
summarized in Table 2.

4 Result Analysis

4.1 Mass Loss of Fine Particles

Figure 7 shows the cumulative mass loss of fine particles during
suffusion and the ultimate values in the nine cases having
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FIGURE 7 (a) Cumulative eroded fines mass during suffusion and (b) the ultimate values for cases with different α and b.

different α and b. It is concluded that the cases with smaller α
have more fine particles eroded. In other words, as the major
principal stress gradually rotates from the vertical direction to
the horizontal direction, fewer fine particles are washed away by
the fluid flow. Meanwhile, the fines mass loss is also influenced
by the value of b. In detail, more fine particles are eroded in the
cases having smaller b under otherwise same loading conditions,
which is consistent with the observation in Liu et al. [50]. The
differences of the fines mass loss in cases having different α
and b can be explained by the stress-controlled HCTST loading
system. In short, the circumferential stress σθ whose direction
is perpendicular to the fluid flow increases with α, and another
applied stress perpendicular to the vertical direction, the radial
stress σr, increases as b increases [39]. Therefore, the restriction
on the particles on the horizontal plane is more significant in
cases having larger α and b, resulting in the largest cumulative
eroded fines mass (10.8%) observed in the case with α = 25◦
and b = 0.2, while the fines mass loss (8.3%) is the smallest
when α = 65◦ and b = 0.8. The microscopic explanations for the
macroscopic difference in the fines mass loss are given in the
following sections.

With the applied hydraulic gradient, the fine particles are not
transported uniformly through the pores due to the restriction
by the clogging, applied stress and other factors [22, 28, 51]. The
DEM specimen is divided into nine equal layers along the vertical
direction, as shown in Figure 8, to facilitate the investigation
of the fines mass loss under different loading conditions. The
cases with b = 0.2 and having α = 65◦ are taken as examples
here. The distributions of the particle numbers in the nine layers
before and after erosion are plotted in Figure 9. In general, most
fine particles are eroded in Layer 1 which is near the filter wall
in all cases, and the loss of fine particles in Layer 9 is also
significant. By contrast, the variations of the particle numbers
in middle layers are much smaller, which is consistent with
Liu et al. [27] and Zhou et al. [28]. The possible explanation
for this phenomenon is that the clogging in middle layers has
restricted the movement of fine particles from top to bottom.
To have a clearer understanding, three coarse particles and the
surrounding connected fine particles in Layer 5 at t = 0 s and
6 s are shown in Figure 9. In comparison with the initial state,
some fine particles are observed to be blocked in the pore between
the coarse particles at the moment t = 6s, resulting in other fine
particles not being able to migrate downward through this pore
after the clogging occurs [22]. Meanwhile, the distribution of
particle numbers along the vertical direction is affected by both α

FIGURE 8 Classified layers of the DEM sample along the vertical
direction.

and b. As α increases from 25◦ to 65◦, more particles are observed
in the middle layers after erosion. Similarly, more fine particles
are blocked in the middle layers with the increase of b. This
can be also explained by the aforementioned different applied
stress components in cases having various α and b: the increased
restriction from the direction perpendicular to the fluid flowwith
the increases of both α and b results in more significant clogging
in the middle layers, especially in Layers 4 and 5 where there are
more particles after erosion than the initial state.

4.2 Volume Flow Rate

There is a strong mutual influence between the fluid phase
and particle system during the process of suffusion. Thus, the
behaviour of fluid phase should be also considered. The evolu-
tions of the volume flow rate Q (=𝒗 · 𝐴, where 𝐴 is defined as
the area of the ring in the middle of Layer 2 in this study; the
flow velocity 𝒗 is defined as 𝒗 = 𝒌 · 𝑖, and k is the hydraulic
conductivity) in cases under different loading conditions are
shown in Figure 10. It is concluded that the volume flow rates all
increase during the suffusion process despite the different loading
conditions. The smallest rates in all cases are observed at the
moment t = 0 s, indicating that fines mass loss can increase the
hydraulic conductivity k of the HCTST specimens. In addition,
the increasement of permeability decreases with the increases
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FIGURE 9 Distribution of particle numbers in layers for cases: (a–c) b = 0.2 with α = 25◦, 45◦ and 65◦, respectively; (d–f) α = 65◦ with b = 0.2, 0.5
and 0.8, respectively.

FIGURE 10 Evolution of the volume flow rate for all cases.

of both α and b. The greatest value of the volume flow rate
is observed in the case having α = 25◦ and b = 0.2, while the
permeability is the smallest in the case with α = 65◦ and b = 0.8.
In other words, the more the fines mass loss, and the greater the
volume flow rate.

4.3 Strong Force Chains

The force transmission and contact anisotropy are mainly con-
tributed by the strong force chains in the granular packing, while
the weak ones are mainly responsible for the maintenance of the
stability of the strong force chains [11, 52]. For the gap-graded
materials, Liu et al. [27] further found that the fine particles with
higher contact forces and connectivity are more difficult to be
washed away by the fluid flow. To facilitate the investigation of
the contributions of particles with different sizes to the strong
force chains, three types of contacts are categorized in this study:
the contact between coarse particles (c-c contact), the contact
between fine particles (f-f contact) and the contact between coarse
and fine particles (c-f contact) [11, 28]. The cut-off point between
the strong and weak forces is set as the average contact force fa
here [27, 53], defined as:

𝑓𝑎 =
∑

𝑁𝑐
𝑓𝑖

𝑁𝑐

(19)

whereNc is the total number of contacts and fi is the contact force
at a contact. The forces which are greater than fa are the strong
contact forces, while the ones less than fa are defined as the weak
contact forces. In addition, the proportion Ps which denotes the
percentage of strong force chains in different types of contacts to
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FIGURE 11 Contributions of (a) c-c, (b) c-f and (c) f-f contacts to the strong force chain network before and after erosion.

the total strong force chains can be calculated by the following
equation:

𝑃𝑠 =
𝑁𝑐𝑡
𝑠

𝑁𝑠

(20)

where 𝑁𝑐𝑡
𝑠 is the number of strong force chains in each contact

type and 𝑁𝑠 is the number of total strong chains.

Figure 11 shows the contributions of the three types of contacts
to the strong force chain network for the same cases as those in
Figure 9 before and after erosion. In general, the type of c-c contact
plays a dominant role in both pre-eroded and post-eroded particle
assemblies in all cases, while the type of f-f contact accounts
for the smallest proportion. On the other hand, fine particles
have made more contributions to the strong force chains after
the suffusion process, proved by the increases of the percents of
the c-f and f-f contacts (Figure 11b,c). This phenomenon can be
attributed to the fact that some of fine particles are clogged in the
pores between coarse particles and may overfill the pores during
the suffusion process. These fine particles will then bear greater
contact forces, [27] which further makes it more difficult for fine
particles to be washed away.

The percents of the c-f and f-f contacts in strong force chains
in layers of these post-eroded samples are plotted in Figures 12
and 13 for further analysis. In general, fine particles are found to
contribute more to the strong force chains in the middle layers,
which is consistent with the particle number distribution shown
in Figure 9. Thismeans that some of the fine particlesmoved from
the upper layers have overfilled the pores and been obstructed
in the middle layers, further bearing greater loads. Meanwhile,
the percents of the two types of contacts related to fine particles
increase with both α and b in most layers, implying that more
fine particles are strongly connected with other surrounding
particles, and less fine particles are washed away as both α and b
increase.

4.4 Anisotropy of Contact Force and Force Chain
Network

To have a deep understanding of the differences in suffusion
under various loading conditions, the spatial distribution of
the microscopic contact orientation is considered in this study
[9, 23, 28]. The distribution function which can quantify the
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FIGURE 12 Percent of c-f contact in the strong contacts in layers for cases: (a) b = 0.2 with α = 25◦, 45◦ and 65◦, respectively; (b) α = 65◦ with
b = 0.2, 0.5 and 0.8, respectively.

FIGURE 13 Percent of f-f contact in the strong contacts in layers for cases: (a) b = 0.2 with α = 25◦, 45◦ and 65◦, respectively; (b) α = 65◦ with
b = 0.2, 0.5 and 0.8, respectively.

contact information can be defined by the following Fourier
series:

𝐸(𝜑) = 1

2𝜋
[1 + Acos(𝜑 − B)] (21)

where 𝜑 denotes the angle between the directions of the contact
and vertical axis; A and B are the magnitude and the correspond-
ing principal direction of the anisotropy, respectively, and they
can be calculated by the following equations [11, 23]:

A = 2

√√√√√[
∫

2𝜋

0

𝐸(𝜑) cos 2𝜑𝑑𝜑

]2
+

[
∫

2𝜋

0

𝐸(𝜑) sin 2𝜑𝑑𝜑

]2
(22)

B = 1

2
arctan

∫ 2𝜋

0
𝐸(𝜑) sin 2𝜑𝑑𝜑

∫ 2𝜋

0
𝐸(𝜑) cos 2𝜑𝑑𝜑

(23)

Figures 14 and 15 show the spatial distributions of normal
contact force and contact normal for three cases before and
after suffusion. After suffusion, the principal directions of both
normal contact force and contact normal rotate slightly to the
vertical direction in the three cases, and more contacts are
generated along the vertical direction due to the seepage flow.
Meanwhile, the specimens with α = 45◦ and 65◦ tend to be less
anisotropic with the decreased anisotropy magnitudes, while the
anisotropy magnitude of the sample with α = 25◦ shows a slight

increase. To have a better understanding, the evolutions of the
two anisotropy parameters of both normal contact force (An and
Bn) and contact normal (Ac and Bc) for all cases during the
suffusion process are plotted in Figures 16 and 17. In general, the
applied fluid flow is observed to be able to reduce the anisotropy
levels although constant anisotropic stresses are continually
imposed on the specimens in cases with α = 45◦ and 65◦. For
cases with α = 25◦, the anisotropy magnitudes also decrease
although there is a slight increase during the initial seconds. The
slightly decreased anisotropy magnitudes and the corresponding
directionswhich are slightly rotating to the fluid direction suggest
that some contacts along the major principal stress directions are
destroyed, and somenew contacts are generated along the vertical
direction under the action of fluid flow. Furthermore, the possible
explanation of the initial increase in magnitude in cases with
α= 25◦ is that the contacts in the horizontal plane are not as strong
as those in the cases where α = 45◦ and 65◦ due to the smaller
circumferential stress σθ, [39] and some of the horizontal contacts
are easier to be destroyed in the initial stage. The free particles
are then quickly connected with the surrounding particles along
the flow direction which is close to the initial principal direction
of anisotropy. Thus, the anisotropy principal directions rotate to
the vertical direction quickly, and the specimens become more
anisotropic at the initial stage. Like the cases with α = 45◦ and
65◦, some of the contacts along the anisotropy principal direction
break during the following suffusion process, and themagnitudes
begin to decrease.
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FIGURE 14 Distribution of normal contact force (a–c) before and (d–f) after suffusion for cases: α = 25◦ and b = 0.2 (left column); α = 45◦ and
b = 0.5 (mid column) and α = 65◦ and b = 0.8 (right column).

FIGURE 15 Distribution of contact normal (a–c) before and (d–f) after suffusion for cases: α = 25◦ and b = 0.2 (left column); α = 45◦ and b = 0.5
(mid column) and α = 65◦ and b = 0.8 (right column).
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FIGURE 16 Evolution of the (a) anisotropy magnitude and (b) principal direction of normal contact force during suffusion.

FIGURE 17 Evolution of the (a) anisotropy magnitude and (b) principal direction of contact normal during suffusion.

FIGURE 18 Relationship between the initial anisotropy magnitude and intermediate principal stress ratio: (a) normal contact force, (b) contact
normal (the number near the point is the percentage of ultimate fines mass loss).

The anisotropy magnitudes before suffusion show a decreasing
trend with b when α = 25◦ and 45◦, while an opposite trend
is observed when α = 65◦, as shown in Figure 18. This can be
attributed to the fact that when α = 65◦, the radial stress σr
is relatively large. Concurrently, the vertical stress σz decreases
as b increases. This reduction in σz results in a higher number
of inherent contacts distributed along the vertical direction
breaking, and the generation of new contacts along the horizontal
direction in the cases with larger b-values during shearing [36,
37, 39]. On the other hand, although the majority of loads are
resisted by the contacts distributed vertically when α = 25◦ and

45◦, more contacts are observed along the horizontal direction
due to the increase of the radial stress σr with b, resulting in the
decrease of the anisotropy magnitude with b. Consequently, it
becomes increasingly challenging for fine particles to overcome
the horizontal constraints in caseswith larger b-values, consistent
with the observation in Figure 7. Similarly, for cases having the
same b, the more the principal direction deviates from the fluid
(vertical), the higher restriction from the horizontal direction,
and the fewer the fines mass loss. More information about the
contact distribution can be seen in the force chain network
analysis in Figure 19.
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FIGURE 19 Local contact force networks for cases: (a–c) α = 25◦ with b = 0.2, 0.5 and 0.8, respectively; (d–f) b = 0.2 with α = 25◦, 45◦ and 65◦,
respectively.

Local contact force networks (the zone highlighted by the red
dashed line) of some cases are shown in Figure 19 for the micro-
scopic analysis. From the front views, the stress anisotropy is
clearly captured by the force chains which are gradually rotating
to be close to the horizontal direction as α increases from 25◦ to
65◦ (Figure 19d–f), consistent with Figures 16 and 17. Meanwhile,
more strong force chains are observed in the horizontal plane
from the top views due to the increased restriction by the radial
stress σr with the increase of b (Figure 19a–c).

4.5 Pore Structure and Erosion Path

For the specimens under different loading conditions, the inter-
nal particles undergo rotation and sliding during the shearing
process, and the contacts between particles exhibit varying
degrees of buckling and collapse [37, 54]. In other words, the
internal structures of these granular systems undergo varying
degrees of change, and correspondingly, the pores between the
particles have also exhibit differences. To describe the pore
structures of the particle assemblies, the maximal ball (MB)

method which can be used to extract pore networks from generic
and arbitrary 3D images is introduced. [55] With this method,
Silin et al. [56] and Silin and Patzek [57] studied the dimensionless
capillary pressure during drainage processes. Xiong et al. [22]
investigated the pore structure of porousmedia, further analysing
the effect of pore size on the degree and position of clogging.
In this study, the HCTST specimen is first divided into many
voxels. Then, the MB method operates by finding the largest
inscribed ball at each voxel coordinate whose radius is equivalent
to the minimal distance to the particle phase or boundaries. [22]
Then, the balls that are included in the largest inscribed balls
are regarded as inclusions and are removed. The rest, referred to
as the maximal balls, provide a non-redundant representation of
the pore space. The MB clusters are then extracted and plotted
to outline the porous skeletons, thereby offering a depiction of
the attributes of pores. More details about the MBmethod can be
found in previous studies [55, 57, 58].

Figure 20 shows the local pore structures of some cases, and the
local zone is the same as that in Figure 19. Compared to the
case with α = 25◦ and b = 0.2, the pores in the specimen having
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FIGURE 20 Pore structures for cases: (a) α = 25◦ with b = 0.2; (b) α = 25◦ with b = 0.8; and (c) α = 65◦ with b = 0.8.

α = 25◦ and b = 0.8 are narrower in the radial direction (see the
pores highlighted by the black circles), resulting in the pores in
the specimen with a larger b having a poorer connectivity along
both the radial and vertical directions. Meanwhile, the pores in
the specimen with a larger α are narrower in the circumferential
direction (white circles in Figure 20b,c). The variations in the
pore structures and connectivity can be explained by the same
reason that accounts for the different distributions of force
chains. As the radial stress σr increases with b, particles undergo
greater compression, consequently generating more contacts and
reducing the pore cavities in the radial direction. Similarly, the
increased circumferential stress σθ and torsional stress τzθ with
α lead to a reduction in pore cavities in the circumferential
direction.

It is noted that the larger theminimal distance, the larger the local
pore size. When the value of distance of a voxel is larger than the
sizes of fine particles, the fine particles can migrate through this
voxel. In this study, a statistical index Pvf, that is, the percentage
of voxels that allow fine particles to pass through to all voxels in
layers, is defined in the following equation to better describe the
connectivity of the pores along the vertical direction:

𝑃𝑣𝑓 =
𝑁𝑣𝑓

𝑁𝑣

× 100% (24)

where Nvf is the number of voxels allowing fine particles to pass
through in one layer, and Nv is the number of all voxels in this
layer. When the value of Pvf is zero, there is no chance for fine
particles to pass through this layer. Conversely, if Pvf is 100%, all
fine particles have the potential to migrate through under the

FIGURE 21 Percent of voxels allowing fine particles to pass through
in layers.

effect of seepage flow. The HCTST specimens are divided into
about 650 layers along the vertical direction here. Figure 21 shows
the distribution of Pvf in layers for the same cases as those in
Figure 20. Notably, the values represented in Figure 21 are the
minimal ones observed in the three cases. The values of Pvf are
always the smallest in many layers when α = 65◦ and b = 0.8.
This suggests an increased propensity for fine particles to be
obstructed within these layers, thereby impeding their ability to
migrate a long distance. In contrast, the Pvf values are larger in the
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FIGURE 22 Erosion paths of a fine particle in all cases: (a) b = 0.2; (b) b = 0.5; and (c) b = 0.8.

FIGURE 23 Average vertical displacement of fine particles for all
cases.

other cases, indicating enhanced connectivity along the vertical
direction.

The various pore structures further cause the fine particles to
migrate by the fluid along different paths, as shown in Figure 22.
In this figure, the dots with different colours and shapes represent
the positions of one fine particle in cases having various α and b at
different suffusion moments. In general, when α and b are large,
particles suffer more restriction in the horizontal plane which
is perpendicular to the fluid flow, and the connectivity of pores
along the vertical direction is poor. [5] Thus, the fine particles
are more difficult to be washed away compared to those in the
cases having smaller α and b. For example, the fine particles
in the cases with α = 25◦ move a longer distance along the
vertical direction, while the fine particles in the cases with larger
α move a shorter distance, especially in the case with α = 65◦
and b = 0.8 where the fine particle is clogged after a short
movement (Figure 22). Moreover, Figure 23 plots the average
vertical displacement of the fine particles, showing that the fine

particles in the specimens with smaller α and b travel a greater
distance under the effect of seepage flow. The provided different
pore structures and migration paths in the HCTST specimens
under different loading conditions can to some extent explain the
various fines mass loss in Figure 7.

5 Conclusions

This study developed a stress-controlled HCTST model in DEM
which can achieve the independent control of themajor principal
stress direction and intermediate principal stress ratio. Then,
the CFD solver was introduced to conduct a series of coupled
CFD-DEM simulations on gap-graded granular soils aiming to
reveal the suffusion under complex loading conditions. Both
macroscopic and microscopic responses during the suffusion
were investigated and discussed in detail. The main findings of
this study are summarized as follows:

1. Both α and b have influences on the fines mass loss. In
general, fewer fine particles are washed away by the fluid as
both α and b increase. The variations of the particle numbers
in layers show that most eroded particles are from the layer
near the CFD domain outlet, and clogging is observed in the
middle layers. Meanwhile, more particles are found clogged
in the middle layers as both α and b increase. In addition, the
permeability of the HCTST specimens shows an increasing
trend during the suffusion process, and the volume flow rates
are larger in the cases having more particles loss, illustrated
by the decrease of permeability with α and b.

2. Compared with coarse particles, fine particles make smaller
contribution to the strong force chains, while more fine
particles are observed to be strongly connected after the
suffusion process. The percents of the contacts related to fine
particles in strong contacts increase with α and b, implying
that more fine particles are clogged and difficult to be eroded
in cases having larger α and b.

3. From the microscopic perspective, the magnitudes of contact
anisotropy are to some extent weakened by the fluid flow, and
the corresponding principal directions slightly rotate to the
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fluid direction during suffusion in all cases. In addition,more
fine particles are washed away in cases whose anisotropy
principal directions are close to the fluid flow direction.

4. With the increase of α, the force chains are distributed more
along the horizontal direction, and the restriction on the
particles from the horizontal direction increases. Meanwhile,
the increased radial stress σr with b enhances the restriction.
In addition, the pore structures also exhibit differences, and
the vertical connectivity of the pores in the specimens with
larger α and b is poorer.

5. The various pore structures and distributions of the contacts
in specimens under different loading conditions induce fine
particles to migrate along different paths, further resulting in
the differences in fines mass loss and variations in particle
numbers in layers.
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