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Abstract
The flow direction is generally different from the gravity direction in geotechnical structures or slopes, the effect of which

during suffusion remains unclear. This paper presents a coupled computational fluid dynamics and discrete element method

approach to simulate the particle–fluid interaction relevant to this problem. The CFD-DEM approach is first benchmarked

by a classic granular system problem, which is then used to investigate the characteristics of suffusion and its impact on the

mechanical behavior. Five different angles between gravity and seepage directions for gap-graded soils with two fines

contents are examined. Both the macroscopic and microscopic characteristics during suffusion and triaxial loading tests are

analyzed. The direction angle is found to play a significant role affecting the erosion process and the mechanical con-

sequence of soils. The results show that the greater the angle is, the harder it is for suffusion to occur and continue.

Keywords Computational fluid dynamics � Discrete element method � Granular soil � Internal erosion � Microstructure �
Solid–fluid interaction

1 Introduction

Internal erosion of fine particles in gap-graded granular

soils induced by fluid flow is one of the most common

causes of failure in hydraulic earth structures (e.g., levees,

embankment dams) and slopes where the flow direction is

generally different from the gravity direction in different

locations, as shown in Fig. 1. As noted by [14], approxi-

mately 0:5% of the embankment dams worldwide exhibit

failure due to internal erosion. Moreover, statistical anal-

ysis has shown that internal erosion is the governing failure

mode of approximately half of all failures of embankment

dams [40]. Typically, internal erosion presents itself in

many different forms, which can be classified into four

types [14]: (1) concentrated leak: seeping water erodes and

enlarges a crack until a breach occurs; (2) backward ero-

sion: initiated at the exit point of the seepage path, a pipe

forms backward from the exit point until breach; (3) con-

tact erosion: the particles from the finer layer are eroded

into the coarser layer; and (4) suffusion: finer soil particles

are eroded through the voids between coarser particles.

This study focuses on suffusion involving the selective

erosion of fine particles within the matrix of coarse

particles.

Most previous studies have focused on theoretically

macroscopic behaviors of the soil mass and experimental

descriptions of the internal erosion mechanism

[2, 34, 45, 47, 50, 51, 54]. It should be acknowledged that

theoretical research and physical experiments have made

much progress in this research field [1, 31, 32, 67]. How-

ever, internal erosion is a multidisciplinary process that is

governed by the principles of soil mechanics and hydrau-

lics. Owing to the complexity of internal erosion hiding
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behind the macroscopic level, these studies have limita-

tions in their understanding of such a complicated issue

from the macroscopic viewpoint. To gain a better under-

standing, particularly from a microscopic level, some

numerical techniques have been proposed. For instance, [9]

introduced a two-dimensional coupled discrete element

method and lattice Boltzmann method (DEM-LBM) [8, 15]

to study the soil erosion induced by local leakage from a

buried pipe. This method was then applied to a three-di-

mensional problem by [55] to investigate soil erosion in

granular filters. [56] used a coupled discrete element

method and pore-scale finite volume method (DEM-PFV)

[6, 46] to study the internal erosion problem on the rep-

resentative elementary volume (REV) scale, investigating

the underlying mechanical instability of granular materials

by impacting fluid flow. A combination of computational

fluid dynamics (CFD) and the discrete element method

(DEM) has also been widely used to model the particle–

fluid system in recent studies, such as

[7, 17, 20, 23, 29, 49, 64, 66]. The CFD-DEM approach is

selected in this study for three main reasons: (1) both open-

source CFD (OpenFOAM) and DEM (LIGGGHTS) pack-

ages are available and have high-performance parallel

computing efficiencies; (2) the approach provides more

realistic simulations of fluid–particle interactions; and (3)

the approach is capable of capturing both micro- and

macro-characteristics of particle and fluid, providing new

insights into the microstructural origins underpinning the

macroscopic failure of internal erosion.

So far, previous studies have focused on the initiation

and development of internal erosion, with few of them

focusing on the resulting mechanical properties. In the

literature, several experimental studies have been con-

ducted to characterize the post-erosion properties of soils.

For example, [4, 5] carried out drained triaxial compression

tests on eroded soils and noticed that after the loss of a

significant amount of fine particles, the original dilatant

stress–strain behavior became contractant and the peak

stress decreased. In addition, [24, 25] attributed the

reduction in soil strength to the loss of fine particles

actively engaged in the mechanical transfer and spatial

rearrangement of soil particles, which may adjust the force

transfer. [37] pointed out that internal erosion is obviously

not homogeneous, highlighting the existence of preferential

flow paths that lead to a heterogeneous sample in terms of

the fine particles, void ratio and intergranular void ratio

distribution. On the other hand, [48] presented the effect of

fines content on the mechanical behavior in a bidisperse (or

gap-graded) soil from a numerical point of view. Other

numerical studies, such as [18, 19, 36, 41], investigated the

mechanical consequences of erosion by particle removal at

different loading states but fell short of performing fully

coupled fluid flow. However, there is a lack of studies

focusing on the effect of the angle between the flow

direction and gravity during internal erosion and its impact

on the mechanics of gap-graded granular soils.

The main objective of this paper is to study suffusion

and its resulting mechanical properties in gap-graded soils

Fig. 1 Schematic of different seepage directions in a dam
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by using a coupled CFD-DEM approach with an emphasis

on the effect of the angle between the flow direction and

gravity. After benchmarking the particle–fluid interaction

approach, a cuboidal soil sample is prepared to simulate

suffusion in six different conditions, i.e., one case without

considering gravity and five cases considering different

angles between the flow direction and gravity. For each

case, two fines content (FC) values of 15% and 35% are

selected. The effect of the angle between the different

directions of gravity and seepage is thus investigated. A

comparison of the mechanical properties at states before

and after suffusion is made from both microscopic and

macroscopic points of view.

2 CFD-DEM coupling approach

The CFD-DEM coupling approach used in this study is

based on two open-source packages. The CFD package is

used within the framework of OpenFOAM-5.x, and the

DEM package is executed by LIGGGHTS-PUBLIC-3.8.

The DEM package is developed for modeling granular

material based on LAMMPS, which is an open-source

molecular dynamics code developed by Sandia National

Laboratories (Los Alamos, New Mexico)[39].

2.1 Governing equations of the DEM

In the DEM [10], the motion of particles is governed by

Newton’s laws of motion, and the particles are tracked in a

Lagrangian way. The forces that act on the particles in this

simulation include the normal force and tangential force

from the particle contacts, the drag force and buoyancy

force from the fluid part, and gravity. For a particle i in the

particle system, the kinematic function is expressed as

mi
dvi
dt

¼
X

j

Fn
ij þ

X

j

Ft
ij þ Ff

i þ Fg
i

Ii
dxi

dt
¼ ri �

X

j

Ft þ Ti;

ð1Þ

where vi and xi denote the translational and angular

velocities of particle i, respectively. Fn
ij and Ft

ij are the

contact force and contact torque acting on particle i by

particle j or the wall(s), respectively. Ff is the particle–fluid

interaction force acting on particle i. Fg
i is the gravitational

force, and mi and Ii are the mass and moment of inertia of

particle i, respectively. In LIGGGHTS, the Hertz-Mindlin

contact model is employed in conjunction with Coulomb’s

friction law to describe the interparticle contact behavior.

2.2 Governing equations of the CFD

The literature provides a number of different ways to treat

the fluid phase, some of which were collected by [70]. In

the presented CFD-DEM coupling approach, both the fluid

and the solid pressures are included in the fluid governing

equation. This means that the continuous fluid domain is

discretized into cells in the CFD method. The CFD will

solve the following governing equations at each cell for the

locally averaged state variables such as fluid velocity,

pressure and density:

oqf af
ot

þr � ðqf afuf Þ ¼ 0

oðafqfuf Þ
ot

þr � ðafqfufuf Þ � r � ðaf sf Þ

¼ �afrpþ Rsl þ afqf g;

ð2Þ

where af and as are the fluid and soil fractions, respec-

tively, with af ¼ 1� as; the density of the fluid is given by

qf ; uf is the average velocity of a fluid cell; p is the fluid

pressure in the cell; sf is the stress tensor for the fluid

phase; and Rsl is the momentum exchange with the par-

ticulate phase and is expressed as

Rsl ¼
j
P

Ff
i j

Vcell � juf � upj
ðuf � upÞ: ð3Þ

2.3 Fluid–particle interaction forces

In this study, the predominant forces are the drag force f d
and the pressure gradient force frp. Other fluid–particle

interaction forces are neglected. Thus, the total fluid–par-

ticle interaction force f p;f is calculated as

f p;f ¼ f d þ frp: ð4Þ

The pressure gradient force is expressed as frp ¼ �Vprp.

One of the force models used for the presented calculations

was developed by [27] and [28]. In the formulation used by

[53], the force term for the drag is given by

f d ¼
Vpb
as

ðuf � upÞ; ð5Þ

where Vp is the volume of the considered particle and b
denotes the interphase momentum exchange term. The

pressure gradient force is expressed as frp ¼ �Vprp.

2.4 CFDEM coupling method

CFDEM coupling is based on an open-source CFD-DEM

engine that enables the parallel calculation of the DEM

solver of LIGGGHTS and the CFD package OpenFOAM.
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In this study, the coupling solver called ‘cfdemSolverPiso’

[16] is used, which is a finite volume-based solver for

turbulent Navier–Stokes equations applying the pressure-

implicit-split-operator (PISO) algorithm. The CFDEM

algorithm flowchart is shown in Fig. 2 and can be illus-

trated by following steps:

1. The DEM first reads an input file to prepare a granular

assembly. The neighbor list, including contact points

and overlaps for each particle, is built. The Hertz

constitutive model is then applied to each contact to

calculate forces and momentum. By using Newton’s

second law, the motion of each particle is obtained.

Last, the velocities and positions of all particles are

updated accordingly.

2. The information for all particles is packed and

transferred to the CFD via a twoWayMPI data

exchange method. Before the data reach the CFD

solver, the CFDEM engine determines which CFD grid

the particle localizes. Both the volume fraction and the

mean particle velocity in each CFD cell are then

calculated.

3. For the CFD solver, the PISO algorithm (more

information is given in [21, 22]) is used. Rather than

solve all of the coupled equations in a coupled or

iterative sequential fashion, PISO splits the operators

into an implicit predictor and multiple explicit correc-

tor steps. This scheme is not thought of as iterative, and

very few corrector steps are necessary to obtain the

desired accuracy.

4. When the PISO loop converges, the CFDEM engine

updates the hydraulic forces on all particles and then

returns the data to the DEM solver. These forces

calculated by the CFD part participate in the calcula-

tion of the DEM as part of the force acting on the

particles. The DEM solver cycles steps until the

simulation finishes.

2.5 Benchmarks of the CFDEM coupling
approach

The coupled CFDEM approach has been widely verified by

many researchers, such as [7, 26, 29, 38, 42, 66]. In this

study, the Ergun test [12] is examined. As shown in Fig. 3,

Fig. 2 Algorithm flowchart of CFDEM coupling
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the Ergun test describes fluid flow through a granular

column. It is worth noting that Fig. 3 only renders the DEM

part on the left and the CFD part on the right. The fluid

flows in from the bottom surface of the cylinder at a con-

stant speed and flows out from the top surface. The sur-

rounding surface of the cylinder is a non-permeable

boundary. Due to gravity, particles are deposited at the

bottom of the cylinder. As expressed by the Ergun equa-

tion, the pressure drop Dp is a quadratic function of the

superficial velocity vs, which is the velocity that the fluid

would have through an empty tube at the same volumetric

flow rate. This can be expressed as:

Dp ¼ 150lLð1� eÞ2

d2e3
vs þ

1:75Lqð1� eÞ
de3

vsjvsj; ð6Þ

where Dp is the pressure drop across the bed, L ¼ 0:0156m

is the length of the bed, d ¼ 0:001m is the equivalent

spherical diameter of the packing, q ¼ 10kg=m3 is the

density of the fluid, l ¼ 1:5� 10�3Pa is the dynamic

viscosity of the fluid, e ¼ 0:45 is the void fraction of the

bed, and vs is the superficial velocity.

Figure 4 shows good agreement between the experi-

mental data and the numerical results. When a certain

minimal fluidization velocity vmf is reached, the granular

packing will fluidize, resulting in a constant pressure drop

despite the increasing fluid velocity.

3 Model setup and test program
for suffusion

3.1 Model setup and parameter selection

In this study, a cuboid sample is modeled with a size of 13

mm�13 mm�20 mm (14D50 � 14D50 � 21:5D50, as

shown in Fig. 5). The cuboid sample is confined by six

Fig. 3 Ergun test: particle bed fluidizes at predicted minimal

fluidization velocity vmf , rendering DEM part only on the left and

CFD part only on the right

Fig. 4 Comparison of the pressure drop against the analytical solution provided by the Ergun equation
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rigid walls, where either stress or strain control can be

applied. The CFD domain has the same length and width

but has an extra height of 8 mm, ensuring that it entirely

covers the DEM domain. The boundary condition of the

fluid is considered to be a one-way flow, which means that

the fluid flows in from the top and flows out from the

bottom. The surrounding surfaces are non-permeable and

non-slip boundaries.

The soil particles are considered to be perfect spheres.

The friction coefficient between particles is considered,

whereas the effects of angularity are not considered in this

study but will be investigated in a forthcoming study. The

selection of Young’s modulus in the DEM is a preparatory

step for the simulation due to its importance in investi-

gating the material’s role in determining the time step of

the DEM and to determine the particle overlapping. In the

literature, a wide range (from 106 Pa to 1010 Pa) for

Young’s modulus has been adopted in numerical simula-

tions to study sand behavior [11, 60, 68–71]. A smaller

magnitude of Young’s modulus allows for a larger time

step, which can considerably save computational resources.

Moreover, it has been found that a smaller magnitude of

Young’s modulus does not appreciably affect the physical

response of the particulate system [3]. Thus, a magnitude

of 109 Pa is selected for Young’s modulus in this study,

which ensures that the particle overlap is small enough

(less than 2%). Other parameters used in this study are

reported in Table 1.

Studies have shown that gap-graded soils are more

prone to suffusion [33, 44], which may be a result of

defects in construction or substandard procedures in soil

mixing leading to a gap in certain grain sizes. Therefore, a

gap-graded soil was chosen in this study. The soil mixtures

are composed of fine particles with a radius of d50 ¼ 0:155

mm and coarse particles with a radius of D50 ¼ 0:931 mm.

For internal instability problems, the index ratio D15=d85

[43], based on splitting the gradation to distinguish

between D15 of the coarse fraction and d85 of the finer

fraction, was considered as the criterion. If D15=d85\4, the

soil is deemed internally stable. [13] experimentally

demonstrated that a soil with a D15=d85 ratio close to 4

appears stable, whereas a soil with D15=d85 � 7 exhibits

Fig. 5 Model setup

Table 1 Parameters adopted in internal erosion process and

mechanical behavior simulations

Parameter Value Unit

Particles

Particle number 25240 or 58004

Particle density 2630 kg=m3

Young’s modulus 1:5� 109 Pa

Friction coefficient 0.25

Restitution coefficient 0.5

Time step 1� 10�7

Diameter 0.131 � 1 mm

Poisson’s ratio 0.3

Hole size of filter wall 0.65�0.65 mm2

Walls

Young’s modulus 1:5� 1010 Pa

Friction coefficient 0.25

Restitution coefficient 0.5

Fluid

Cell size 1�1�1 mm3

Fluid density 1000 kg=m3

Viscosity 1� 10�6 m2=s

Hydraulic gradient difference 0.2

Time step 1� 10�4

Global setting

Coupling time step 1� 10�4

Gravitational acceleration 9.8 m=s2
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internal instability at a relatively low hydraulic gradient.

Thus, the grain size distribution (GSD) shown in Fig. 6

with a ratio D15=d85 ¼ 6 was selected in this study.

As many experimental and DEM studies on suffusion

[19, 20, 23, 37], the FC is a significant factor regarding the

GSD for a given granular packing. In this study, two rep-

resentative samples with different FCs are considered:

FC=15% and FC=35%. In addition, to make the numerical

results of two FCs comparable, the same relative density

(Dr ¼ 60%) and sample size for different FCs are main-

tained. The relative density (Dr) is defined as follows:

Dr ¼
emax � e0
emax � emin

; ð7Þ

where emin and emax are the minimum and maximum void

ratios for a given GSD, respectively. e0 is the initial void

ratio of the sample.

The method for determining the maximum and mini-

mum void ratios follows [35]. By varying the generation

porosity and interparticle friction, the maximum void ratio

emax (0.595 for FC=15% and 0.512 for FC=35%) and

minimum void ratio emin (0.363 for FC=15% and 0.271 for

FC=35%) are obtained. The corresponding initial void

ratios for FC=15% and 35% are 0.455 and 0.367,

respectively.

3.2 Test program for suffusion

Suffusion may occur in many places in geotechnical

structures or slopes, leading to uncertainty in the seepage

direction. Different seepage directions result in different

erosion consequences, particularly when the gravitational

field direction is opposite to the seepage direction. In this

study, the numerical simulations consist of four stages:

1. Stage 1: Sample generation. Particles are randomly

generated (without any overlap) in a cuboid region

slightly larger than the sample size, and then, the

positions of the rigid walls are adjusted until the

sample reaches the desired initial void ratio. Both the

coupling calculation and gravity are switched off

during this stage to ensure initial uniformity. The

uniformity of the sample can also be numerically

verified (blue histogram in Fig. 8).

2. Stage 2: Coupling balance. The coupling calculation

and gravity (if it is considered) are switched on. The

bottom and top walls are changed to filter walls. The

hole size of the filter wall is 0.65 mm, which is smaller

than the smallest diameter of the coarse particles but

larger than the largest diameter of the fine particles.

During this stage, the hydraulic gradient is kept at zero.

3. Stage 3: Suffusion test. This stage lasts for 50 s. In the

first 5 s, the hydraulic gradient remains at zero; it is

then increased to 0.2 and held at this value until the end

of this stage. It should be noted that the confining

pressures on the samples during the suffusion tests are

kept at 100 kPa. The effect of the confining pressure is

not investigated in this study.

4. Stage 4: Drained triaxial test. To analyze the mechan-

ical consequences, the eroded or not eroded (i.e.,

underwent stage 3 or not) samples are both preserved.

The conventional drained triaxial tests are conducted

with three confining stresses of 100 kPa, 200 kPa and

400 kPa. Both gravity and seepage force are ignored in

this stage. An axial strain of up to 40% is applied to

ensure that all the samples reach the critical state.

A series of numerical tests were conducted to investigate

the effects of different flow directions. For comparison

purposes, a reference case was first considered in which the

erosion process was conducted without the gravitational

field. In addition, cases with an angle between the gravi-

tational field direction and the seepage direction defined as

ag varying from 0� to 180� were conducted. Specifically,

the flow direction is always vertical, but the direction of

gravity is changed to achieve different angles. Two FCs

(15%, 35%) were considered for each case. A summary of

all the cases is reported in Table 2.

4 Numerical results and discussion

4.1 Detachment, transportation and clogging
of fine particles

Figure 7 shows the evolution of the cumulative eroded

mass (Me ¼ mass of eroded fines
mass of total fines

) versus simulation time t

for three selected gravity conditions: without gravity (T1),

Fig. 6 Initial grain size distribution of samples
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with positive gravity (T2) and with negative gravity (T6).

We first note that no loss of fine particles was observed in

all tests during the first 5 s, indicating that the samples had

reached equilibrium in stage 2. When the hydraulic gra-

dient is applied, the fine particle loss of T2-Y0-FC15 is

faster than that of T1-N-FC15 at the beginning but reaches

a lower ultimate value of Meu ¼ 26:81%, whereas T6-

Y180-FC15 maintains a low value of Meu ¼ 11:44%. A

similar tendency is found in FC=35% samples, except that

the Meu of T2-Y0-FC35 reaches the value of 45.6%. By

comparing the results of ag ¼ 0� and 180�, we also note

that the direction of gravity has a significant influence on

the erosion process. T2-Y0-FC15 and T2-Y0-FC35 reach a

greater Meu because the gravity direction is the same as the

flow direction. However, fine particles are difficult to erode

in T6-Y180-FC15 and T6-Y180-FC35 because the seepage

force needs to overcome the gravitational force. For T1-N-

FC15 and T1-N-FC35, the fine particles are eroded away

from the coarse matrix continuously at a constant flow rate.

In total, 41:11% and 15:79% of fines are eroded from the

FC=15% and 35% samples, respectively. It is noted that the

ultimate eroded mass Meu of the FC=15% sample is much

larger than that of the FC=35% sample, which is because

the effective stresses are mainly transferred by the coarse

particles in FC=15% samples. In contrast, in FC=35%

samples, these stresses are transferred by the fine particles.

T1 tests are necessary because the contact force between

particles only stems from the confining pressures without

considering the influence of gravity. Thus, under the same

magnitude of the hydraulic gradient, the difference

between T1-N-FC15 and T1-N-FC35 also highlights that

the contact forces in the former are lower than those in the

latter, which requires a stronger hydraulic force for

detachment.

To investigate the fine particle detachment, transporta-

tion and clogging, the number of fine particles (Nfc) is

classified as a distribution along the flow direction (Z

position, xz) both before and after erosion for cases T1, T2

and T6. As shown in Fig. 8, fine particles show a relatively

homogeneous distribution before erosion (plotted in blue)

for both FC samples due to the isotropic confining phase

during sample preparation. However, after the erosion tests

are performed, the fine particle distributions (plotted in red)

are no longer homogeneous and instead show a triangle-

like distribution. With an increase in xz, increasingly more

fines are clogged. This result could be interpreted as fol-

lows: the longer the distance that the fines need to be

transported, the greater the possibility for them to be

clogged. It is worth noting that the volumetric change of

the FC=35% sample is larger than that of the FC=15%

sample because considerable fine particles are eroded,

while a constant confining pressure is maintained during

the erosion process. As mentioned before, the force trans-

mission in FC=35% is mainly through fine particles.

Therefore, when the top-side fine particles are detached,

Table 2 Summary of the internal erosion test program

Test Gravity ag FC(%)

T1-N-FC15 No None 15

T2-Y0-FC15 Yes 0� 15

T3-Y45-FC15 Yes 45� 15

T4-Y90-FC15 Yes 90� 15

T5-Y135-FC15 Yes 135� 15

T6-Y180-FC15 Yes 180� 15

T1-N-FC35 No None 35

T2-Y0-FC35 Yes 0� 35

T3-Y45-FC35 Yes 45� 35

T4-Y90-FC35 Yes 90� 35

T5-Y135-FC35 Yes 135� 35

T6-Y180-FC35 Yes 180� 35
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Fig. 7 Evolution of cumulative eroded mass (Me) of fines for three cases: without gravity, with positive gravity and with negative gravity
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particle rearrangement occurs, resulting in the compression

of FC=35% samples, whereas this effect is not distin-

guished in the FC=15% sample. Although a large portion

of fines are washed away from the top side, there are still a

few fines remaining because the coarse particles carry the

external forces, leaving void space for fine particles, as

shown in Fig. 8a and c. Since fewer fine particles in case

T6 are eroded, the fine particle distribution of tests T6-

Y180-FC15 and T6-Y180-FC35 does not change signifi-

cantly. Only a few fine particles around the top and bottom

Fig. 8 Comparison of fine particle (Nfc) distribution along Z position (xz) at the state before and after erosion, without gravity (T1), with positive

gravity (T2) and with negative gravity (T6)
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are eroded, indicating that most fine particles are not

detached. A comparison between the results of FC = 15%

and FC = 35% illustrates that the transport of fines in the

FC = 15% sample is easier than that in the 35% sample

because this mitigation of fine particles needs a void

channel between coarse particles, and the void in the

FC = 15% sample is generally larger than that in the 35%

sample.

Figure 9 shows the evolution of the cumulative eroded

mass (Me) versus simulation time t for the other three

(a) (b)

Fig. 9 Evolution of cumulative eroded mass (Me) of fines for T3, T4 and T5

Fig. 10 Comparison of drained triaxial tests with and without erosion of T1-N-FC15
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cases: T3, T4 and T5. It is worth noting that the curves

(plotted in gray) shown in Fig. 7 are retained in this fig-

ure for reference. The greatest difference between

FC = 15% and FC = 35% is that the former starts to lose

fine particles when the seepage flow starts, while the latter

lags behind for a while. This outcome occurs because there

are more free fine particles in FC = 15% samples than in

FC = 35% samples. When seepage flow starts, these free

fine particles are the first to be washed away. However, the

fine particles need to be detached under the drag force

before they can be washed away in FC=35% samples.

Another difference is that the ultimate eroded mass (Mu
e )

decreases with the increasing angle ag in FC = 35%, and

minimal fine particle loss occurs when the gravity direction

is opposite to the flow direction (T6-Y180-FC35). How-

ever, this also happens when the gravity is perpendicular to

the flow direction in T4-Y90-FC15. The reason for this

phenomenon is that the perpendicular gravity tends to push

some detached fine particles to the side that contacts coarse

particles away from the pipe by voids among coarse par-

ticles along the flow direction. Thus, the fine particles

become clogged more easily in the FC = 15% sample,

whereas the FC = 35% sample is different because of its

lower number of detached fine particles.

4.2 Consequent mechanical responses

With the erosion of large amounts of fines, a

metastable structure might be formed, which easily triggers

the rearrangement of particles into a stable packing. Con-

sequently, a volumetric deformation with a change in the

void ratio takes place, and the mechanical responses of the

soil may change significantly. For example, Figs. 10 and 11

show the comparison of the mechanical responses of T1-N-

FC15 and T1-N-FC35 samples before and after erosion.

The triaxial loading tests at three different confining pres-

sures (100 kPa, 200 kPa and 400 kPa) are performed,

where ea is the axial strain along the Z-axis; p0 is the

effective mean stress; q0 is the deviatoric stress; and e is the

void ratio. For the eroded and non-eroded samples, three

major differences are observed:

Fig. 11 Comparison of drained triaxial tests with and without erosion of T1-N-FC35
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1. A reduction in soil stiffness is observed, as shown in

the top-left subfigure. Due to the nonlinearity of the

soil (even at the beginning of loading), a stiffness

parameter E50 was introduced, which is defined as the

secant modulus corresponding to half of the peak stress

(depicted in Fig. 12).

2. The change in void ratio shown in the bottom-left

subfigure is mainly due to the erosion of large amounts

of fines. The change in the void ratio during erosion is

denoted as De.

Fig. 12 Definition of E50

(a) (b)

(c) (d)

Fig. 13 Determine the effect of seepage direction for different cases with both FC = 15% and 35%: a ultimate eroded mass; b void ratio change

during erosion; c E50 at 400 kPa of confining pressures; d eref with p0ref ¼ 100 kPa

Table 3 Summary of numerical results after erosion

Test Meu(%) De eref

T1-N-FC15 41.11 0.061 0.354

T2-Y0-FC15 26.81 0.041 0.337

T3-Y45-FC15 18.29 0.024 0.322

T4-Y90-FC15 7.65 0.003 0.304

T5-Y135-FC15 9.82 0.005 0.287

T6-Y180-FC15 11.44 0.012 0.290

T1-N-FC35 15.79 0.018 0.242

T2-Y0-FC35 45.60 0.049 0.232

T3-Y45-FC35 14.98 0.026 0.241

T4-Y90-FC35 7.86 0.015 0.263

T5-Y135-FC35 6.04 0.012 0.269

T6-Y180-FC35 5.70 0.015 0.269
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3. The change in the critical state line (CSL) is also

observed in the bottom-right subfigure. According to

[30, 35, 36, 62, 63], changes in the grading of GSD will

result in changes in the position of the CSL. Note that

the critical void ratio ec is a function of the mean

effective stress p0.

A simple linear relation for the CSL was adopted in the

e� ln p0 plane according to the results:

ec ¼ eref � k ln
p0

p0ref
; ð8Þ

where eref and p0ref determine a reference point of the

critical state in the e� ln p0 plane, and k denotes the slope

of the CSL. Thus, the CSL can be described by the two

parameters eref and k when p0ref is assigned (p0ref = 100 kPa

in this study).

As listed in Table 2, the angle between the seepage and

gravity directions is characterized by ag, which varies from

0� to 180�. Figure 13 shows the comparison of results for

different cases with the two different FCs. Figure 13a

shows the results of the ultimate eroded mass. For both

FCs, Meu decreases as ag increases, and the Meu of the

FC = 35% samples decreases faster than that of the

FC = 15% samples. It is worth noting that a significant

difference can be observed between FC=15% and 35% for

T1, implying that fine particles in FC = 15% samples can

Fig. 14 Force-chain network for case T1-N-FC15 confined at 400 kPa
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more easily be eroded. Similar observations can be found

in Fig. 13b, which shows the void ratio change during the

erosion process for different cases. The two subfig-

ures have a certain correlation, and the loss of fine particles

increases the porosity, but it is also necessary to consider

the volume change of the whole sample. Figure 13c sum-

marizes the trends of E50 (for the definition, see details in

Fig. 12) under different conditions. For comparison, the

dashed line is obtained from the sample without erosion. It

is observed that for all cases, E50 is reduced after the

erosion process. The drag forces applied by the fluid flow

cause some metastable force-chain buckling, leading to the

reduction of E50. Thus, the more fine particles that are lost,

the more that E50 changes. Figure 13d illustrates the ref-

erence critical void ratio eref relating to the position of the

CSL (see details in Eq. 8 when the slope k ¼ 0:166

remains almost the same). After the erosion process, the

reference critical void ratio eref increases for the

FC = 15% samples, while it decreases for the 35% sam-

ples. The numerical results after the erosion process are

reported in Table 3.

4.3 Micromechanical analysis

The impact of suffusion not only is reflected macroscopi-

cally but also changes the soil structure microscopically.

The analysis of the microstructure changes is also of great

significance for studying suffusion mechanisms. Figure 14

shows the force-chain network for case T1-N-FC15 con-

fined at 400 kPa in order to compare and analyze the

influence of flow on the micromechanical aspect. For

comparison purposes, four states are selected: (a) the state

without erosion before shearing; (b) the state without ero-

sion after shearing; (c) the state with erosion before

shearing; and (d) the state with erosion after shearing. As

shown in Fig. 14a and c, the force chains randomly dis-

tribute in the two samples, showing isotropic distribution

due to having the same confining pressure of 400 kPa;

however, the number of contacts Nc is reduced from 35122

to 25481 due to the detachment and transport of fine par-

ticles, which also implies that the erosion process leads to

particle rearrangement. Moreover, after applying vertical

loading until the critical state (as shown in Fig. 14b and d),

the contact anisotropy is easily found; it is better illustrated

in Fig. 15, which shows the probability density of strong

(Fs
n greater than average) and weak (Fw

n less than average)

normal contact forces, where the average normal contact

force is denoted by �Fn. By comparing the results before

shearing with and without erosion (states a and c), the

proportion of Fs
n does not change significantly. However,

the proportion of Fw
n decreases due to the seepage flow,

which implies that the detachment of fine particles is

Fig. 15 Probability density function of strong (Fs
n [ �Fn) and weak (Fw

n\ �Fn), legend labels correspond to four states shown in Fig. 14: a Before

erosion, Nc ¼ 35122; b At critical state without erosion, Nc ¼ 64121; c After erosion, Nc ¼ 25481; (d) At critical state with erosion, Nc ¼ 44251

Fig. 16 Three-dimensional framework
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involved mainly in weak force chains. Moreover, by

comparing the results after shearing with and without

erosion (states b and d), it is observed that the proportion of

Fs
n for the latter is larger than for the former, which is

because both Nc and the number of fine particles in the

latter are less than those in the former, so fewer particles

are required to sustain the same magnitude of confining

pressure, thereby resulting in a higher proportion of Fs
n.

Furthermore, the contact information can be considered

as a three-dimensional (3D) spatial distribution.

Fig. 17 Orientations of normalized microscopic contact information of T1-N-FC15, confined at 100 kPa, left column: without erosion before

shearing; mid column: with erosion before shearing; right column: with erosion after shearing
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Considering a 3D framework, all spatial orientations can be

expressed as a function of two angles h and u (similar to

that in [57–59]), as depicted in Fig. 16. Thus, the contact

orientations can be characterized by an angular distribution

function Eðh;uÞ defining the portion of contacts falling

within an angular interval ðdh; duÞ. Since the loading

considered in this study is symmetric about the Z-axis, the

influence of h can be eliminated by averaging the distri-

bution function as �EðuÞ ¼
R 2p

0
Eðh;uÞdhR 2p

0
dh

. Since �EðuÞ along

directions u and uþ p is physically equivalent, it can

always be represented by a Fourier series containing even

components. An adequate approximation for �EðuÞ can be

obtained on the basis of the second Fourier components as

follows:

�EðuÞ ¼ 1

2p
½1þ a cos 2ðu� bÞ� ð9Þ

where a is a parameter defining the magnitude of the ani-

sotropy (an for a normal contact force, as for a shear

contact force, ac for the contact number) and b defines the

principal direction of the anisotropy (bn for a normal

contact force, bs for a shear contact force, bc for the contact
number). When a ¼ 0, the distribution is isotropic and

�EðuÞ ¼ 1=2p, ensuring that
R 2p
0

�EðuÞdu ¼ 1. Therefore, a

and b can be computed as:

a ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ 2p

0

�EðuÞ cos 2udu
� �2

þ
Z 2p

0

�EðuÞ sin 2udu
� �2s

ð10Þ

b ¼ 1

2
arctan

R 2p
0

�EðuÞ sin 2udu
R 2p
0

�EðuÞ cos 2udu
ð11Þ

As an example, Fig. 17 shows the orientations of the three

kinds of microscopic contact information for T1-N-FC15.

The first row shows a normalized normal contact force Fn,

the second row displays a normalized shear contact force

Fs, and the third row presents the percentage of the contact

number Nc. By adopting Eqs. 10 and 11, the anisotropy

coefficient and principal direction are obtained, respec-

tively. It is worth noting that this study presents the anal-

ysis of conventional drained tests just for the mechanical

consequences, since the initial fabric effect on the aniso-

tropy of mechanical behavior of granular materials has

been widely studied [61, 65].

From the results of the first and second columns, it can

be stated that the suffusion process leads to an increase in

�an, �as and �ac, indicating an increase in the anisotropy of the

sample. However, due to symmetric conditions, the value

of b does not change significantly. Subsequently, when

triaxial loading is applied, it can be observed that the dis-

tributions of Fn and Fs exhibit noticeable changes.

In addition, the forces acting on the fines (during the

erosion test) include the gravity force (fg), drag force (fd),

normal contact force (fn), shear contact force (fs) and

pressure gradient force (fDp). Thus, the resultant force

acting on one fine grain can be computed as:

Fsum ¼ fg þ fd þ fs þ fn þ fDp: ð12Þ

Figure 18 shows the probability density of jjFsumjj applied
to the fine particles for the FC=15% samples. It is worth

noting that jjFsumjj reflects the possibility of fine particle

detachment. As shown in the figure, the jjFsumjj value of

the peak positions for different cases decreases with an

increase in the angle ag. This figure gives an explanation of

the influence of the change in seepage directions from a

grain-scale point of view.

Figure 19 summarizes the anisotropy coefficients and

directions of micromechanical distributions for all the

cases. The results for the FC = 15% samples are plotted in

red, while the results for FC = 35% are in blue. Three

states are selected for presentation: before erosion, after

erosion and at a critical state with respect to the states

presented in Fig. 13. As shown in Fig. 19a and e, the first

observation with regard to the evolution of an is that it

shows a high correlation with ac. For the FC = 15% group,

the sample at the state before erosion shows the highest

anisotropy. Then, when the erosion and triaxial tests are

performed, an and ac decrease. However, this effect is in

contrast to that of the FC = 35% group. It should be noted

that the anisotropy coefficients and directions presented

here are different from the fine particle distribution in

Fig. 8 because this is in terms of the contact orientations,

not the positions. In general, the anisotropy of the shear

force is more significant than that of the normal force and

Fig. 18 Probability density of resultant force length jjFsumjj applied
on the fine particles, in FC=15% samples for different flow directions
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contact number, which can be observed by the values of as,

an and ac, respectively. On the other hand, the evolution of

bn, bs and bc is based on the fluctuations of 0� due to the

symmetric condition. It is noteworthy that the erosion

process makes bn, bs and bc move away from 0�, which
means that a portion of the contact is lost, and the principal

direction of the anisotropy is deviated. Moreover, after the

triaxial loading applied, bn, bs and bc become closer to 0�,
indicating that the sample is compressed and new contacts

are rebuilt.

4.4 Summary of micro- and macro-
characteristics for erosion rule

Finally, together with all the macroscopic and microscopic

characteristics of all cases, a general erosion rule with

critical thresholds for the involved variables can be

examined. Taking the erosion law of [52] as an example,

the eroded mass rate can be expressed as follows:

(a) (b)

(c) (d)

(e) (f)

Fig. 19 Summary of anisotropy coefficients and directions of micromechanical orientations for different cases and FCs
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n̂e ¼ �keð1� /Þðfc � fc1Þjqwj; ð13Þ

where fc is the fines content and fc1 is the ultimate fines

content after a long seepage period; ke is the material

parameter; qw denotes the volume discharge rate (the vol-

ume of flow through the unit cross-sectional area per unit

time); / is the porosity; and n̂e is the eroded mass rate.

Thus, Eq. 13 can be rewritten as:

ke ¼
�n̂e

ð1� /Þðfc � fc1Þjqwj
ð14Þ

According to Equation 14, the variables used to calculate

ke can be measured from the CFDEM simulations. Fig-

ure 20 shows the evolution of �ke versus time for different

cases and FCs. As erosion progresses, the value of ke
gradually stabilizes. The maximum, minimum and mean

(a) (b)

(c) (d)

(e) (f)

Fig. 20 Summary of ke for different cases and FCs
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values are summarized in Fig. 21. The ke is obviously not

constant, indicating that more factors need to be considered

in the erosion law. That is, it may not be suitable to use the

quantity fc � fc1 accounting for the changing in the fines

content since this linear relationship cannot express the two

totally different force-chain transmissions that exist in

samples with different initial fines contents. Other influ-

encing factors (including hydraulic gradient, confining

pressures and interparticle friction angles, etc.) might also

lead to the nonlinear ke. In addition to these reasons, it can

be clearly seen that ke is highly dependent on the angle

between the gravity and seepage directions, which should

be considered in proposing the erosion law. Further studies

will focus on these influencing factors with the modifica-

tion of the erosion law.

5 Conclusions

A CFD-DEM coupling approach was used to model the

suffusion process of gap-graded soils and mechanical tests

to investigate the effect of the direction angles between

seepage and gravity. Several numerical tests were carried

out with different values of ag that varied from 0� to 180�.

In addition, two representative FCs (15% and 35%) were

considered for all the cases. The key concluding remarks

are as follows:

1. During the suffusion, the fines detachment, transporta-

tion and clogging mechanisms are significantly

affected by the gravity and ag. More attention should

be paid to this fact in practical engineering considering

that suffusion might occur in any direction.

2. By comparing the results from both macroscopic and

microscopic scales, different force-chain transmission

modes of FC = 15% and 35% are verified. The major

force chain is transferred by coarse particles in the

FC = 15% samples, while in the FC = 35% samples,

the major force chain is mainly carried by fine

particles.

3. Consequently, the effects of the angle between the flow

and gravity directions were investigated from both

macroscopic and microscopic points of view. The

effect of erosion on granular soils requires attention to

be paid to not only the initiation of erosion but also the

development of erosion and the consequent mechanical

behavior of soils.

4. Taking advantage of the CFDEM method, which can

capture both micro- and macro-characteristics of

particle and fluid, provides new insights into the

microstructural origins underpinning the macroscopic

mechanisms of suffusion.

Finally, this study provides both microscopic and macro-

scopic evidence for the proposal of further phenomeno-

logical or micromechanical models in order to solve

multiphysics and multiscale engineering problems.
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