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Abstract: The influence of two-phase flows containing suspension particles, which are
common in nature, on internal erosion with coupling effect of clogging remains unclear. This
paper presents a three-dimensional coupled discrete element method and computational fluid
dynamics (CFD-DEM) analysis of internal erosion considering different concentrations of
suspension C (i.e., mass of the suspended particles in unit volume of fluid) in gap-graded
granular soils with different fine fraction F, (i.e., the percentage by mass of the fine particles
in the gap-graded sample). The influences of C and F. on the erosion and clogging behavior
of soils are investigated from both the macroscopic and microscopic perspectives. It is found
that for gap-graded samples being under-filled with F.=15%, the suspension flow (i.e.,
influent fluid with suspending particles) decreases the cumulative eroded fine particle loss
and the increasing rate of soil hydraulic conductivity due to clogging at the top of the sample.
The degree of clogging is found to jointly be determined by both constriction size distribution
and the suspension concentration. Clogging in a local area usually occurs with the formation

of the clusters which has a high resistance to the drag force applied by the fluid flow.
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1. Introduction

Internal erosion may occur when the coarse grain group of a gap-graded sandy soil is
unable to prevent the erosion of the fine particles under the action of seepage. This issue has
been studied extensively by various researchers (Skempton and Brogan, 1994; Indraratna et
al., 2007; Chang and Zhang, 2013; Shire et al., 2014; Santos et al., 2015; Benamar et al.,
2019; Yang et al., 2019, 2020). The geometrical condition, hydraulic loading and in-situ
stress conditions, i.e., the gap ratio (i.e., the ratio of the minimum particle diameter in the
coarse grain group to the maximum particle diameter in the fine grain group), fine fraction
(F¢), hydraulic gradient (i) and mean effective stress (p') are identified as the most influential
factors that govern the initiation and evolution of internal erosion.

Previous studies on internal erosion usually assumed that the inflow applied to the
sample is pure fluid without any suspension particles. In reality, the seepage flow through
soils usually contains dispersed suspension particles with the size ranging from fractions of a
millimeter down to macromolecular dimensions (Amir and Brij, 2009). The presence of the
suspension particles within the inflow is may eventually cause to cause clogging in the
gap-graded soil, with consequences to change the soil structure, the hydraulic properties and
mechanical behavior of the soil. The seepage flow containing suspension particles could
either destabilize the primary load-bearing structure to weaken the soil strength by inducing
dislodgement of soil grains (Hicher, 2013; Yin et al., 2014, 2016;), or strengthen the primary
fabric to increase the soil strength by introducing more load-bearing fine particles into the
gap-graded soil. As far as the hydraulic property is concerned, the seepage flow containing

suspension particles is likely to reduce the void ratio and soil hydraulic conductivity (Alem et
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al., 2015; Sato and Kuwano, 2015; Yang et al., 2020), by single-particle plugging or by
particulate bridging at pore throats (Valdes and Liang, 2006). Limited experimental data have
shown that the soil hydraulic conductivity could be reduced by more than 50% by seepage
flow containing a low concentration (e.g., 0.5 g/L) of suspension particles (Reddi et al.,
2005). Thus, the seepage flow containing suspension particles could have significantly
affected the hydro-mechanical behavior of granular soils during internal erosion.

Although many significant macroscopic phenomena have been obtained from the
existing experimental investigations, a limited number of numerical studies have been
performed to understand the underlying microscopic mechanisms for the experimental
observations. As a result, some important microscopic insights of internal erosion and
clogging, e.g., the transportation or distribution of suspension particles within gap-graded
samples has yet not been well understood. Due to the complex interactions between the fluid
and soil particles during the coupled processes of erosion and clogging, the numerical
methods which only capture single-phase behavior (either for the solid or liquid phase) are
insufficient for the purpose. A combination of computational fluid dynamics (CFD) and the
discrete element method (DEM) has been emerging as a powerful tool for modeling the
particle-fluid system in recent studies (Zhao and Shan, 2013; Zhao et al., 2016; Kawano et
al., 2018; Hu et al., 2019).

This paper aims to study the influence of seepage flows containing suspension particles
on the clogging, erodibility and hydro-mechanical behavior of granular soils from both
macro- and microscopic perspectives, through a 3D coupled CFD-DEM investigation. Key

influence factors considered in the numerical analyses include suspension concentrations in
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the seepage flow (C), fine fraction in the gap-graded soil (F,) and hydraulic gradient (7).
Macroscopic observations in various aspects, including cumulative eroded particle mass,
sample deformation, hydraulic conductivity, erosion rate and stress-strain relations, are
presented with their responses to different C and F.. The microscopic mechanisms
underpinning these macroscopic observations are also analyzed, in the context of
transportation and clogging of suspension particles within gap-graded samples, the evolution

of load-bearing structure and constriction size distributions.

2. Coupled CFD-DEM method

The coupled CFD-DEM method used in this study includes formulations for three key
elements, i.e., the discrete element method (DEM), computational fluid dynamics (CFD) and
the coupling between CFD and DEM. In this study, the open-source DEM code LIGGGHTS
3.7.0 (Kloss et al., 2012) and CFD code OpenFOAM 5.0 (Jasak et al., 2007) are adopted for
simulating massive dispersed particle bodies and hydrodynamic processes, respectively. The
particle-fluid interaction forces, including the drag force, pressure gradient force and viscous
force, are computed by coupling the CFD and DEM codes (Goniva et al., 2012; Kloss et al.,
2012). Governing equations for DEM, CFD, and coupling between CFD and DEM have been
given elsewhere (Hu et al., 2019), and are summarized in the Appendix.

The coupled CFD-DEM method is validated according to Chang (2012), in which a
series of internal erosion tests were performed on real gap-graded granular soil under
different effective confining stresses (o’,) and hydraulic gradients (7). Considering the
similarity between Chang (2012) and this study in the stress and hydraulic conditions, the

experimental results reported in Chang (2012) are used here to validate the numerical
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CFD-DEM model. In some cases of the experiment, the specimen was tested under isotropic
stress states with mean effective stress (p’) of 50 and 200 kPa. The hydraulic gradient, i, was
increased in stages from 0 to the final value (i.e., 0.15 per 10 minutes for i<1.0, 0.25 per 10
minutes for 1.0<i<2.0, and 0.50 per 10 minutes for 7>2.0). More details are introduced in
Chang (2012).

Fig. 1 shows the grain size distribution of the gap-graded granular materials with
F.=35% used in the experiment and validation model. The gap-graded material with F.=15%
and 35% in Fig. 1 is adopted in the analysis of internal erosion with suspension particles. The
material with a low gap ratio and a narrow range of grain diameter is used in the simulation to
reduce the total number of DEM particles and improve calculation efficiency. For the sake of
computational efficiency, the hydraulic gradient in simulations was increased by one level
every 2.0 s. Although the simulation duration is very short compared with that in the
laboratory test, the simulated results below show that it is sufficient to reproduce the
experimental results in trend. Table 2 summarizes the parameters used in the validation
model.

Fig. 2(a) shows the simulated and experimental results for the cumulative eroded
particles mass during erosion. Both simulated and experimental results present that the
specimen under p=200 kPa has a higher critical hydraulic gradient and a larger final
cumulative eroded particles mass compared with those of the specimen under p'=50 kPa. The
tests showing intensified erodibility of the samples by higher p’, e.g., the cumulative eroded
particles mass increasing with p’, are also reported by Bendahmane et al. (2008). Figs. 2(b)

and 2(c) show the vertical strain and transverse strain of the samples under p’=50 and 200
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kPa. The simulated results are in good agreement with the experimental results in trend,
which demonstrates the predictive capability of the CFD-DEM method for capturing the main
characteristics of soil behavior during internal erosion. The scatters between the measured
and simulated results are probably caused by some simplifications of the numerical model,
e.g., the difference in gradation between the experimental and numerical soils, spherical
particles, short simulation time, etc.

The critical i for the occurrence of internal erosion in the simulations is smaller than that
of the experiments. This is because all particles in the simulations are spherical, for which the
voids formed by coarse particles are larger than that formed by the real soil particles with
non-spherical shape, e.g., flat, ellipse or prism. The spherical fine particles are also more
likely to get through the voids formed by the coarse particles and hence eroded under the
action of seepage flow. The influences of particle shape on erosion will be analyzed in future

work.

3. Simulation program and model setup
3.1 Simulation program

The simulation program includes 12 cases to study the effects of suspension
concentration (i.e. particle concentration in pore fluid according to Reddi et al. (2005) where
particles are not contacted each other), fine fraction in the gap-graded soil and hydraulic
gradient on internal erosion, as summarized in Table 1. Fig. 1 shows the particle size
distributions of the two gap-graded samples with F.=15% and 35% for the current study. It is
inferred from the previous studies (Skempton and Brogan, 1994; Minh et al., 2014; Shire et

al., 2014) that, for samples with F:=15%, the fine particles are likely to under-fill the voids
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between coarse particles and play a diminished role in stress transfer. In contrast, when the
fine fraction exceeds about 25% (e.g., 35%), the fine particles are found to start overfilling
the voids between coarse particles, to carry loads for stabilizing the force transmission
structures. Thus, the gradations used in this study represent two typical fabrics of the
gap-graded sandy soil. According to Burenkova method (1993), the soil is internal unstable
(i.e., internal erosion occurs when the hydraulic gradient reaches the critical hydraulic
gradient) if dyg/dg of the soil satisfies the following equations:
0.76log(dy, / d\s)+1<dy, / dy, <1.8610g(dy, /dys)+1 (1)
where dis, dgo and dy are the sizes of grain at which 15%, 60% and 90% of particles by
weight are smaller, respectively. Fig. 3 shows the assessment of internal stability for the
samples with F.=15% and 35% by Burenkova method. It is shown that both samples are
susceptible to internal erosion. In this study, the suspension particles are assumed to come
from the upstream soil (Goldsztein, 2005). The suspension particle size distribution in the
influent is the same as that of the fine fraction of the sample. This study focuses on the
influence of the physical clogging of suspension particles on the internal erosion of the
gap-graded soil. The cohesion of the suspension particles is not considered. Some previous
studies (Zamani, 2009; Zheng et al., 2014) on pore-clogging by the suspension particles also
did not take into account the cohesion of suspension as an influential factor.

The previous experiments (Skempton and Brogan, 1994; Li, 2008) have shown that the
i is usually smaller than 0.3 for coarse-grained soils. Thus, the hydraulic gradient i=0.10,
0.25 was selected in this study, which broadly covers the typical ranges of the critical

hydraulic gradient for the initiation of internal erosion. Two relatively high suspension
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concentrations, i.e., of 30 and 60 g/L, are selected in this study to facilitate clogging of
suspension particles in a short simulation time (15.0 s). During the entire simulation process,
a constant isotropic pressure (p’) of 50 kPa is posed to each sample. Internal erosion where
fine particles are washed out the soil matrix can happen in different directions of flow. The
current study focuses on the downward migration of the fine particles, which usually occurs
on the supported side of the retaining wall. As the maximum pressure induced by the gravity
force (lower than 1 kPa) is significantly lower than the 50 kPa of confinement (Kawano et al.,
2018), the gravity force is not considered in this study to eliminate its influences on the
particle detachment and migration (Wautier et al., 2019; Hu et al., 2019). In this case, a lot of
fine particles within the sample are floated or only have one contact, which further decreases
the critical i of the sample.
3.2 Model geometry and parameters

Fig. 4 shows a cuboid sample consisting of spherical particles, with a size of 13 mmx13
mmx26 mm (14D50x14D5ox28Dsy). Dso is the diameter at 50% mass passing. The CFD
domain overlaps the DEM domain with a size of 13.5 mmx13.5 mmx35 mm. An upstream
region with a size of 13 mmx13mmXx5 mm was defined on the top of the cuboid sample to
generate dispersed suspension particles (SPs) in the influent. The CFD domain is larger than
the DEM one to ensure that all particles in the sample are immersed in the fluid and subjected
to the fluid-particle interaction forces. In the coupled CFD-DEM method, the boundary
conditions applied on CFD and DEM domains are in fact independent with each other. Each
domain has its independent boundary conditions to ensure a correct calculation for granular

materials or fluid flow. To maintain a constant particle concentration, the number of the
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suspension particles in the upstream region was regulated for each 0.01 s during the entire
simulation period (15.0 s). The parameters for the particle properties, i.e., elastic modulus
(E), friction coefficient (ug) and rolling friction coefficient (i), are adopted according to
previous DEM studies modeling the mechanical behavior of sand (Wang and Gutierrez,
2010; Yang et al.,, 2017). The rolling friction impedes the rotation of particles, which
certainly prevents the detachment and migration of the fine particles to some degree. In this
study, the value of rolling friction is 0.1 which is typically adopted in some previous
numerical studies on granular materials (Goniva et al., 2012; Yang et al., 2017). Some cases
without rolling friction are also simulated to reveal its influences on internal erosion
preliminarily, which is shown in section 4.1. The time step in CFD and DEM is adopted as
1x10* s and 5x1077 s, respectively. The difference in the size of time step in CFD and DEM
is larger compared to other CFD-DEM coupling studies on internal erosion (e.g. Hu et al.
2019, Nguyen and Indraratna 2020(a)). Nevertheless, Zhao and Shan (2013) found that the
numerical results of the coupled CFD-DEM method agree well with the analytical solutions
of one-dimensional consolidation when the time step in CFD and DEM equals 5x10* s and
5107 s, respectively. Table 2 summarizes the simulation settings.
3.3 Boundary conditions

In each numerical analysis, constant differential pressure between the inlet and outlet
boundaries of CFD domain was applied to maintain the hydraulic gradients (i=Ap/pgL, where
Ap is the differential pressure and L is the sample length in the flow direction) of i = 0.10 or
0.25 across the sample length. Free slip boundary conditions were applied on the four lateral

walls, meaning that the surface fluid was restricted to move along the wall.

10
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For the boundary conditions of DEM, an isotropic stress of p'=50 kPa was applied to
each DEM sample using a servo wall algorithm. The friction coefficient of the confining wall
was 0 while its elastic stiffness was 10 times larger than that of the particle. The friction of
the wall is set as 0 to prevent the generation of shear stress at the boundary of the sample,
which is also adopted in some previous numerical research on interna erosion with the
coupled CFD-DEM method (Wautier et al., 2018; Wautier et al., 2019). If the wall is
relatively smooth, previous studies show that it is likely to facilitate the erosion of the fine
particles near the wall and decrease the critical hydraulic gradient (Moffat et al., 2011;
Nguyen and Indraratna, 2020(a)). A perforated base plate with a 0.5 mm pore-opening size
(1.5 times of the diameter of the largest fine particle) is placed underneath each sample to

allow the migration of the fine particles only.

3.4 Simulation procedure

A cuboid assembly of spheres was first generated randomly with the prescribed
gradation (Fig. 1) and compacted by six surrounding walls under the 50 kPa confinement.
The inter-particle friction coefficient was maintained at a relatively low value of 0.1 during
the sample preparation processes (i.e., generating particles and applying isotropic pressure to
the sample) to generate a relatively dense sample. After the sample preparation and before
applying seepage flow, the inter-particle friction coefficient is increased to 0.3.

After the generation of the initial DEM sample, a differential hydraulic pressure was
imposed on the upstream and downstream of the sample to model internal erosion.
Simultaneously, the dispersed suspension particles were generated periodically in the

upstream region. The information of each particle (including position, velocity and drag
11
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force) and contact (including the positions of particles in contact and contact force) were
recorded every 0.05 s during the entire simulation. Each simulation that models 15 seconds of
physical time of erosion in this study took approximately 5~7 days on an HP workstation
with 8 Intel Xeon E52680-v4 2.4GHz processors and 512GB DDR4 RAM. The simulation
duration (i.e., 15 s) is relatively short as compared to that in a laboratory test. Nevertheless,
the numerical results presented below show that this duration has largely covered the key
stages for internal erosion involved in each analysis, i.e., initiation and a gradually stabilized
response. The key macro- and microscopic mechanisms on the internal erosion of gap-graded

soil are contained in each simulation reported herein.

4. Numerical results and discussion
4.1 Net cumulative fine particle loss

Fig. 5(a) shows the percentage of the net cumulative fine particle loss (7 ne=ne-nin,
where m. and m;, denote the percentage by mass of the particles flowing out and into the
sample, respectively) for the samples with F.=15% under different C and i. It is found that a
higher hydraulic gradient facilitates the internal erosion for the sample under the same
concentration because of larger drag forces applied to fine particles. The existence of the
suspension particles decreases the net fine particle loss compared with that in the case of
C=0. This is because the fine particles under-fill the voids between coarse particles for the
sample with F=15%, leading to an easier occupation of the remaining space by the
suspension particles. Higher suspension concentration increases the influx of the suspension
particles (the mass of suspension particles through the unit cross-sectional area within a unit

time), facilitating clogging at the top of the sample and impeding the development of internal

12
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erosion. Figs. 5(b) and 5(c) show that the development of the vertical and transverse strains
of the sample with F.=15% during erosion. The transverse strain in this study is defined as
the average value of the strain in two horizontal directions (i.e., the ratio of the change in the
width of the sample to its original width). The sample deformations in different cases are
slightly affected by the erosion of the fine particles because the sample of F;=15% is mainly
composed of contacts between coarse particles.

Fig. 6 compares the cumulative eroded fine particle loss in the case of i=0.25 and
F.=15% under different concentrations and rolling friction. Although the incorporation of the
rolling friction decreases the eroded fine particle loss for each case, the trend for the eroded
fine particle loss under different concentrations is unchanged. In other words, it is reasonable
to assume that the effects of rolling friction and suspension concentration are independent.

Fig. 7(a) shows the percentage of the net cumulative fine particle loss (7. ne;) for the
sample with F=35%. Comparing Fig. 5(a) to Fig. 7(a), the m, ¢ of the sample with F:=35%
also increases with the hydraulic gradient but varies slightly under different suspension
concentrations. For the sample with a high fine fraction (e.g., F:=35%), the fine particles
overfill the voids between coarse particles, preventing the entry of the suspension particles to
the sample. Figs. 7(b) and 7(c) show the development of vertical and transverse strains of the
sample with F.=35% during erosion. Although the m. o of the samples with F.=15%
(me ne=0.6%~3.5%) is two or three times larger than that of the samples with F.=35%
(me 1e=0.75%~1.8%), the strain level of the former (i.e., 0.005%~0.16%) is much smaller
than that of the latter (i.e., 0.2%~1.6%) because of the different types of their material

fabrics. For the sample with F.=15%, the coarse particles are in contact with each other while

13
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most fine particles are confined within voids between coarse particles, providing little support
to the coarse particles (Skempton and Brogan, 1994; Minh et al., 2014; Shire et al., 2014).
Thus, the erosion of the fine particles has rarely affected the stability of the coarse particle
supported fabric which mainly carries the external pressure (p'=50 kPa in this study). For the
sample with F=35%, however, the coarse particles are dispersed within a matrix of fine
particles (Skempton and Brogan, 1994; Minh et al., 2014; Shire et al., 2014). Then the
erosion of the fine particles leads to the rearrangement of the coarse particles and hence a
relatively large deformation of the entire sample.

Fig. 8 shows the erosion rate in terms of mass percentage for the samples with F.=15%
and 35% under different suspension concentrations (C) and hydraulic gradients (). For the
samples with F.=15%, the fine particles are susceptible to be eroded under a higher i and a
lower C. The suspension concentrations (C) have a slight influence on the erosion rate for the
sample with F.:=35%, as similar to the behavior of cumulative eroded fine particle loss (Fig.
7(a)). The erosion rate for both samples under each condition is relatively larger at the
beginning of internal erosion and then gradually decreases until the end of the simulations.
This behavior is also observed in previous experiments (Chang, 2012), which demonstrates
the predictive capability of the CFD-DEM method for capturing the main characteristics of
internal erosion in a limited simulation time (i.e., 15 s).

4.2 Vertical distribution of fine fraction

Fig. 9 shows the distribution of fine fraction along the height of the samples with
F=15% and 35% after the action of seepage with different C and i. For the sample F.=15%
and C=0, Fig. 9(a) shows that the fine fraction near the top of the sample is smallest

14
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compared with that near the middle and bottom, suggesting that the fine particles near the top
are dragged downward by the seepage force. This phenomenon is consistent with the
experimental observations reported by Chang and Zhang (2013) and Nguyen et al. (2019).
When the influent contains the suspension particles (C>0 g/L), the fine fraction along the full
height of the sample increases due to the deposition of the suspension particles. However, the
suspension particles are mostly retained near the top of the samples.

Fig. 9(b) shows that the fine particles at the top of the sample with F;=35% are eroded
the least in all cases. This is because the fine particles in this sample overfill the voids
between coarse particles, leading to a higher number of fine contacts with stronger contact
forces than the fine particles in the sample with F.=15% (Shire et al., 2014), making the fine
particles in the former less vulnerable to detachment and migration. Comparing to the fine
particles near the top of the sample with F=35%, the fine particles near its bottom (i.e., the
outlet) are prone to be eroded as shown in Fig. 7(b). This also agrees with previous
experimental findings (Valdes and Santamarina, 2007; Bendahmane et al., 2008). A weak
erosion of the fine particles at the top of this sample prevents the entry of the suspension
particles, results in a slight increase of the fine fraction at the top region in the case with large
concentrations (C=30 and 60 g/L).

4.3 Results on hydraulic conductivity

Figs. 10(a) and 10(b) show the evolution of the overall hydraulic conductivity for the

whole samples with F.=15% and 35% under different C and i, respectively. The hydraulic

conductivity (k) considered in this study is defined as follows:
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=L 2)

where ¢ is the flow rate. i is the hydraulic gradient along with the sample height. 4 is the
cross-section of the sample. Each value of instantaneous hydraulic conductivity & during
erosion is normalized by the initial value &y of the corresponding sample before erosion. For
the sample with F.=15%, its hydraulic conductivity increases with i. This is because higher i
induces more fine particle loss (see Fig. 5(a)) and hence a larger increase of the void ratio or
porosity. The porosity-dependent hydraulic conductivity has been well recognized and
formulated in the literature, e.g., Scheidegger (1960)’s formulation that correlates porosity
(@) to soil hydraulic conductivity &, as follows:

C N

S

S (1-¢)

3)

where C; is the empirical shape factor, S; is the specific surface area per grain volume, which
is defined as the ratio between the total surface area XS; and the total volume XV; of particles
in each sample. 7 is the tortuosity (=L,/L; where L, is the average length of the fluid path, L is
the geometrical length of the sample that fluid flows through), and ¢ is the soil porosity. The
S, and ¢ are calculated by the radius of the current particles in each sample which are
directly output by the DEM code. The tortuosity in Eq. 3 is one of the most abused
parameters due to the lack of understanding and the lack of proper ways to measure it.
Therefore, hydraulic tortuosity is often treated merely as a fitting factor, or worse (Han et al.,

2018). In this study, the tortuosity (7) is estimated as follows:
AL AL/AT v, @)
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where AL, and AL are the average path and the geometrical length of the sample that fluid
flows through per unit time At, respectively. v, and v, are the average pore flow velocity
and Darcy flow velocity, respectively. v, is estimated by the average flow velocity of all the
CFD cells. v, equals g/4, where q is the flow rate obtained directly from the CFD code and
A is the cross-section area of the sample. To evaluate the above approach for z, the evolution
of the values of 7 calculated by Eq. 4 (this study) is compared with the results calculated by
the method proposed by Nguyen and Indraratna (2020(b)) for each case. Eq. 5 is the equation
proposed by Nguyen and Indraratna (2020(b)) to estimate the tortuosity of granular materials,
which is derived from back-analysis based on experimental data.

7 = p(1-In(n)) (5)
where n is the porosity of the sample, p=0.6 and 1.15 for spheres and natural sand.
Considering that all particles in this study are spherical, p=0.6 is therefore adopted.

For the samples with F.=15%, Fig. 11(a) shows that the 7 calculated by both the
approach in this study and that of Nguyen and Indraratna (2020(b)) in each case decreases
during internal erosion due to the fine particle loss and the accompanying increase of the
sample porosity (7). Besides, the decrease of 7 estimated by the approach in this study is
larger than that of Nguyen and Indraratna (2020(b)). It is probably because Eq. 5 is derived
from non-gap-graded soils and thus unable to consider the contribution of the local erosion
zone (see Fig. 12(a) and 12(b)) to the decrease of 7. The scatters between the two methods
exist because both of them are indirect estimations of 7. Similarly, Fig. 11(b) shows that the ¢
for the samples with F:=35% in each case still decreases at the end of the internal erosion.

The slight increase of 7 at the initial stage in the case of i=0.10 is primarily due to the
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clogging of the suspension particles at the top of the samples.

Fig 10 shows the calculated hydraulic conductivity for each sample according to
Kozeny-Carman equation, i.e., Eq. 3. It can be seen that the equation has broadly captured the
evolution of hydraulic conductivity with the change of porosity resulting from the internal
erosion in different samples. Note that scatters between the calculated and the computed
results could be found due to the heterogeneity of the fine fraction and void ratio within the
sample subjected to internal erosion (Sterpi, 2003; Sibille et al., 2015). On the other hand, the
clogging area (analyzed in the section below) within the sample possibly has a strong effect
on the prevention of the fluid flow and hence decreases the hydraulic conductivity further,

which can’t be reflected in the theoretical equation.
4.4 Migration of fine particles and evolution of constriction size distribution

Fig. 12 shows the configuration of the sample packing and streamlines for the samples
with F:=15% and F.=35% under i=0.25 and C=30 g/L at the beginning and the end of the
simulation. For the sample with F=15%, Figs. 12(a) and 12(b) show that the specific zones
where fine particles have been washed out completely (only the coarse particles remained)
develop from the top and then progress the downwards. This is consistent with the
experimental findings of Chang (2012) and Ke and Takahashi (2014). It is worth noting that
the flow in the erosion zone, as shown in the black square frame in Fig. 12(b), has a larger
flow velocity due to larger void space compared with that of the surrounding zone. The
erosion amount in the region is also larger, suggesting that the fine particles are eroded
through an erosion channel rather than uniformly pass through a transection of the sample.
This is usually caused by a partial clogging of the interstitial space outside the erosion

channel (Sterpi, 2003; Sibille et al., 2015). The streamlines in Fig. 12 (b) show that the fluid
18
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flow within the sample with F.=15% has a significant heterogeneity in terms of flow velocity
and direction at the end of the simulation, which is caused by the inhomogeneous distribution
of the fine particles within the sample. Fig. 12 (b) also shows the average fluid velocity of the
fluid cells along with the sample height. At the height with erosion region, as shown in the
black frame, the average fluid velocity is correspondingly larger, which is consistent with the
results presented by the streamlines in Fig. 12 (b).

Figs. 12(c) and 12(d) show that for the sample with F:=35%, the inhomogeneous
migration of the fine particles is less apparent at the end of the simulation compared with that
of the sample with F;=15%. The reason for this phenomenon includes two aspects. First, the
detachment of the fine particles is restricted due to stronger contact forces and a higher
number of contacts between the fine particles. On the other hand, the overfilled voids
between the coarse particles leave small space for free migration of the fine particles,
preventing their gradual accumulation in a local zone and hence the occurrence of clogging.
Due to a relatively uniform fine particle distribution, the fluid flow within the sample is also
relatively uniform in terms of flow velocity and direction at the beginning and the end of the
erosion process.

Previous researches (Indraratna et al., 2007; Indraratna et al., 2015) reveal that the
constriction size (diameter of the constriction constituted by the coarse particles) formed by
the coarse particles controls the detachment, migration and clogging of fine particles. A
criterion based on the constriction size distribution constituted by the coarse particles is also
proposed to evaluate the internal erosion for granular filters (Indraratna et al., 2007). In this

study, the constriction size is calculated by the method proposed by Shire and O’Sullivan

19

https://mc06.manuscriptcentral.com/cgj-pubs



416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

Canadian Geotechnical Journal

(2016). This method first partitions the sample using a three dimensional weighted Delaunay
tessellation with the tetrahedra vertices being located at the particle centroids. On each
tessellation face the constriction size is then assumed to be the diameter of the circle that can
be inscribed between particles. If two inscribed circles overlap to some extent, they are
merged and deemed as a constriction (Shire and O’Sullivan, 2016).

Fig. 13 shows the evolution of the distribution of the constriction size formed by the
coarse and fine particles in the erosion and clogging areas in the case of F.=15%, i=0.25 and
C=60 g/L. The insets of Figs. 12(a) and 12(b) show the evolution of the local packing
configuration for the erosion and clogging areas, respectively. In the erosion area (Fig. 13(a)),
the fine particles are gradually lost while coarse particles remain stationary in the erosion
process. In contrary to the erosion area, the fine particles gradually accumulate within the
voids between three or four coarse particles in the clogging area (Fig. 13(b)). The probability
of the small constriction size increases gradually in the clogging area but decreases in the
erosion area during erosion, which is consistent with the evolution of the local packing
configurations for these two areas, as shown in the insets of Fig. 13.

4.5 Micromechanical analysis on clogging

The micromechanical analysis on the clogging phenomenon caused by suspension
particles enables a better understanding of the macro observations, i.e., the cumulative fine
particle loss and the deformation of the samples under different C (Figs. 5 and 7). It is also
beneficial to reveal new insights into internal erosion with the suspension concentration. Fig.
13(b) shows that in the clogging area, the fine particles are gradually accumulated and

formed as a cluster. The fine particles in a cluster have a larger coordination number, which
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contributes to preventing the detachment and migration of these particles. The coordination

number is defined in Eq. 6, as follows:

N, Cl.
203 ”
where C; is the number of contacts between particle i and other particles; N, is the total
number of particles. On the other hand, the size of the cluster is also larger than the diameter
of the voids between coarse particles, which contributes to the resistance of both the entire
cluster and single fine particle to internal erosion. To quantify the micro-parameters of the
cluster, Fig. 14 compares the coordination number and the number density of the fine
particles (i.e., the number of the fine particles per unit volume within the sample) in the
cluster (Fig. 12(b)) and the entire sample. During internal erosion, the coordination number
and the number density of the fine particles in the cluster are both larger compared with the
mean value of the sample. These microscopic properties of the cluster validate previous
analyses on its clogging mechanism.

Considering that most of the suspension particles are retained near the top of the sample,
the top region with a height of 10 mm (about the two-fifths height of the sample) is divided
into eight sub-regions, as shown in the inset of Fig. 14. The retention ratio of the fine

particles (R.) is used here to characterize the degree of clogging in each sub-zone, which is

defined as follows:
- (7

where N, is the number of the suspension particles retained in a region after erosion. N,

is the total number of the suspension particles that flow through a region in the entire process
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of erosion. The coefficient of variation (i.e., the ratio of the standard deviation to the mean)
for the constriction sizes of the eight sub-regions is about 0.01, suggesting that the packing in
these selected regions is relatively uniform. However, the retention ratios R, of the eight
sub-regions are quite different (varying from 0.48 to 0.79), implying that the mean
constriction size alone is insufficient to determine whether the suspension particle would be
retained or eroded.

Fig. 15 shows the initial constriction size distribution constituted by the coarse particles
and the retention ratio in each sub-region. A statistical parameter, i.e., the cumulative
probability of the mean constrictions (Ppean), 1S proposed in this study to analyze the
influence of the constriction size distribution on the retention ratio. Generally, Fig. 15 shows
that the fine particles are prone to be retained in the sub-region with a larger Ppe,,. This is
because the fine particles have a larger probability to flow through a small constriction in a
region with a larger Pp.., and hence to plug or bridge at the small constriction. A gradual
decrease of the constriction size caused by the clogging of the fine particles in turn leads to
more retention of the fine particles flowing through the sub-region. It is also revealed from
the figure that a slight heterogeneity of the initial constriction size distributions in different
regions can lead to quite different mechanical responses during the internal erosion.

Nevertheless, the R, in each sub-region is not only determined by its initial constriction
size distribution. For instance, the region B2 has the smallest Py,e.,=66% but its R is much
larger than region B1 and B4 with Pp,.,,=68%. Fig. 17 shows a schematic contour of R, for
the eight sub-regions, considering the Py, and the suspension concentration. Although the
suspension particles are distributed uniformly in the influent, as shown in Fig. 4, the number
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of suspension particles in each sub-region varies due to the heterogeneous fluid flow and
tortuosity (Moffat et al., 2011; Bacchin et al., 2014). Therefore, the suspension concentration
in each sub-region is defined as the time-average concentration in the entire erosion process.
It can be observed that the sub-regions with a smaller Py, may experience a higher R,
because of a higher concentration of the suspension flow in these sub-regions.

Fig. 17(a) shows the distribution of the suspension particles, the particle-fluid interaction
forces applied to them, and the streamlines in the case of F.=15%, C=70 g/L, and i=0.25 at
the end of erosion. The suspension particles at the bottom of the sample (i.e., the particles
with a larger migrated distance) are subjected to comparatively larger particle-fluid
interaction forces. Conversely, for the suspension particles clogged at the top of the sample,
the particle-fluid interaction forces applied to them are smaller. These results suggest that the
suspension particles subjected to larger particle-fluid interaction forces are more likely to
migrate longer distances while the particles subjected to smaller particle-fluid interaction
forces probably accumulate together (i.e., form cluster) and lead to the occurrence of
clogging. The particle-fluid interaction force on a particle is determined by the flow velocity
of the fluid around it, as shown in the streamlines in Fig. 17(a). The particles with larger
particle-fluid interaction forces are usually located in a region with larger flow velocity. The
heterogeneous evolution of the flow velocity within the sample may be affected by a slight
difference in the initial constriction size distribution and fine particle distribution among
different sub-regions, which is an interesting topic and will be analyzed in the future work.

To quantitatively address the influences of the hydraulic drag forces acting on particles
on soil migration, Fig. 17(b) shows the relationship between the particle-fluid interaction
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force averaged over time and migration distance for the suspension particles. Most
suspension particles subjected to larger particle-fluid interaction force migrate longer within

the sample, which is consistent with the results as shown in Fig. 17(b).

5. Conclusions

This paper presents the micro-macro investigation from a 3D coupled CFD-DEM
analysis of internal erosion in gap-graded granular soils, with particular consideration of
suspension flow. Two typical gradations, i.e., samples under-filled and overfilled with fine
particles (fine fraction F,=15 and 35%, respectively), were considered under the conditions of
different hydraulic gradients and suspension concentrations. Micro-scale variables were
studied to investigate the influence of the suspension concentration on the internal erosion
behavior of soils and the occurrence of clogging. Based on the analyses of all simulation
results, the following conclusions can be made:

(1) For the sample under-filled with fine particles (F.=15%), the suspension flow
decreases the cumulative eroded fine particle loss and the increasing rate of soil hydraulic
conductivity due to clogging near the top of the sample. For the sample with F:=35%, the
fine particles overfill the voids between coarse particles, preventing the entry of the
suspension particles to the sample. In this case, the suspension flow has slight influences on
the erosion behavior of the sample.

(2) Due to the heterogeneous nature of internal erosion, a slight heterogeneity of the
initial constriction size distributions in different regions can lead to quite different mechanical
responses during the internal erosion for different sub-regions, i.e., the formation of the

erosion area and clogging area. The probability of the small constriction size increases
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gradually in the clogging area but decreases in the erosion area during erosion.

(3) The clogging degree, characterized by the retention ratio, is found to depend on both
the constriction size distribution and the suspension concentration. A big cumulative
probability of the mean constriction size (Ppeqn) facilitates the capture of suspension particles.
A high suspension concentration in internal erosion increases the probability of the contacts
between suspension particles, which also contributes to the capture of the particles and
facilitates the occurrence of clogging.

(4) The particles in a cluster have a high resistance to the drag force exerted by the fluid
flow. Firstly, the fine particles in a cluster have a larger coordination number than that of the
fine particles outside the cluster, which helps to stabilize the fine particles in the cluster.
Secondly, the size of a cluster is much larger than the diameter of the voids between the

coarse particles, preventing further migration of the fine particles.
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Appendix: Coupled CFD-DEM method

Governing equations for DEM
At any time ¢, the equation governing the translational and rotational motion of particle i
is
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,—+=> F +Ff +F/
. (A1)
do, <
i —= M[i t+ Mrl
t = if if
where m; and [; denote the mass and moment of inertia of particle i, respectively. U, and

®, are the transitional and angular velocities of particle i, respectively. F,JC is the contact

force acting on particle 7 by particle ;. Mt,-j and Mﬁj are the torques acting on particle i by
particle j arising from the tangential force and the rolling friction force, respectively. F/

1

and F? are the particle-fluid interaction force and gravity force acting on particle i. F?
equals to zero as the gravity force is dismissed in this study.

The inter-particle rolling torque is calculated by the directional constant torque model

proposed by Zhou et al. (1999):

, (1)].
M, =——FuER (A2)
|(n,. -0

j
where ®; and o; are the angular velocities of two contacting particles i and j, respectively;
|0;-o;|=norm of ®;-mj; 4, is the coefficient of rolling resistance; and R=rolling radius defined
by R=rirj/(ritrj), where r; and r; are radii of contacting particles 7 and j, respectively. In the
DEM code, the Hertzian contact law (Mindlin and Deresiewicz, 1953; Renzo and Maio,

2004) with Coulomb's friction law is employed to describe the inter-particle contact behavior.

Governing equations for computational fluid dynamics

The CFD code solves the following continuity equation and locally averaged

Navier-Stokes equation accounting for the presence of particles in the fluid.
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21) , g (npu7y =0

ot
%+v-(nprUf)—nv-(yVUf') =-Vp—1f’ +npg

(A3)

where U’ is the average velocity of a fluid cell. n is the local porosity which is used to
account for the particle influence on the fluid computation. p is the fluid pressure, f? is the
average particle-fluid interaction force per unit volume, p and u is the fluid density and
viscosity, respectively. The fluid viscosity is the property of a fluid to be resistant to flow.
Fluids with a high viscosity are more resistant to flow. The particle-fluid interaction force
(F,:f ') in Eq (Al) is the fluid force acting on a single particle. The average particle-fluid
interaction force (f”) in Eq (A3) is the reaction force of the Ef within the volume of a
fluid cell. As gravity is not considered in this study, the gravitational component in this

equation equals to zero.
Governing equations for particle-fluid interaction forces

In this study, the particle-fluid interaction forces, including the drag force (F¢), pressure
gradient force (F?) and viscous force (F"), are considered as shown in Eq. A4 (Hu et al.,

2018).
F/ =F +F'+F’ (A%

The drag force is adopted from the expression proposed by Di Felice (1994), which is

applicable for a dense granular regime and valid for a wide range of Reynolds numbers:
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F’ =% prd, (U7 —U7) U/ U7 |n'*

2
- 4.8
C, = [0.63+ \/RTJ
_npd, U -U”|
- r

(A5)
Re »

(1.5-1og,, Rep)z]

¥ =3.7-0.65exp[— 5

where d, is the diameter of particles and C, is the particle-fluid drag coefficient for a single
spherical particle that depends on the Reynolds number of the particle (Re,). y in Eq. AS is a
correlation function that modifies the coefficient of drag force accounting for the presence of

other particles in the system.

The pressure gradient force (F?) and viscous force for a single particle are formulated

by Egs. (A6) and (A7), respectively (Zhou et al., 2010):
F’=-V Vp (A6)
F'=-VV-1 (A7)

where T 1is the viscous stress tensor which describes the friction between the fluid and the

surface of particles.
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Tables
Table 1 Simulation program and the number of particles in each sample

i ) Fine Suspension Hydraulic No. of No. of No. of
Simulation . . .

dentit faction, concentration, gradient, total coarse fine

ety F. (%) C(g/L) i particles  particles  particles
FC15COL 0 0.1
FC15C30L 30 0.1
FC15C60L 60 0.1

15 27287 697 26590
FC15COH 0 0.25
FC15C30H 30 0.25
FC15C60H 60 0.25
FC35C0L 0 0.1
FC35C30L 30 0.1
FC35C60L 60 0.1
35 55203 479 54724

FC35CO0H 0 0.25
FC35C30H 30 0.25
FC35C60H 60 0.25
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Table 2 Summary of model parameters

Values for the Values for the model
Model parameters o . ]
validation model ~ with suspension flow

Sample dimensions

Physical LxIxH (mm) 13x13x13 13x13x26
model
Simulation time (s) 40.0 15.0
Cells 5%x5%6 5x5%12
Fluid viscosity, x (Pa-s) 1x1073 1x10-3
CFD
Density, p (kg/m?) 1000 1000
Time step (s) 1x10+ 1x10*
Elastic modulus, E (Pa) 7x10° 7x10°
Poisson’s ratio, v 0.3 0.3
Coefficient of
o 0.7 0.7
Restitution, e
DEM
Friction coefficient, u¢ 0.5 0.5
Rolling friction
. 0.1 0.1
coefficient, z,
Time step () 5x107 5x107
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Assessment of the retention ratio based on Py., and concentration (normalized
by the average concentration of the eight sub-zones)

Relationship between the average particle-fluid interaction force during erosion
and migration distance for the suspension particles in the case of Fc=15%,
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Figure 1 Grain size distribution of the soils in this study and the experiment of Chang (2012)
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Figure 2 Erosion behavior of the sample with £:=35%: (a) cumulative eroded soil weight percentage under

p'=50 and 200 kPa; (b) sample deformations under p'=50 kPa; (c) sample deformations under p'=200 kPa
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Figure 5 Simulation results for the samples with F.=15% under different hydraulic gradient

and suspension concentration: (a) cumulative eroded soil weight percentage; (b) vertical
strain; (c) transverse strain
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Figure 6 Cumulative eroded soil weight percentage in the case of i=0.25 and F.=15% under
different concentrations and rolling friction
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Figure 7 Simulation results for the samples with F.=35% under different hydraulic
gradient and suspension concentration: (a) cumulative eroded soil weight percentage; (b)
vertical strain; (c) transverse strain
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Figure 10 Evolution of the hydraulic conductivity for the sample with (a) F.=15% and (b)

F=35% (ko of the sample with F.=15% and 35% are 3.6x10-%cm/s and 1.8x10**cm/s,
respectively)
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Figure 11 Comparison of the tortuosity (7) calculated by the approach of this study with
that of Nguyen and Indraratna (2020(b)) for the samples with (a) F.=15% and (b) F:=35%
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Figure 12 Interaction between fine migration and fluid flow at the (a) initial time and (b) end
of the simulation for the sample with F;=15% and (c) initial time and (d) end of the
simulation for the sample with F;=35% under i=0.25 and C=30 g/L
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Figure 14 Coordination number and number density of the fine particles in the cluster and the
entire sample

53

https://mc06.manuscriptcentral.com/cgj-pubs



Cumulative probability distribution function (%)

Cumulative probability distribution function (%)

Figure 15 Relationship between the constriction size distribution and the retention ratio for

100

Canadian Geotechnical Journal

A3 A4
// 17
Al | A2 ,"/ B3
_lgl_i_B_Z_ lll
an Rl_e[ Region
—&— 79% 0.35 A2
—=— 68% 0.33 Al
—v— 61% 024 A3
—e— 60% 0.23 A4
1 1 n 1 L 1 I 1 1
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

100

80

60

40

20

Normalized constriction size, DC/Bc

(a)

2.0

Normalized constriction size, DC;@C

(b)

(a) region A; (b) region B

54

https://mc06.manuscriptcentral.com/cgj-pubs

mean Rret Region
—v— 72% 043 B3
—e— 68% 020 B4
—a— 68% 0.19 BI
—=— 66% 032 B2
L L L L | s | 1 1
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Page 118 of 120



Page 119 of 120 Canadian Geotechnical Journal

85 -
i \\\ Region  Region
Vi ¥ Al A BI
g5  s0f . e A2 + B2
o L 0(0.35
E:\a I . ¢ A3 m B3
- N * A4 v B4
o §BF <
@] D~E N
> L >
£y . m0.43
2 m 70k S
SE | 4019 v02 . %033
(ST
2 % 0.32
2°E 65} < +
—é S | 0.24 R
*0. .
5 60 F *0. .
S 0.23 .,
- \\
55 L | N 1 ) | " | L
0.75 0.85 0.95 1.05 1.15 1.25

Normalized concentration, C/C

Figure 16 Assessment of the retention ratio based on Py, and concentration (normalized by
the average concentration of the eight sub-zones)

55

https://mc06.manuscriptcentral.com/cgj-pubs



Canadian Geotechnical Journal Page 120 of 120

Flow velocity (mm/s)

Fluid force (N)

x10®

O Suspension particle

(9%} = W (=) ~

Fluid forces averaged over time (N)

(38

0 2 4 6 8 10 12 14 16 18 20
Migration distance (mm)
(b)
Figure 17 Relationship between the average particle-fluid interaction force during erosion

and migration distance for the suspension particles in the case of F.=15%, C=70 g/L, and
i=0.25 (a) at the end of erosion; (b) during internal erosion
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