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Leakage is a common defect of embankment dam slopes, and is usually accompanied by
internal erosion. This study establishes a mathematical two-phase seepage coupling
model that explicitly considers the effects of internal erosion. With the help of finite element
software COMSOL Multiphysios®, we use this model to study the characteristics of fluid
seepage, the fraction of leakage volume that is made up of migrated fine particles (migrated
fine particles volume fraction), porosity, permeability, and displacement in the leakage
process of a three-dimensional embankment dam slope, as well as to study the influence
of the water level and leakage outlet size on the aforementioned features. Our results show
that water seepage velocity gradually increases with time, especially at the downstream
leakage outlet. Therefore, the erosion and migration of fine particles occur primarily at the
downstream leakage outlet, resulting in a significant increase in the migrated fine particles
volume fraction, porosity, and permeability. In addition, the maximum migrated fine
particles volume fraction, the maximum porosity, and the maximum permeability in the
slope increase nonlinearly with time. Curves for maximum displacement with a strength
reduction factor can be divided into three stages: the early stable stage, the midterm
nonlinear growth stage (creeping state), and the later rapid growth stage (instability state).
We also find that the rise of the water level promotes the erosion and migration of fine
particles on the slope and that the maximum migrated fine particles volume fraction and the
maximum porosity increase with the water level. The values of the strength reduction factor
for the creeping state decrease as the water level rises. Furthermore, the larger the size of
the downstream leakage outlet, the larger the maximum migrated fine particles volume
fraction and maximum porosity. However, the relationship between maximum
displacement and strength reduction factor is nearly unaffected by the size of the
leakage outlet.

Keywords: embankment dam slope, internal erosion, two-phase seepage characteristics, deformation
characteristics, porosity, permeability, migrated fine particles

1 INTRODUCTION

The embankment dam slope is a key component of flood control and disaster mitigation systems,
and their seepage characteristics are important research topics in geotechnical and hydraulic
engineering (Foster et al., 2000a; Cesali and Federico, 2019; Yang et al., 2019; Jiang et al., 2020).
More specifically, leakage is a common type of damage to embankment dam slopes (Foster et al.,
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backward erosion

FIGURE 1 | Diagram of internal erosion in a dam slope: concentrated leak erosion, backward erosion, soil contact erosion, and suffusion (Fell and Fry, 2007).

concentrated leak /F=3===:

soil contact erosion

2000b; Chaney et al., 2000; Razavi et al., 2020a) and is usually
accompanied by internal erosion. The internal erosion occurs
completely inside the slope or the foundation, and usually causes
danger and potentially dangerous situations (Ni et al., 2018; Xie
et al., 2019). During internal erosion, fluid drives fine particles to
move along the pores of the soil skeleton, and this migration can
result in a change in the mechanical properties of the soil such as
porosity and permeability. Furthermore, changes in porosity and
permeability can further change seepage characteristics. Internal
erosion consists primarily of four different types: Concentrated
leak erosion, backward erosion, soil contact erosion, and
suffusion (Fell and Fry, 2007; Richards and Reddy, 2007). As
shown in Figure 1, concentrated leak erosion occurs mostly at
cracks in the slope, backward erosion occurs upward from and
along the seepage path, contact erosion is more likely to occur
through the slope on the contact surface of different fillers or on
the contact surface between the slope and the structure, and
suffusion usually occurs in gap-graded soil layers. This study
focuses on suffusion, which corresponds to the detachment and
migration of fine particles within the pores of the soil skeleton by
means of seepage flow.

Sterpi (2003) tested the erosion characteristics of fine particles
caused by seepage and established an erosion equation for fine
particles on test results. By combining this with the mass
conservation equation for fine particles, the erosion and
migration process of fine particles during seepage can be
simulated. Deng et al. (2020) conducted an experimental study
on the characteristics of horizontal seepage-induced suffusion
under controlled vertical stress, and their test results showed that
after the initiation of suffusion, alternating decreases and
increases in the coefficient of permeability occurred, possibly
due to alternating clogging and dredging of soil pores by movable
fine particles. Additionally, the authors observed an uneven
distribution of local hydraulic gradients along the flow path
and considered that this could be regarded as a sign of the
initiation of suffusion. Ke and Takahashi (2012) and Ke and

Takahashi (2014) studied the effect of internal erosion on soil
strength and found that the internal erosion indicated by a loss of
fine particles caused changes in the void ratio and a significant
increase in hydraulic conductivity, resulting in a decrease in soil
strength from its initial value. Another study, by Ma et al. (2021),
studied the characteristics of non-Darcy hydraulic properties and
deformation behaviors of granular gangues using laboratorial,
theoretical, and in situ approaches, and their results showed that
the porosity and permeability of granular gangues decreased
gradually and that the crushing ratio of the sample increased
gradually with an increase in original grain size grade and a
decrease in stress rate, respectively. The authors then constructed
an improved model to predict permeability evolution using the
fractal dimension of granular gangues.

Other studies have focused on the numerical simulation of
internal erosion characteristics. For example, Yang et al. (2019)
and Yang et al. (2020) established a coupled mathematical model
of the seepage field and stress field under the influence of internal
erosion and used the model to simulate the seepage and deformation
characteristics of a three-dimensional dam under the influence of
internal erosion and studied the failure mode of the dam under
different boundary conditions. Based on thermodynamic principles
and porous media theory, Zhang et al. (2013) also created a
mathematical model that considered the effects of internal
erosion. The model was used to simulate the evolution of erosion
inside the dam, the characteristics of the spatial and temporal
distributions of porosity, and the concentration of moving fine
particles was. Razavi et al. (2020b) investigated the settlement of
the Esfarayen earth-filled dam and believed that the main reason for
the excessive settlement was internal erosion. Here, the broken zone
gradually formed a large hole that eventually caused the sudden
settling of the surface of the dam. Subsequently, a testing program was
developed that could determine the starting time of internal erosion.
Based on the two-phase flow theory, and Ma et al. (2019), Ma et al.
(2020), the authors also established a resistance model of
water—sediment flow in fractures and quantitatively analyzed the
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r=0.035m

FIGURE 2 | lllustration of the test.

characteristics of water-sediment flow in rock fractures using
computational fluid dynamics (CFD). They then validated their
calculations with a laboratory-scale test.

In this study, we construct a mathematical two-phase seepage
coupling model to examine the effects of internal erosion on an
embankment dam slope based on two-phase and porous media
seepage, the constitutive model of fine particles migration, the
Mohr-Coulomb criterion, and the principle of effective stress in
porous media. We then implement a finite element model of the
embankment dam slope with COMSOL Multiphysics® software
in order to simulate the model’s behavior and study the influence
of internal erosion on the hydraulic characteristics (porosity and
permeability) and on the deformation characteristics of the
embankment dam slope itself.

2 THE MATHEMATICAL MODEL OF
TWO-PHASE SEEPAGE

2.1 Assumptions

In this study, we consider the saturated soil to be a saturated porous
medium composed of three phases: the solid phase (coarse particles
and fine particles that constitute the skeleton), the fluid phase
(water), and the migrated fine particles phase, where fine particles
migrate with the fluid. To establish the mathematical model for
two-phase seepage that considers the effects of internal erosion, we
make the following three assumptions. First, we assume that the
saturated soil is uniform and isotropic, second, that the seepage of

Leakage Characteristics of Embankment Dam Slope

TABLE 1 | Physical parameters of the soil (Sterpi, 2003).
Parameter Value

Water density p,, (kg/m°) 1,000
Air density p, (kg/m®) 1.25

Soil density p (kg/m°) 2,720
The dynamic viscosity coefficient of water p,, (Pa-s) 1.0x 107°
The dynamic viscosity coefficient of air 1, (Pa-s) 1.8 x 107°
Initial volume fraction of fine particles Co 0.001
Critical volume fraction of fine particles Ce, 0.23
The migration coefficient ¢ (m™") 1
Standard atmospheric pressure pam (Pa) 1.01 x 10°
Elastic modulus E (GPa) 96.76
Poisson’s ratio v 0.13
Initial porosity ¢, 0.34
Maximum porosity ¢, ., 0.49
Initial permeability ko (M?) 1.0 x 107®

water follows Darcy’s law, and third, that the migration velocity of
fine particles is equal to the water seepage velocity.

2.2 Seepage Field Equations

2.2.1 Mass Conservation Equations

The mass conservation equations for water-migrated fine
particles and solids can be expressed as (Wang, 2006):

%[‘P(l—C)pw] +div[¢(1 = C)pVus] =0 )
15}
a ((/)CPP) + div((lbcppvps) = My (2)
0
= L= 9)p] + div[ (1= §)p,v.] = -m, 3)

where ¢ is the porosity; C is the migrated fine particles volume
fraction, which is defined as the volume ratio of migrated fine
particles to pores; p,, is the density of water (kg/m®); p, is the
density of migrated fine particles (kg/m®); p, is the density of solid
(kg/m?); v, is the velocity vector of water relative to solid (m/s);
Vs is the velocity vector of migrated fine particles to solid ((m/s));
v, is the velocity vector of solid (m/s); vs = 0 in this study; and m;
is the mass rate of migrated fine particles (kg/ (m’s)).

2.2.2 Equations of Motion
The seepage of water conforms to Darcy’s law, as follows (Darcy,
1856):

¢(1 = C)vys = ¢Cv,, = —Mﬁ (VPw = Pu9) (4)
where k is the permeability of porous media (m?), p,, is the pore
water pressure (Pa), g, is the dynamic viscosity coefficient of
water (Pa-s), and g is the gravitational acceleration vector
(N/kg).

We can substitute Eq. 4 into Eqs 1, 2 to obtain the governing
equations of mass conservation as follows:

3 o Kk
S

(VP —p,9) =0 (5)

w
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FIGURE 3 | Evolution curves for the mass percentage of migrated fine

particles.
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2.2.3 Constitutive Equation of Fine Particles Migration
With a gradual increase in fluid velocity, the rest of the fine particles
in the porous medium gradually begin to roll, slide, suspend, and
finally migrate with the fluid. This process of fine particles migration
has an important influence on changes in pore structure and
hydraulic characteristics. According to references (Sakthivadivel,
1966a;  Sakthivadivel, 1966b; Vardoulakis et al, 1996;
Stavropoulou et al, 1998), the mass fraction of fine particles
migration is a comprehensive result of porosity, water seepage
velocity, and other factors. Because the migrated fine particles
cause changes in pore structure, and the limit of the range of the
changes is the pore structure of the same material in the loose state.
That is, the increase in porosity caused by fine particles migration
cannot exceed the maximum porosity in principle. Then:

Leakage Characteristics of Embankment Dam Slope

TABLE 2 | Physical parameters for soils (Deng, 2006; Ding et al., 2020).

Soil Heavy silty loam
Water density p,, (kg/m°) 1,000
Soil density p (kg/m®) 1,680
The dynamic viscosity coefficient of water p,, (Pa-s) 1.0x107°
Initial volume fraction of fine particles Co 0.01
Critical volume fraction of fine particles Ce, 0.30
The migration coefficient ¢ (m™") 2
Standard atmospheric pressure pam (Pa) 1.01 x 10°
Elastic modulus £ (MPa) 45
Poisson’s ratio v 0.44
Initial porosity ¢, 0.40
Maximum porosity ¢, 0.63
Initial permeability ko (M?) 42 x107"°
Cohesion ¢ (kPa) 15
Frictional angle ¢ () 28
Frictional angle at saturation ¢, () 17

72 = (B = 9)(C - C/Calva ®)

N

where ¢, . is the maximum porosity; C,, is the critical value of
the migrated fine particles volume fraction for which the two
competing phenomena, erosion and deposition (clogging),
balance each other; |v,| is the velocity vector of water

(m/s); and { is the migration coefficient of fine particles
(m™).

2.2.4 Permeability Evolution Equation

According to the Kozeny-Carman equation, the relationship
between the permeability and porosity of porous media is
(Singh and Wallender, 2008):

¢ )3( 1- ¢0 )2
k=ko|—) | —= 9)
0<¢0 1-¢
where kj is the initial absolute permeability of porous media and

¢, is the initial porosity of porous media.

2.2.5 The Stress Field Equations for Saturated Soil
According to the principle of effective stress in saturated porous
media:

U','j = OJij + gbpwls,j = /\sVaij + 2[18,‘1' (10)

FIGURE 4 | Schematic diagram for leakage of the embankment dam slope (Ding et al., 2020).
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FIGURE 5 | Mesh of the numerical model.
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FIGURE 6 | Spatial distribution of the pore water pressure (unit: Pa) and water seepage velocity in the embankment dam slope. (A) t = 0, (B) t = 50 h, and (C) t =
100 h.
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FIGURE 7 | Spatial distribution of the migrated fine particles volume fraction in the embankment dam slope. (A) t = 0, (B) t = 50 h, and (C) ¢t = 100 h.
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volume fraction.

100

where 0; is the total stress tensor, o'; ; is the effective stress tensor,

. . l,i=j .
g is the indicator symbol such that §;; = «{ 0’; 4 j ey is the
volumetric strain of the solid skeleton, ¢;; is the strain of the solid
skeleton, and A, p is the constant of Lamé.

The stress balance equation of porous media can thus be

expressed as:
oij>j+pg=0 (11)
where p is the average density of the porous medium (kg/m?).

According to the Mohr-Coulomb criterion and the principle
of effective stress in saturated porous media:

T=Ce+0',tan§0e=Ce+ (0_¢pw)tan(pe (12)
ce =c/Fs (13)
¢, = arctan (tan ¢/ F) (14)
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where 7 is shear strength, c¢ is cohesive, c, is cohesive at the
ultimate state, F; is the strength reduction factor (SRF), ¢ is
internal friction angle, ¢, is the internal friction angle at the
ultimate state, o is the total stress, and ¢’ is the effective stress.

2.2.6 Boundary and Initial Conditions

We solve the mathematical model with the help of COMSOL
Multiphysics®. The fundamental variables (p,,, C, and u,) were
discretized in space by the Lagrange method and discretized in
time by the implicit Euler backward difference method. Other
variables, such as m and k, can be calculated from Egs 8, 9,
respectively. To solve these highly nonlinear equations, boundary
conditions and initial conditions must be given. There are two
commonly used boundary conditions, namely, the Dirichlet
boundary and the Neumann boundary. The Dirichlet
boundary conditions are p, = p, on I',,, C=C on I'c, u; =

ii; on I',, and the Neumann boundary conditions are g,, = —vy; -
nonly,gc=-Cvp-nonlc, and 0-n=t on I';. The initial
conditions are p,, = pyo, C = Co, and u; = uy at £ = 0.

3 MODEL VALIDATION

Sterpi (2003) has previously conducted a seepage test for the
erosion characteristics of fine particles in the soil. In this study, we
used the model proposed in the previous section to conduct
numerical calculations for this test and to compare the calculation
results with the test results to determine the accuracy of the
model. A two-dimensional axisymmetric model with a radius of
0.035 m and a height of 0.14 m is established in Sterpi’s study, as
shown in Figure 2. The soil tested was well-graded compacted
sand and gravel with a size range of 0-2 mm, and a content of fine
particles (with a particles size less than 0.075 mm) by mass was
23%. The physical parameters for the soil are shown in Table 1 of
her study (Sterpi, 2003). Our numerical model adopted a
mapping mesh with 2,500 meshes and an average unit mass of
0.98. The mesh of the numerical model is shown in Figure 2.

The initial conditions for the calculation model were as
follows: pyo was set as the hydrostatic pressure, uy was 0, and
Cy was 0.001. The boundary conditions for the seepage field are,
AB was an infiltration boundary, CD was the outflow boundary,
and boundaries AD and BC were impermeable. The boundary
conditions for the stress field were that AD was an axisymmetric
boundary, the horizontal constraint was imposed on the
boundary BC, fixed constraints were imposed on the boundary
AB, and the remaining boundary was free.

Figure 3 shows the evolution curves for the mass percentage
for migrated fine particles. We can see that the mass percentage
for migrated fine particles increases with time, and the numerical
results are close to those from the experimental tests. Although
there is some error between the calculated results and the
experimental results in the groups of Ap,, = 0.77 and 0.84, the
maximum error is only 8.5%, which is in the acceptable range.
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This error may be caused by the migration coefficient, which
should be a variable related to testing conditions; the actual value
of the migration coefficient may vary greatly when the hydraulic
gradient is large. However, we used a fixed value in the numerical
simulation process.

4 THE NUMERICAL STUDY ON THE
SEEPAGE CHARACTERISTICS OF AN
EMBANKMENT DAM SLOPE

4.1 Description of the Problem

The embankment dam featured in this study is located in Xinjiang
Province, China, and a diagram of it is shown in Figure 4 (Ding
et al,, 2020). The top width is 4.50 m, the bottom width is 64.50 m,
and the height is 16.80 m. The gradient of the upstream and
downstream dam slopes is 1:1.5, with a normal water level of
399.80 m. The dam slope is made of heavy silty loam, and the
mechanical parameters of this soil are shown in Table 2 (Deng, 2006;
Ding et al., 2020). After more than 20 years of operation, leakage
occurred at the foot of the downstream dam slope, seriously
threatening the safety of the dam slope.

In the process of numerical calculation, we established a three-
dimensional dam slope model as shown in Figure 5. In this
model, we adopted a hexahedral mesh, and a total of 40,600 grid
points were created, with an average grid mass of 0.82.

For the seepage field, AI'H is the hydrostatic pressure
boundary, which is also the fine particles inlet boundary, and
the hydrostatic pressure is given by p,, = p,gh (h is the vertical
height of the corresponding boundary surface). The edge LDEL’
(vertical height is 3.0 m) is the atmospheric pressure boundary,
and this is also the outlet boundary for fine particles. The initial
pore water pressure is calculated from the Darcy seepage field, as
shown in Figure 6A. For the stress field, ADEH is the fixed
boundary, AI'H is the hydrostatic pressure boundary (the
hydrostatic pressure is equivalent to the external load), and
the rest of the boundary is a free boundary.

4.2 Analysis of the Numerical Results

4.2.1 Variation in Pore Water Pressure and Water
Seepage Velocity

Figure 6 shows the spatial distribution of the pore water
pressure and the water seepage velocity inside the dam
slope at different times. The surface where the pore water
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pressure equals 0 is called the free surface. We can see from
Figure 6 that the water seepage velocity gradually increases
with time and that the water seepage velocity at the
downstream exports is greater than that at the interior of
the dam slope. This is because the porosity and permeability
gradually increase (Figure 9 and Figure 10 for details) as the
fine particles gradually erode, and the increase in permeability
is concentrated at the downstream outlet. Therefore, the water
seepage velocity at the downstream exports increases at a
relatively large rate.

4.2.2 Variation in Migrated Fine Particles Volume
Fraction

The spatial distribution of the migrated fine particles volume
fraction inside the embankment dam slope is shown in Figure 7.
At t = 0, the migrated fine particles volume fraction inside the
dam slope is relatively small and uniformly distributed. As time
passes, however, the fluid gradually erodes the fine particles and

the erosion of fine particles occurs primarily at the downstream
exports of leakage. With an increase in distance from the exports
of leakage, the migrated fine particles volume fraction decreases.
The points with the highest increases in migrated fine particles
volume fraction correlate to the points with the highest seepage
velocity, as shown in Figure 6, and porosity, as shown in
Figure 9. The reason for this may be inferred from the
constitutive equation of fine particles migration (Eq. 8),
which is a function of the seepage velocity and porosity of
the soil.

The evolution curve of the maximum migrated fine particles
volume fraction simulated in the dam slope is shown in
Figure 8. We can see that the maximum migrated fine
particles volume fraction increased with time. Specifically,
when the time is less than 50 h, the maximum migrated
fine particles volume fraction increases approximately
linearly. After 50 h, the maximum migrated fine particles
volume fraction increases nonlinearly, until 100 h when the
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maximum migrated fine particles volume fraction of 0.13 is
reached.

4.2.3 Variation in Porosity and Permeability

The spatial distributions of porosity and permeability are shown in
Figure 9, and the evolution curves of maximum porosity and
maximum permeability are shown in Figure 10. Combining
Figure 9 and Figure 10, we can see that with the gradual
erosion of fine particles, the porosity and permeability inside the
dam slope gradually increase as well, and the porosity and
permeability at the downstream exports of leakage increase
particularly significantly. The maximum porosity and maximum
permeability evolution curves show the same pattern as well. That is,
the maximum porosity or maximum permeability increase with
time. The porosity increases from the initial 0.40 to 0.48, an increase
of 20%, and the permeability increases from the initial 4.2 x 10™"* m?
to 9.4 x 107" m? an increase of 2.33 times.

4.2.4 Variation in Displacement

Figure 11 shows the variation diagram of the maximum
deformation with the SRF. The maximum displacement can be
divided into three stages with the change in the SRF, the early stable
stage, the midterm nonlinear growth stage (creeping state), and the
later rapid growth stage (instability state). When the SRF is less than
1.40, the maximum displacement of the dam slope hardly changes
with the SRF, indicating that the dam slope is in a stable state.
However, when the SRF is between 1.40 and 1.60, the maximum
displacement increases nonlinearly with the SRF, indicating that the
dam slope is in a creeping state. Finally, when the SRF is greater than
1.60, the maximum displacement increases approximately linearly
and rapidly with the SRF, indicating that the dam slope is in a state of
instability. Figure 12 shows the spatial distribution of displacement
in the dam slope under different SRFs. When the SRF is 1.25, the
displacement is first generated inside the dam slope near the
downstream exports of leakage, which is approximately 0.03 mm.
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As the SRF continues to increase, the area with larger displacement
gradually extends to the upstream and downstream exports. After
this, when the SRF is at 1.55, a through-sliding surface has been
formed inside the dam slope. Here, as the SRF continues to increase,
the displacement generated inside the dam slope increases rapidly,
and the maximum displacement is approximately 10.8 mm, which
occurrs at the downstream exports of leakage. As mentioned earlier,
the erosion of fine particles occurrs primarily at the downstream
exports of leakage, and changes to the porosity and permeability at
the downstream exports of leakage are the most significant, leading
to a significant decrease in the strength parameters of the soil at the
foot of the slope. Therefore, the displacement is also large.

4.3 The Influence of the Water Level

The water level of the dam often changes due to rainfall and other
reasons, and it is therefore of practical engineering significance to
study the influence of the water level on the seepage characteristics
of the dam slope (Shen, 2016). To analyze the influence of water
level conditions on seepage and deformation characteristics, two
different water level conditions were selected for calculation: 402.50
and 397.10 m (Deng, 2006). Figure 13 shows the influence of these
water levels on the maximum migrated fine particles volume
fraction, maximum porosity, and maximum displacement with
the SRF. We conclude that the maximum migrated fine particles
volume fraction at different water levels behave similarly. That is, it
increases nonlinearly with time in both cases. In addition, the
higher the water level, the larger the maximum migrated fine
particles volume fraction, and the higher the water level, the greater
the maximum porosity as well. The relationship between the
maximum displacement and the SRF shows that the higher the
water level, the smaller the SRF when the creeping state begins and
the dam slope fails. With water levels of 397.10, 399.80, and 402.50
m, the SRFs corresponding to the onset of the creeping state are
approximately 1.50, 140, and 1.30, respectively, and the
corresponding SRFs for dam slope damage are 1.85, 1.66, and
1.62, respectively. This also shows that the higher the water level
(the larger the head difference between the upstream and
downstream of the dam slope), the easier it is for fine particles
to erode, and for migration and leakage damage to occur inside the
dam slope.

4.4 The Influence of Downstream Leakage
Outlets

To analyze the influence of downstream leakage outlets on
seepage and deformation characteristics, two different
downstream leakage outlets were selected for calculation:
MDEM’ (vertical height of 2.0 m) and KDEK’ (vertical height
of 4.0 m). Figure 14 shows the influence of downstream leakage
outlets on the maximum migrated fine particles volume fraction,
maximum porosity, and maximum displacement with the SRF.
Here we see that the maximum migrated fine particles volume
fraction and maximum porosity corresponding to the same time
increases with the increase in leakage outlet size. However, the
trend of the maximum displacement with the strength reduction
factor change is seldom basically unaffected by the size of the
leakage outlet.

Leakage Characteristics of Embankment Dam Slope

4.5 A Comparative Analysis Between This

Research and Existing Research

The seepage of a dam slope is often accompanied by the erosion of
fine particles, and this migration can cause changes in hydraulic
parameters (such as porosity and permeability), which in turn affect
the seepage and deformation characteristics of the dam slope. The
numerical calculation model established in this study can calculate
the fluid—solid coupling characteristics, the characteristics of fine
particles migration, and the evolution characteristics of hydraulic
parameters. Compared with the numerical calculation results in the
study (Deng, 2006) that did not consider fine particles erosion, the
strength reduction factor obtained in our study is small. From this
point of view, considering the erosion of fine particles and changes in
hydraulic parameters in the calculation process is more in line with
actual engineering conditions.

5 CONCLUSION

In this study, we constructed a mathematical model for two-phase
seepage in an embankment dam slope that considered the effects
of internal erosion. By using COMSOL Multiphysics®, we were
able to study the characteristics of seepage, hydraulic parameters,
and deformation of a three-dimensional embankment dam slope
leakage process and have reached the following conclusions.

First, the water seepage, velocity gradually increases with time,
especially at the leakage outlet. Therefore, the erosion and
migration of fine particles primarily occur at the downstream
leakage outlet, resulting in a significant increase in migrated fine
particles volume fraction, porosity, and permeability. The
maximum migrated fine particles volume fraction increases
from 0.01 to 0.13 during the duration of our study, the
maximum porosity increases by 20%, and the maximum
permeability grew to 2.33 times higher than that at the initial
moment.

Second, the maximum displacement of the dam slope can be
divided into three stages with changes in the SRF: the early stable
stage, the midterm nonlinear growth stage (creeping state), and the
later rapid growth stage (instability state). In actual engineering,
when the maximum displacement is in the midterm nonlinear
growth stage, some reinforcement measures should be taken,
such as building a dam seepage wall, building a pressure relief
well, and strengthening the downstream dam foot.

Third, a rise in the water level promotes the erosion and
migration of fine particles in the dam slope, and the maximum
volume fraction of fine particles and maximum porosity in the
dam slope also increase with the water level. Additionally, the
higher the water level, the smaller the SRF when the creeping state
begins and the dam slope fails.

Finally, the maximum migrated fine particles volume fraction
and maximum porosity for a given time increase with leakage outlet
size. However, the behavior of the maximum displacement with the
SRF change is nearly unaffected by the size of the leakage outlet.

Our mathematical model can calculate the fluid-solid
coupling and the fine particles migration characteristics in an
embankment dam slope, but the numerical calculations in this
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study were performed under the assumption of homogeneous
dam material. However, in nature, the seepage path and the
mechanism of fine particles migration may become more
complex than modeled here within a heterogeneous medium.
Modeling heterogeneous dam materials is the focus of future
research.
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