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Abstract: In slopes where a mixture of coarse and fine particles is present, the infiltration of rainfall
can cause the migration of fine particles. This migration alters the hydraulic properties of the soil
and has implications for slope stability. In this study, the slope under investigation is a tailings dam
composed of loosely consolidated soil with a wide particle size distribution. Due to rainfall infiltration,
fine particles tend to migrate within the voids of the coarse particle framework, leading to changes
in hydraulic properties and inducing slope instability. The classical internal erosion constitutive
model, known as the Cividini and Gioda erosion criterion, is commonly used to predict the behavior
and effects of fine particle erosion in geotechnical engineering. However, certain parameters in this
erosion criterion equation, such as long-term density, are challenging to obtain through experiments.
To investigate the coupled evolution of seepage and erosion within landfill slopes under the influence
of rainfall infiltration and to understand the mechanisms of slope instability, this research assumes
the erosion of fine particle suspension and adopts the Worman and Olafsdottir erosion criterion
to establish a coupled model of unsaturated seepage and internal erosion. The developed model
simulates the coupled response of seepage and erosion in unsaturated landfill slopes under three
different rainfall intensities. It is then combined with the infinite slope model to quantitatively
analyze the impact of fine particle migration on soil permeability and slope stability. The numerical
simulations provide the following findings: The Worman and Olafsdottir erosion criterion, unlike the
Cividini and Gioda erosion criterion, only requires the determination of the soil’s gradation curve
to estimate the erosion rate. Internal erosion primarily occurs within the leading edge of moisture
penetration, accelerating the advancement of the wetting front and reducing slope stability. When
the rainfall intensity is lower than the saturated permeability coefficient, the influence of internal
erosion can be disregarded. However, under rainfall intensities equal to or greater than the saturated
permeability coefficient, considering internal erosion results in a difference in the depth of the wetting
front of up to 34.2 cm after 6 h in the R2 scenario. The safety factor without considering internal
erosion is 1.12, whereas considering internal erosion yields safety factors between 1.08 and 1.09. In
the R3 scenario, the difference in the depth of the wetting front reaches 53.8 cm after 6 h, with a safety
factor of 1.12 without considering internal erosion and safety factors between 1.06 and 1.07 when
considering internal erosion.

Keywords: rainfall infiltration; fine particle migration; slope stability; the Cividini and Gioda erosion
criterion; the Worman and Olafsdottir erosion criterion; numerical simulation

1. Introduction

In this article, the slope under study is located in Yunnan Province, China. The slope
was formed by directly stacking externally transported waste soil, and it has been in place
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for over 16 years. The soil used for filling was not treated, resulting in a heterogeneous
overall state of the slope. Even after the long duration of the fill, certain parts of the slope
have not fully consolidated. The fill material is a mixture of coarse and fine particles, and
the soil exhibits geometries that are susceptible to seepage-induced internal erosion [1–3].
Under the infiltration of rainfall, particles in these broadly graded or gap-graded soils may
be separated from the soil structure by interstitial water flow and follow the water flow
into the pores formed by the coarse matrix [4]. The process of soil fine particle migration
will inevitably change the local particle size distribution of content in the soil, leading
to localized changes in the hydraulic and mechanical properties of the soil within the
slope [5,6] and affecting the transient stability of the slope [7]. Field-scale observations and
controlled laboratory experiments suggest that rainfall infiltration prompts the movement
of fine particles from the upper region’s slope and surface towards its base, a process
facilitated by seepage-induced internal erosion [8,9].

In the theoretical research of internal erosion, in order to describe the whole process
of migration and its related hydraulic mechanical behavior in unsaturated soils during
rainfall infiltration, Lei [10] proposed a coupled seepage erosion deformation equation
and used it to study the effect of skeleton deformation on rainfall infiltration in unsatu-
rated soil columns. Zhang [11] studied the interaction between soil seepage and internal
erosion, established a coupled model of unsaturated seepage and internal erosion, and
investigated the influence of erosion parameters onhydraulic properties. Li [12] studied
the hydrodynamic envelope of soil erosion due to internal instability induced by seepage
with reference to the theory of one-dimensional upward and downward seepage and the
laboratory stress gradient paths. Jiang [5] investigated the fine particle migration in the
dam and the slope failure mode and proposed a coupled model of the fine particle migra-
tion equations, the unsaturated seepage equations, and the equations for local stability
analysis. Bi [13] proposed a method to characterize the variation in soil gradation during
internal erosion. This method utilized fundamental dimensional equations to describe the
migration of macroscopic fine particles and additional dimensional equations to control
the variation in soil gradation. By employing this approach, it became possible to capture
the particle size distribution features for particles of any size during the internal erosion
process. Ma [14] derived a set of coupled governing equations for five phases (soil skeleton,
erodible fine particles, fluidized particles, water, and air) in porous media based on the
continuum mixture theory. The Smoothed Particle Hydrodynamics (SPH) method was
employed to describe the influence of porous media saturation and erosion on the shear
strength of the porous media. Jiang [15] reformulated the mass conservation equation
to account for different types of internal erosion, considering the erosion of suspended
particles in pore channels and general erosion. This equation incorporated the pore size
distribution and hydraulic gradient, enabling an effective assessment of the mass of eroded
particles in the soil. In this study, the general erosion assumption for suspended particles
was adopted, and Jiang’s mass conservation equation for internal erosion was employed to
evaluate the mass of eroded particles.

In the research of erosion criteria, the likelihood of internal erosion is influenced by
a variety of factors, including geometric aspects (such as the distribution of grain and
pore sizes, as well as the shapes of grains and pores), hydraulic variables (including the
hydraulic gradient, seepage direction, velocity of pore fluids), and mechanical factors
(like the degree of compaction and applied stresses) [16–18]. Based on laboratory tests,
physical modeling tests, and field observations, scholars have proposed various erosion
laws, most of which are empirical relationships that relate erosion rates to water flow
characteristics (i.e., seepage rates, hydraulic gradients), porosity, particle density, and
empirical erosion coefficients [19–21]. However, these empirical equations are not based
on physical derivations and therefore have their limitations. For instance, the formula
introduced by Cividini and Gioda [22] establishes a linear correlation between the rate of
internal erosion and that of seepage. However, obtaining some variables in this equation
through experimental means proves challenging, including the long-term density that
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is linked to the hydraulic gradient at the beginning of internal erosion. Worman and
Olafsdottir [23] selected seepage stress as a parameter instead of seepage velocity and used
moment balance techniques to derive an erosion rate equation. This equation demonstrates
a nonlinear correlation between the internal erosion rate and the seepage velocity and
hydraulic gradient. Additionally, the parameters within this erosion constitutive equation
are relatively easier to obtain compared to the erosion criteria proposed by Cividini and
Gioda. Hence, this study conducted a comparative analysis between the erosion criteria
proposed by Worman and Olafsdottir and those proposed by Cividini and Gioda.

In the context of traditional slope stability research, Zhang [24] discusses the dif-
ferences between the calculation methods of shallow slope safety factors derived from
the infinite slope model (ISM) and the Bishop method. Nitzsche [25], utilizing a finite
element model of sloping regions, considers the special deformation mechanisms within
shear zones and establishes a connection between shear strain on slip surfaces and the
evolution of slope stability, proposing a numerical algorithm for calculating safety fac-
tors. Dowon [26] presents a theoretical framework for the analysis of infinite rock slope,
specifically addressing weakened rock masses due to weathering and other geological
processes. The consequences resulting from the assumption of the complete fracture of rock
masses, eliminating tensile strength, are investigated through precise solutions obtained
using statics and kinematics. Novel approaches to slope stability prediction often involve
the integration of machine learning and deep learning methods. Guo [27], based on a
physics-based Fast Shallow Landslide Assessment Model (FSLAM), captures the impact
of rainfall on the probability of slope failure and evaluates rainfall-induced landslide dis-
asters using 123 landslide cases triggered in Wenzhou City, southeastern China, as an
example. Nie [28] proposes a new slope stability analysis method combining the scaled
boundary finite element method (SBFEM), the strength reduction method (SRM), and a
grid refinement algorithm based on a quadtree structure. Li [29] presents an intelligent
slope stability prediction method based on an improved pelican optimization algorithm
(IPOA) and optimized random forest algorithm (RF), applied to the Lala Copper Mine in
Sichuan Province. The results demonstrate the reliability and effectiveness of the prediction
model based on the improved IPOA and RF algorithms, with an accuracy rate of up to
90.4%, providing a solid technical foundation for predicting slope instability in geotechni-
cal engineering. In this study, traditional infinite slope stability calculation formulas are
employed for stability analysis, while future research can explore in-depth studies of slope
stability in interdisciplinary fields such as machine learning and artificial intelligence.

The realization of rainfall boundaries in numerical simulation usually requires the
dynamic conversion of pressure boundaries and flow boundaries [30,31], especially under
heavy rainfall conditions. It is generally believed that when the surface soil is not saturated,
the actual rainfall infiltration rate is the rainfall intensity, and the rainfall boundary is the
flow boundary. In contrast, when the slope is saturated, the rainfall is divided into two
parts, one part of which infiltrates into the interior of the soil body, and the other part of
which is retained on the soil surface to form slope runoff, and the actual infiltration rate on
the soil surface is controlled by the depth of the runoff because the depth of ponding water
will be dynamically varied, and so the rainfall boundary is actually a non-constant pressure
boundary [32]. Therefore, in order to accurately describe the infiltration flux and address
the complexities of rainfall boundaries, the diffusion wave approximation equation, based
on Wang’s research findings [32], is utilized to compute the dynamic ponding depth. This
approach allows for the depiction of the dynamic conversion between flow boundaries and
pressure boundaries.

This study employs the erosion criteria proposed by Worman and Olafsdottir and
determines the internal erosion parameters through experimental methods. A comparative
analysis is conducted, contrasting these criteria with those proposed by Cividini and Gioda.
By incorporating the mass conservation equation for internal erosion, an internal erosion
model is developed. To accurately describe the boundaries of rainfall, the diffusion wave
equation is introduced to transform the traditional rainfall boundary, enabling the dy-
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namic conversion between flow boundaries and pressure boundaries. Finally, a numerical
analysis is conducted using an infinite slope model constructed based on field conditions,
considering different rainfall intensities. The aim is to explore the effects of considering or
neglecting internal erosion on soil permeability and slope stability.

2. Integrated Model for Unsaturated Flow and Internal Erosion
2.1. Governing Equations for Surface Flow

The diffusive wave approximation equation is widely used to describe the slope runoff
process [33,34] (variation in water depth on a slope). Since the water depth of slope runoff
is extremely shallow, its vertical slope water depth can be approximated as the vertical
water depth between the water surface and the slope [34], so its mass conservation equation
is as follows.

∂hw

∂t
+

∆·(hw·U) = R − f lux (1)

where t = timing of rainfall s; hw = depth of water on vertically oriented slopes m; U = mean
flow velocity in the depth direction of the water flow m/s; R = rainfall intensity m/s; f lux
indicates infiltration flux m/s.

Its momentum conservation equation considers the balance between the friction term
and the gravity-driven term and combined with Manning’s formula [35], yields

U = − hw
2
3

nm
√
|S|

∆

(hw + Z f ) (2)

where nm = Manning’s coefficient of friction s/m1/3; Z f = slope elevation m; S = slope ratio;
S =

∆

Z f ; q = flow rate of slope runoff m2/s; it can be expressed as the product of runoff
flow rate and head

q = hwU = − hw
5
3

nm
√
|S|

∆

(hw + Z f ) (3)

Substituting Equation (3) into Equation (1), the approximate equation for the diffusion
wave is given by the following:

∂hw

∂t
− ∆·

[
hw

5
3

nm
√
|S|

∆

(Z f + hw)

]
= R − f lux (4)

2.2. Fundamental Equations for Subsurface Flow and Erosion Dynamics

Soil is viewed as an amalgam of solid and liquid elements, incorporating a fixed soil
skeleton, a fluid particulate phase that can move, and water. This configuration allows for
the free movement of fine particles, dislodged by erosion, within the soil matrix alongside
the water. The movable fine particles, denoted as Cmob, and the stationary soil matrix,
represented by Cim, signify the densities of these two distinct phases. Hence, two separate
continuity equations are formulated to account for each phase [15]:

∂Cmob
∂t

+

∆·F = Sim,mob (5)

∂Cim
∂t

= −Sim,mob (6)

where F = flux vector of fine particles transported by percolation kg/
(
m2·s

)
; Sim,mob indi-

cates the rate of mass transfer from the skeletal phase to the mobile phase; it is also known
as the erosion rate kg/

(
m3·s

)
.
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For fine particles uniformly distributed within the soil skeleton, it is assumed that the
flux occurs over the entire surface at qD and that the fine particle migration movement
occurs within the soil medium itself and includes pore water:

qD = n·u (7)

where qD = flow rate per cross-sectional area of soil medium m/s; n = porosity; u indicates
seepage rate m/s.

Thus, the fine particle flux, i.e., the mass passing through the entire unit area, including
soil particles and the pore cross-section, per unit time, can be expressed as

F = Cmob·qD (8)

During rainfall infiltration, fine particle migration movement occurs throughout the
soil matrix, and according to Equations (5) and (8), the continuity equation for fine particles
can be expressed as follows:

∂Cmob
∂t

+

∆·(qD·Cmob) = Sim,mob (9)

For the skeleton part of the soil [20], based on the relationship between erosion rate
and porosity, the change in porosity during erosion can be expressed as follows:

∂n
∂t

=
Sim,mob

ρs
(10)

The classical equations for describing the variable saturated seepage of groundwater
are the Richards equation and the two-phase flow equation. Because the Richards equation
has the advantages of its simple form and clear physical meaning of parameters, the
Richards equation is chosen to describe the variable saturated flow in soil in this paper [33]:

ρ

(
C
ρg

+ SeS0

)
∂p
∂t

− ∆·ρ
[

Kskr

ρg
(

∆

p + ρg

∆

D)

]
= 0 (11)

Equation (10) is the partial differential equation describing the saturated unsaturated
seepage in a geotechnical body with pore water pressure p as the independent variable,
where

∆

denotes the Hamiltonian operator (math.); p = pore water pressure kPa; C = specific
volume of water m−1; Se = effective saturation; Ks = saturated permeability coefficient
m/s; kr = relative permeability coefficient; ρ = density of water kg/m3; g = gravitational
acceleration m/s2; D = location in spatial coordinates m; S0 = water storage rate m·s2/kg.

2.3. Constitutive Laws for Internal Erosion

To accurately assess the equation of the dynamics of internal erosion, the equation
delineating this process is instrumental. Worman and Olafsdottir [23] pinpointed seepage
stress, which is intrinsically linked to the hydraulic gradient, as the principal mechanism
propelling the displacement of fines. Opting for seepage stress over seepage velocity
and their formulation of the erosion rate equation, derived through the moment balance
technique, elucidates the dependency of seepage stress on several factors, including seepage
velocity, the hydraulic gradient, and the specifics of pore size and distribution. This
equation uncovers a nonlinear dependency linking the internal erosion rate with both
seepage velocity and the hydraulic gradient. Moreover, it reveals the critical role played by
the distribution of pore sizes, along with seepage velocity, in influencing the erosion rate.
The formula for calculating the internal erosion rate is presented as follows:

G∗
im,mob = n

(
2.674Re(d)

0.14
(

e
8

1
Ss − 1

J
DH
d85

))
(12)
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Gim,mob = G∗
im,mobqDd85 (13)

Sim,mob = ρtGim,mob/A (14)

Re(d) = qDd85/(nv) (15)

where n = porosity, e = porosity ratio = n/(1− n), Ss = specific density of particles, J = hydraulic
gradient, d85 = particle size with 85% passage rate, DH = harmonized mean of particle
diameter volume distribution, v = kinematic viscosity, and A = moveable area. In this study,
we use Equations (12)–(15) to model internal erosion rates.

The erosion criteria used in this study include a comparison between the Worman and
Olafsdottir erosion criterion and the Cividini and Gioda erosion criterion [22]. The erosion
rate in the Cividini and Gioda erosion criterion can be expressed as follows:

Simmob = λe( fc − fc∞)|qD| (16)

where λe is the erosion rate coefficient, fc represents the current density of erodible fine
particles in the soil, and fc∞ represents the long-term density of fine particles, which can be
expressed as follows:

fc∞ =

 fc0 − ( fc0 − f ∗c∞)
∣∣∣ i

i∗

∣∣∣ i ≤ i∗

f ∗c∞ − αerlog
(∣∣∣ i

i∗

∣∣∣) i > i∗
(17)

where i∗ is the critical hydraulic gradient at the onset of erosion, f ∗c∞ represents the erodible
fine particle content corresponding to i∗, and αer is a parameter in the erosion criterion.
The critical hydraulic gradient value in the erosion criterion is referenced from the Sterpi
experiment [21], and it is set as i∗ = 0.18.

2.4. Hydraulic Properties of Partially Saturated Soils

In this study, the van Genuchten–Mualem model [36,37] was used to calculate the
Soil–Water Characteristic Curve (SWCC) saturation, infiltration function, and specific water
capacity of unsaturated soils. The van Genuchten–Mualem model is expressed as

Se =

{(
1 +

∣∣αHp
∣∣n)−m

, Hp < 0
1, Hp ≥ 0

(18)

θ =

θr +
θs−θr[

1+(αHp)
n]m , Hp < 0

θs, Hp ≥ 0
(19)

kr =

Se0.5
[(

1 −
(

1 − Se
1
m

))m]2
, Hp < 0

1, Hp ≥ 0
(20)

C =

{
αm

1−m (θs − θr)Se
1
m

(
1 − Se

1
m

)m
, Hp < 0

0, Hp ≥ 0
(21)

where θ = volumetric moisture content; θs = saturated moisture content; θr = residual
moisture content; Hp = pressure head m; α, n, m denote empirical constants, Mualem
figures [37] m = 1 − 1/n.

To account for the impact of internal erosion on hydraulic characteristics, the coefficient
of saturated permeability is characterized as a function of porosity, following the principles
of the Kozeny–Carman equation [38]:

Ks =
n3(1 − n0)

2

n03(1 − n)2 Ks0 (22)
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where n0 and Ks0 correspond to the initial porosity and initial permeability coefficient,
respectively.

2.5. Slope Stability Analysis

Infinite slope stability analysis serves as a tool for evaluating the stability of soil slopes
subjected to rainfall, considering that slope failures induced by rainfall infiltration tend to
be superficial. The safety factor for a potential slip surface located at depth h as depicted in
Figure 1 is calculated as follows [39]:

Fs =
c′

γthsinβcosβ
+

tanϕ′

tanβ
−

Hpγwtanϕb

γthtanβ
(23)

where β = slope angle; γt = soil capacity N/m3; c′ = effective cohesion kPa; ϕ′ = effective
friction angle; h = slip depth (Figure 1); Hp = pore water pressure head m; γw = bulk weight
of water N/m3; ϕb is the angle indicating the rate of increase in shear strength related to
substrate suction force, and the value depends on the substrate suction, generally about
one-third to two-thirds of ϕ′. Here, ϕb is assumed to be 12◦.
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Figure 1. A finite element model of the illustrative example.

The effective cohesion c′ and the effective friction angle ϕ′ are affected by the porosity
and can be found by the following relation [40]:

c′ =
1 − n
1 − n0

c0 (24)

ϕ′ =
1 − n
1 − n0

ϕ0 (25)

where c0, ϕ0 denote the initial cohesion and the initial internal friction angle, respectively.

3. Finite Element and Soil Parameters
3.1. Finite Element Modeling and Boundary Conditions

A finite element model for an infinite slope, set at a 30◦ angle, as shown in Figure 1,
was developed using a representative soil material reflective of actual site conditions. This
model comprises 4060 quadrilateral elements alongside 302 boundary elements, with the
soil layer maintaining a depth of 6 m. Within the context of rainfall infiltration, AC delin-
eates the infiltration boundary, whereas AB and CD represent impermeable boundaries,
and BD signifies the boundary of a constant water table. For the purposes of stability analy-
sis, AC is treated as an unconstrained boundary, AB and CD function as roller-supported
boundaries, and BD is considered a fixed constraint boundary. Porosity alterations are
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attributed solely to internal erosion, starting from a homogeneous porosity across the
field. The SWCC and the permeability function are illustrated in Figure 2, with additional
hydraulic parameters detailed in Table 1.
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Table 1. Soil hydraulic parameters used in the study.

Parameters Value

Initial porosity n0 0.3162
Residual water content θr 0.032

Soil fine particle density ρs 2600 kg/m3

Initial soil density ρt0 1778 kg/m3

Initial saturated permeability coefficient Ks0 1.84 × 10−5 m/s
Initial cohesion c0 2 kPa

Initial angle of internal friction ϕ0 31◦

Modulus of elasticity E 80 MPa
Poisson’s ratio µ 0.3

Thickness of semi-permeable layer L 1 × 10−3 m
Manning’s roughness coefficient nm 0.02 s/m1/3

Water storage rate S0 3.08 × 10−8 Pa
Initial density of erodible fine particles fc0 356 kg/m3

Long-term density of erodible fine particles f ∗c∞ 338 kg/m3

Erosion rate coefficient αer 0.1
Erosion rate coefficient λe 0.4

The infiltration rate across the slope surface AC is specified as [30]

f lux = mN

(
psur f

)
R + mb

(
psur f

)Ks

L
(
hw − Hp

)
(26)

where f lux = infiltration rate; mN , mb = auxiliary smoothing functions (Figure 3); L indicates
the thickness of the semi-permeable layer; R = rain intensity. The specified boundary
condition for infiltration flux indicates that the infiltration rate matches the rainfall intensity
R along the flow boundary when the pore water pressure on the slope surface AC is
negative. Conversely, when the pore water pressure on AC becomes positive, the infiltration
flux transitions to a pressure infiltration boundary, wherein the depth of ponding hw is
determined using the diffusion wave equation. This setup facilitates the bi-directional
dynamic transition between the rainfall flux boundary and the pressure boundary, governed
by Equations (4) and (26).
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3.2. Soil Grading Test

The test soil was taken from the slope of a tailing pond fill, and the composition of the
fill was mainly clay, gravel, stones, gravel, etc., with uneven composition; among them, the
content of gravel, stones, etc. was about 15–20%, and partially 30–70%, and the diameter of
the blocks was generally 3–10 cm. According to the basic situation of the test soil material,
and the requirements of the fill material for the later indoor geotechnical test, the maximum
sieve diameter of the sieve test was chosen to be 60 mm, and the particles exceeding 60 mm
were counted individually, and the minimum sieve diameter was 2 mm. The maximum
sieve diameter was 60 mm, and the particles exceeding 60 mm were counted separately,
and the minimum sieve diameter was 2 mm. This sieve test used a sieve machine to
sieve the stacked bulk, so as to determine the particle size composition and distribution
characteristics of the bulk soil material. The apertures of the sifter and sieve mesh are
shown in Figure 4.
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After the particle size sieving of the test soil material, the particle size distribution
characteristics of the soil material were obtained, as shown in Figures 4 and 5, where the
gradation curves are shown in Figure 6. This soil has a coefficient of homogeneity, Cu, of
85.52 greater than 20 and is considered to be internally unstable [3].
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4. An Analysis of the Results

To comprehensively consider varying intensities of rainfall, we established three
different rainfall intensities for constant rainfall infiltration: R1 = 1 × 10−5 m/s, slightly
below the saturated permeability coefficient; R2 = 2 × 10−5 m/s, slightly above the
saturated permeability coefficient; and R3 = 3 × 10−5 m/s, significantly higher than
the saturated permeability coefficient. By comparing the infiltration results with and
without considering internal erosion, we analyzed the impact of internal erosion on slope
permeability and stability. Additionally, we compared the Worman and Olafsdottir erosion
criterion with the Cividini and Gioda erosion criterion to assess the applicability and
accuracy of the Worman and Olafsdottir criterion.

As depicted in Figure 7a, when the rainfall intensity is below the saturation coefficient,
there is no significant difference between considering and neglecting internal erosion.
However, when the rainfall intensity exceeds the saturated infiltration coefficient, as shown
in Figure 7b, the depth of the wetting front is greater when internal erosion is considered
after 2 h of rainfall. As infiltration progresses, the difference in the depth of the wetting
front between considering and neglecting internal erosion reaches 12.6 cm at the 5th hour
and 34.2 cm at the 6th hour. Under the R3 rainfall intensity condition, as illustrated in
Figure 7c, the disparity between coupled analysis and uncoupled analysis becomes more
pronounced. After 6 h of rainfall, the difference in the depth of the wetting front between
considering and neglecting internal erosion reaches 53.8 cm. This indicates that when the
rainfall intensity surpasses the saturated permeability coefficient, internal erosion enhances
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the soil’s permeability, accelerating the flow and infiltration of rainwater within the soil
and causing the soil to reach an unstable state more rapidly.
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Furthermore, the results obtained using the Worman and Olafsdottir erosion criterion
are similar to those obtained using the Cividini and Gioda erosion criterion. In the R3
scenario after 6 h of rainfall, the depth of the wetting front calculated using the Worman and
Olafsdottir erosion criterion is greater than that calculated using the Cividini and Gioda
erosion criterion. Conversely, in the R2 scenario, the opposite is observed. This discrepancy
arises from the different erosion principles followed by the two criteria. The erosion rate in
the Worman and Olafsdottir criterion is a nonlinear function of the hydraulic gradient J, as
shown in Equations (13)–(15), while the erosion rate in the Cividini and Gioda criterion is
a linear function of the hydraulic gradient J. Consequently, the subsequent variations in
the porosity and local density of fine particles also exhibit characteristics of nonlinear and
linear distributions, respectively.

Figure 8 demonstrates the variation in the effective bulk density of the soil along
the X−X’ cross-section, located at the midpoint of the slope, under three different rainfall
scenarios. The effective bulk density is a combination of the dry density of the soil and
the density of the pore water. Due to internal erosion, some fine particles flow with the
pore water, resulting in a decrease in the local density of fine particles and, consequently,
a reduction in the effective bulk density of the soil. Hence, during the process of rainfall
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infiltration, the effective bulk density initially increases rapidly as rainwater enters the soil
pores. However, as a significant amount of pore water infiltrates the soil, it continuously
erodes and carries away fine particles, leading to a decrease in the effective bulk density.
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Furthermore, the graph clearly illustrates that internal erosion primarily affects the
surface layer of the slope. Changes in surface soil density occur almost simultaneously
with the progress of the wetting front. Additionally, fine particles near the groundwater
level also experience slight erosion. This is mainly because as the flow velocity approaches
saturation, it becomes sufficient to displace the fine particles, aligning with the erosion
principles outlined in Equations (12)–(15). Figures 9–11 further depict the variations in
the porosity and local density of fine particles at different time intervals under the three
different rainfall intensities.

On the left side of Figure 9, we observe the temporal variation in porosity along the
X−X’ cross-section at the midpoint of the slope for the three different rainfall scenarios. The
right side displays the corresponding temporal variation in the local density of fine particles
along the same cross-section. As a result of fine particle erosion, the porosity of the surface
layer of the soil progressively increases. After 6 h of rainfall, the porosity of the surface
layer reaches 0.335, 0.347, and 0.348 for the three rainfall scenarios, respectively. Conversely,
the local density of fine particles in the surface layer continuously decreases. After 6 h
of rainfall, the local density of fine particles in the surface layer reaches 341.8 kg/m3,
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286.7 kg/m3, and 283.1 kg/m3 for the three scenarios, respectively. The negative correlation
between the porosity and local density of fine particles aligns with the erosion concept.
Furthermore, the erosion rate in the Worman and Olafsdottir erosion criterion follows a
nonlinear function of the hydraulic gradient J, which explains the nonlinear characteristics
observed in the variations in the porosity and local density of fine particles.
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The hydraulic gradient plays a crucial role in influencing the rate of internal erosion.
Figure 12 depicts the curves of the hydraulic gradient during different time intervals under
the three rainfall scenarios. In the unsaturated zone, the hydraulic gradients all exceed 0.48,
with significantly high gradients near the wetting front surpassing 10. As the soil in the
wetting front region becomes saturated, the hydraulic gradient noticeably decreases but
remains greater than 1.0.
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Figure 13 presents a comparative analysis of safety factors with and without consider-
ing internal erosion during different time intervals under the three rainfall scenarios. The
results demonstrate that when the rainfall intensity is below the saturated permeability
coefficient, there is no significant difference in the safety factors between the two cases.
However, as depicted in Figure 13b, when the rainfall intensity exceeds the saturated per-
meability coefficient, the safety factors exhibit variations with increasing rainfall duration.
At 6 h, the safety factor without considering internal erosion is 1.12, while the safety factors
under the Cividini and Gioda erosion criterion and the Worman and Olafsdottir erosion
criterion are 1.08 and 1.09, respectively. In the case of the R3 rainfall scenario, as illustrated
in Figure 13c, the impact of internal erosion further amplifies this disparity. After 6 h
of rainfall, the safety factor without considering internal erosion is 1.11, while the safety
factors under the Cividini and Gioda erosion criterion and the Worman and Olafsdottir
erosion criterion are 1.07 and 1.06, respectively. These findings indicate that as rainfall
duration increases, intense rainfall infiltration accelerates internal erosion, consequently
affecting the slope’s overall stability.
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5. Conclusions

This study focuses on erosion by fine particle suspension and utilizes the Worman and
Olafsdottir erosion criterion, comparing it with the Cividini and Gioda erosion criterion.
The objective is to establish a coupled model of unsaturated seepage and internal erosion,
simulating the response of seepage and erosion in unsaturated fill slopes under three
different rainfall intensities. By employing an infinite slope model, this study quantitatively
analyzes the impact of fine particle migration on soil permeability and slope stability. The
numerical simulation results yield the following key findings:

(1) The Worman and Olafsdottir erosion criterion demonstrates good applicability and
accuracy, requiring only the determination of the soil mass grading curve, in contrast
to the Cividini and Gioda erosion criterion.

(2) When the rainfall intensity reaches or exceeds the saturated permeability coefficient,
the influence of internal erosion on soil permeability becomes significant. Under
rainfall condition R2, the depth difference in the wetting front between considering
and not considering internal erosion reaches 34.2 cm after 6 h. Under rainfall condition
R3, the depth difference in the wetting front reaches 53.8 cm after 6 h. Conversely, if
the rainfall intensity remains below this threshold, the impact of internal erosion on
soil permeability can be negligible.

(3) When the rainfall intensity reaches or exceeds the saturated permeability coefficient,
the influence of internal erosion on slope stability cannot be ignored. Internal erosion
accelerates instability. Under rainfall condition R2, the safety factor without consider-
ing internal erosion is 1.12, while the safety factor considering internal erosion ranges
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from 1.08 to 1.09. Under rainfall condition R3, the safety factor without considering
internal erosion is 1.12, while the safety factor considering internal erosion ranges
from 1.06 to 1.07. Conversely, if the rainfall intensity remains below this threshold,
the impact of internal erosion on slope stability can be negligible.

However, this study has certain limitations. While it provides an effective erosion
criterion for slope seepage erosion under rainfall, each erosion criterion has its own limita-
tions. Further research is necessary to assess the applicability of different erosion criteria
and investigate the long-term effects of internal erosion in various slope environments.
Nevertheless, the results highlight the crucial role of internal erosion in modifying slope sta-
bility, particularly when intense rainfall surpasses the soil’s saturated permeability capacity.
This understanding contributes to enhanced risk assessment and mitigation strategies for
slope-related hazards. Future research can build upon these findings to develop more accu-
rate erosion criteria and explore the application of hybrid models in different geotechnical
engineering contexts, thereby advancing slope stability analysis and design methods.
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