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The stability of soil-rock mixture (SRM) slopes is strongly influenced by the heterogeneity of their internal
composition and surface geological conditions. This study aims to quantify the effects of topsoil depth, rock block
content, and soil-rock interface strength on SRM slope stability. Finite element analyses were conducted using
ABAQUS, employing an adaptive automatic stabilization scheme and energy-based failure criteria to evaluate the
factor of safety (FOS). Scenarios were analyzed by varying topsoil depths and rock block contents of 10%, 20%,
30%, and 40% within the SRM layer. The results indicate that slope stability is weakly influenced by topsoil
depth at low rock block contents, but becomes increasingly sensitive as the rock block content increases. For
slopes with higher rock block contents, stability decreases even at relatively shallow topsoil depths. However,
when the topsoil layer is sufficiently thick, the influence of the rock block content on the FOS becomes insig-
nificant. Furthermore, as the contact strength between rock blocks and soil decreases, slope stability also de-
creases, and this trend decreases with increasing topsoil depths. The novelty of this study lies in explicitly
incorporating a surficial residual soil layer within SRM slopes and quantifying its influence on stability. The
results provide new insights into slope behavior in weathered residual SRM slopes and support more reliable

engineering geological assessments.

1. Introduction

Soil-rock mixture (SRM) slopes are common in both natural and
artificial terrains and are widely distributed in mountainous regions
(Sun et al., 2014; Cai et al., 2020; Gao et al., 2022). Characterized by
heterogeneity and discontinuity, SRMs consist of soils interspersed with
solitary rock blocks of varying sizes (Medley and Sanz, 2004; Xu, 2008).
The random distribution of soil and rock blocks within the slope makes
their mechanical behavior complex, posing significant challenges for
slope stability analysis (Wang et al., 2022; Zhao et al., 2023). The failure
of SRM slopes can cause severe damage to infrastructure and endanger
human lives (Gong et al., 2022; Yang et al., 2022). Therefore, under-
standing the mechanical properties of SRM slopes is of critical
importance.

With the rapid advancement of computational technology and nu-
merical methods, numerical analysis has become a widely used tool for
studying slope stability and failure mechanisms in SRMs. Many studies
have demonstrated that the presence of solitary rock blocks with certain
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contents can enhance slope stability while also making potential sliding
surfaces more complex and tortuous (Liu et al., 2020; Napoli et al., 2018,
2021; Yang et al., 2021a, 2021b; Zhang et al., 2021a, 2021b; Yu et al.,
2023; Cao and Go, 2024, 2025). In addition, rock block morphology
and size distribution significantly influence the mechanical behavior
and overall stability of SRMs (Lu et al., 2018; Liu et al., 2020; Cao and
Go, 2024). The spatial distribution of rock blocks has also been stud-
ied through statistical analyses of FOS dispersion (Cao and Go, 2025).
Findings suggest that when rock block content is low, unfavorable
spatial distributions can adversely affect SRM slope stability. Overall,
these studies highlight the importance of internal structure in governing
both the failure mechanism and stability of SRM slopes, underscoring
the importance of selecting modeling methods that accurately reflect the
mechanical nature of SRM slopes. Existing modeling methods for
simulating SRM internal structure include image-based techniques to
reproduce actual rock block morphology (Yang et al., 2021a, 2021b;
Zhang et al., 2021a, 2021b), as well as random generation methods that
account for variations in block shape, size, and spatial distribution (Yu
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et al.,, 2023; Wang et al., 2024; Cao and Go, 2024, 2025). Previous
studies have primarily focused on investigating the effects of rock block
content, size, and shape on the stability of SRM slopes. These studies
have demonstrated that the presence of rock blocks within slopes has a
significant influence on the mechanical behavior and overall stability of
SRM slopes. However, one geological factor frequently encountered in
practice but rarely addressed in prior studies is the presence of a topsoil
layer covering the SRM.

The formation of a topsoil layer is often associated with long-term
biological activity, such as vegetation growth, and natural geological
processes. The genesis of SRM also determines its morphological and
structural characteristics, which in turn affect its physical and me-
chanical properties, deformability, and failure mechanisms (Xu and Hu,
2009). SRMs can be classified into several types according to their mode
of formation, including gravity accumulation, flow accumulation,
glacial deposits, weathered residuals, geological structures, and artifi-
cial fills (Zhou et al., 2017). Residual soils are widely distributed and
commonly occur in regions prone to slope failures, especially in tropical
areas where intense bedrock weathering forms thick residual profiles.
Over time, physical, chemical, and biological weathering break down
the parent rock while the material remains essentially in place.
Depending on the depth and degree of weathering, the materials can be
divided into three main categories: residual soil (soil), soil-rock mixture
(SRM), and rock mass, as illustrated in Fig. 1 (Brand, 1985; Zhou et al.,
2017). The presence of residual soils at the ground surface is often
associated with geotechnical engineering problems, particularly those
related to soil strength and bearing capacity. Numerous studies have
shown that many slope failures and landslide events are closely linked to
residual soil layers developed on hillsides. Such mass movements
involve the downslope displacement of soil or rock materials when slope
stability is compromised due to the disturbance of soil, rock, or weath-
ered constituents (Wibawa et al., 2018).

Many methods have been developed in the past decades to analyze
the stability of SRM slopes. The limit equilibrium method (LEM) is
widely utilized to evaluate the FOS of slopes. The FOS value can be
determined based on the limit equilibrium, force equilibrium, and
moment equilibrium (Abramson et al., 2002; Alok et al., 2024).
Although LEM is relatively simple and computationally efficient,
applying the prior assumptions to the highly complex and
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A

Fig. 1. Soil-rock mixtures formed by weathered residual soils (Zhou
et al., 2017).
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heterogeneous materials of SRM slopes poses a challenge. An effective
approach for analyzing the stability of SRM slopes is the finite element
method (FEM). In such analyses, the SRM slope model is commonly
constructed using digital image processing (DIP) based on field inves-
tigation data, or through a random generation method (Gao et al., 2022;
Napoli et al., 2018, Napoli et al., 2021; Liu et al., 2018; Yang et al.,
2021a, 2021b; Yang et al., 2019). With SRM slope models, rock blocks
have randomly distributed shapes and sizes, which can increase the
meshing burden. However, this can be overcome and improved
(Boulbes, 2020). Another approach involves constructing an SRM slope
model using a two-phase random field (Liu et al., 2018; He et al., 2024).
The FDM has also been effectively used to analyze the stability of SRM
slopes (Zhang et al., 2021a, 2021b; Liu et al., 2020). In addition, the
discrete element method (DEM) also provides a promising tool for
analyzing the stability of SRM slopes (Gao et al., 2022; Yu et al., 2023;
Lu et al., 2018; Hu and Lu, 2023). However, it is not easy to simulate
SRM slope models at an engineering scale with reasonable computa-
tional resources. During the modeling process, the soil particle size is
often increased to reduce the total number of particles in the DEM
model, which can alter the soil-rock mixture structure and lead to dis-
crepancies between the numerical model and reality (Li et al., 2024).
Overall, each numerical method presents its own advantages and limi-
tations; within the scope of this study, the FEM implemented in ABAQUS
is adopted. ABAQUS software offers significant advantages over con-
ventional FEM software, especially in the field of geotechnical engi-
neering. Its superior ability to handle complex, nonlinear behaviors
typical of soil and rock materials makes it popular in simulating a wide
range of geotechnical problems (Augarde et al., 2021; Xu and Dai, 2017;
Dyson and Tolooiyan, 2018, 2019; Liu et al., 2020; Gao et al., 2021;
Yang et al., 2021b). Besides, ABAQUS supports powerful integration
with Python, allowing automation of modeling and analysis processes.
This integration significantly improves work efficiency, especially when
dealing with multiple or extremely complex models. Furthermore, user
subroutines allow users to customize and extend the built-in function-
ality of the software by incorporating their algorithms, material models,
or boundary conditions. These programs provide the flexibility to solve
specific research or engineering problems beyond the standard capa-
bilities of ABAQUS.

Previous studies have provided valuable insights into the stability of
SRM slopes; however, analyses of weathered residual SRM slopes have
rarely accounted for the combined effects of structural heterogeneity
and the presence of a surficial residual soil layer (topsoil layer). This
study addresses this gap by incorporating a surface residual soil layer
with varying thickness (topsoil depth) into the slope model. To achieve
this, a Python script was built within ABAQUS to generate geologically
consistent slope models, allowing systematic variation of rock block
content, topsoil depth, and soil-rock interface strength. Finite element
analyses using ABAQUS were then conducted to quantify their combined
influence on slope stability.

2. Description of SRM model generation
2.1. Rock shape generation and size distribution

Convex polygonal rock blocks can be generated using a specified set
of vertices, as demonstrated by Xu et al. (2016). An alternative method
employs random radii and angles in polar coordinates, which provides
greater flexibility in adjusting block shapes and allows the creation of
non-convex polygons. This approach may more accurately represent the
actual shapes of rock blocks (Wang et al., 1999; Meng et al., 2018;
Huang et al., 2021; Yu et al., 2023; Cao and Go, 2024). The procedure for
generating random rock block shapes in the slope domain involved the
following steps:

(1) Step 1: A set of random polar angles was generated for each rock
block, following the method proposed by Wang et al. (1999). The
random angle for the i-th vertex, A#; is defined as the difference
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between the polar angles of two consecutive vertices (A6; = 6; 1 - 6;):

2n 2n

where § is the amplification coefficient for the random angle, ranging
from 0 to 1, ¢ is a random number between 0 and 1, and n is the total
number of angles. A lower § produces more uniform angles. To ensure
polygon closure, the angles were adjusted as follows:

_ 21.A0;
AG, =220 )

n

> AY;
=

The adjusted polar angles 6; for the polygonal rock block were then
determined as follows:

0= Af; 3

(2) Step 2: The coordinates of the block vertices were calculated in a
Cartesian x-y coordinate system. The vertices were positioned on an
ellipse centered at O(0,0), with semi-major axis a and semi-minor axis b
(a > b). To create blocks with concave—convex surfaces, the vertices
were distributed across ellipses with varying parameters, as illustrated
in Fig. 2. The semi-major axis ranged from a — Aa to a, and the semi-
minor axis from b — Ab to b. These values were determined as follows:

{xi = [a — random(0, Aa) cost; @

¥i = [b — random(0, Ab) ]cos6);

The rock blocks were assigned random orientations by rotating them
about their centers, with coordinates determined as follows:

)

X; = x;,c080; — yising;
Y = x;sina; — y;cosa;

where ¢; is a phase angle determining the orientation of the i-th rock
block, ranging from O to 2z. The area of the polygon can then be
determined as follows:

1 n
A= 2 Z (3Yir1 — Xis1Yi) (6)
I=1

The number of edges for each block (n) was based on the assumption
that larger blocks typically have more edges, while smaller blocks have
fewer (Cheng et al., 2023). In this study, blocks were generated with six
to eighteen edges.

The rock block size distribution ranged from 0.05Lc to 0.75Lc, where

yA

-b

Fig. 2. Vertex coordinates of the polygon defining the non-convex blocks
generated by random variables. The ellipse foci are (+c, 0), where ¢ =
(a2-b2)05,
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Lc is the height of the SRM slope (Napoli et al., 2018; Zhao et al., 2022).
Given the SRM slope height of 10 m, block sizes ranged between 0.5 m
and 7.5 m. In this study, block size was characterized by the major axis
length of the ellipse used to generate each block. The aspect ratio of a
block was defined as k = a/b (Wang et al., 2014; Liu et al., 2020).

2.2. Position definition of rock blocks and overlap checking

Due to the inherent randomness of rock block distribution in SRM
slopes, block centers were randomly and uniformly distributed across
the model domain. To check for overlaps between two blocks (i and j),
the intersection of rock block i with the ellipse defining rock block j (and
vice versa) was examined (Fig. 3). Vertex M lies outside a rock block if
the following condition is satisfied:

FiM+F>M > 2a (7)

where F; and F, represent the foci of the ellipse, as described in Section
2.1. After the rock block is rotated and translated, the corresponding
focal coordinates are given by F; (x - c.cosa, y — c.sina) va Fz (x + c.cosa,
y + c.sina) where ¢ = (a® - b®'2. Once the coordinates of Fy, Fa, and
point M are determined, Eq. 7 is implemented in the Python script.

According to Brand (1985), weathering profiles in Hong Kong typi-
cally comprise a near-surface SRM layer with a rock block content of less
than 50%, in which the rock blocks are predominantly isolated and
unbonded. This is underlain by an SRM layer with a higher rock block
content (>50%), where interlocking between blocks becomes more
significant. The study also indicates that most slope failures in the region
are shallow, with failure depths generally not exceeding 3.0 m. A similar
study by Zhou et al. (2017) reported comparable geological character-
istics, characterized by low rock block content and loosely distributed
blocks near the ground surface, indicating that slope stability is pri-
marily governed by the near-surface layer. Therefore, in the present
study, the thickness of the topsoil layer is limited to a maximum of 3.0
m, while the SRM is considered with a rock block content of up to 40%,
without accounting for interlocking between rock blocks. To ensure a
sufficient gap between rock blocks during the preprocessing stage,
thereby reducing the computational burden associated with mesh gen-
eration, a special treatment technique based on the study of Wang et al.
(1999) was adopted. Specifically, a scaling factor was applied to enlarge
the rock block sizes while preserving their original shapes before overlap
checking. In this study, the scaling factor was set to 1.1.

Rock ith

Rock jth

Fig. 3. Positioning of rock blocks and overlap verification between adja-
cent blocks.
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2.3. Establishment of SRM slope

The SRM slope model is automatically generated through a Python
script implemented in ABAQUS, which enables the systematic and
reproducible generation of slope models incorporating varying topsoil
depths and random rock block distributions. Fig. 4 presents the overall
procedure for generating the SRM slope model, and the detailed
modeling steps are outlined below.

1- Determine the input parameters of the model, including the content,
shape, and size of rock blocks, the number of rock block groups, and
the thickness of the topsoil layer.

Generate the i-th rock block group, in which block sizes are distrib-

uted within the range d; to d;; 1, with a prescribed total area A;.

3- Generate rock blocks for group i-th based on the shape parameters
defined in Eqs. 1-3. Each rock block is represented as a polygon in a
Cartesian coordinate system, with the coordinates of its vertices
determined according to Egs. 4-5.

4- Randomly place the rock blocks within the slope domain based on
their centroid coordinates.

5- Check for overlap among rock blocks using the criterion specified in
Eq. 7. If overlap occurs, return to Step 3; otherwise, proceed to the
next step.

6- Compute the area of the j-th rock block according to Eq. 6 and update

the cumulative area of all rock blocks generated in group i.

Compare the cumulative rock block area with the prescribed target

area A;. If the requirement is satisfied, return to Step 2 to generate the

next rock block group; otherwise, go back to Step 3.

8- Verify whether the required number of rock block groups has been
generated. If the condition is not satisfied, repeat the procedure from
Step 2; otherwise, terminate the modeling process.

N
)

N
b

Property of SRM slope
rock block shape paramenters (a, n, k),
number of rock block group (N), rock block
contents (RC), topsoil depth (h), etc.

i=i+1,85=0
Generate rock block group i with size range [
[d,d,. ], area A, i=(1,N)

!

Generate rock blocks from shape parameters
(a,n, k)

v

Place rock block into domain for
overlap check

Next rock block group

Next rock block

Place rock block into model domain,
Calculate area of the j-th rock block () and
update content of group i: §; = S; + a;

| Python script for ABAQUS |

Fig. 4. Flowchart for generating SRM slope models.
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3. Slope stability analysis
3.1. Model domain and material properties

A two-dimensional finite element model was developed, consisting
of a topsoil layer overlying an SRM layer, with bedrock at the base
(Fig. 5). The slope height was 10 m with an inclination of 45°. The
topsoil was modeled with uniform thicknesses of 0.1, 0.5, 1.0, 1.5, 2.0,
2.5, and 3.0 m. As the topsoil thickness increased, the SRM layer
thickness decreased accordingly. The material properties used in this
study are listed in Table 1 (Zhang et al., 2021a, 2021b; Li et al., 2022).

In this work, the SRM layer thickness decreased with increasing h,
based on the block size range defined in Section 2.1. The assumed rock
block size distribution is illustrated in Fig. 6. The corresponding block
shape parameters were Aa/a = 0.25, Ab/b = 0.25, and a/b = [1,2]. To
evaluate the influence of block content on slope stability, four block
content levels (10%, 20%, 30%, and 40%) were considered in the SRM
layer. Fig. 7 shows examples of slope models with different topsoil
depths for a case where the SRM layer contained 30% rock blocks. The
interaction between rock blocks and surrounding soil or bedrock was
modeled using the contact strength at the soil-rock block interface. This
interaction is commonly characterized by the soil-rock interface
strength, which may be comparable to the soil strength under tight
contact (full contact) conditions or reduced (frictional contact) when the
contact is loose. Generally, the friction coefficient at the soil-rock
interface varies between 0 and tan¢g, where ¢ denotes the internal fric-
tion angle of the surrounding soil (Riedmiiller et al., 2001; Khorasani
et al.,, 2019; Wang et al., 2024). In addition, under practical condi-
tions, the soil-rock interface strength may be influenced by moisture
conditions and can vary depending on the surface characteristics of the
rock blocks; this aspect represents an interesting topic that will be
further investigated in our future work. In addition, the geometric
characteristics of rock blocks, such as block irregularity, can enhance
interlocking and shear strength of SRM, thereby contributing to
improved slope stability (Cao and Go, 2024). In this study, the random
shapes of rock blocks are represented through shape parameters that
have been defined and presented in the preceding sections.

3.2. Finite element method for slope stability

FEM is extensively used in geotechnical engineering (Augarde et al.,
2021). In this study, analyses were performed in ABAQUS, which sup-
ports automated modeling using Python scripting and user-defined
subroutines. To minimize local instability and computational cost,
Abaqus/Standard offers an automatic mechanism for reducing the in-
stabilities of quasi-static problems by automatically setting volume-
proportional damping to the model without notably affecting the solu-
tion. The parameter c is chosen so that the dissipated energy in a given
increment with characteristics similar to the first increment is a tiny
proportion of the extrapolated strain energy. This dissipated energy
fraction is set to 2.0 x 10™* as a default applied in the present work.
With the adaptive automatic stabilization scheme, parameter ¢ is
changed according to spatial and time. This process is controlled by the
ratio of the static dissipation energy (ALLSD) to total strain energy
(ALLIE) and the convergence history. The (ALLSD/ALLIE) ratio is

5.3 11.7-h
e e

Fig. 5. Geometric dimensions of the simulation model.
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Table 1
Material properties used in the slope stability analyses.

Material ~ Density ~ Young's Poisson's Internal friction ~ Cohesion
(kg/ modulus ratio angle (°) (kPa)
m®) (MPa)

Soil 2000 200 0.3 20 15

Rock 2400 20,000 0.2 42 900

100
)
< 80
:
2 70
s
g 60
g 50
2 40
©
2 30
5
G 20
10
0 ¥

05 07 09 11 13 15 17 19 21 23
Rock block size (m)

Fig. 6. Size distribution of rock blocks.

restrained by a predefined accuracy tolerance. If this ratio for the whole
model overs the accuracy tolerance, ¢ at each element will be adjusted to
ensure that it is lower than the tolerance at both the local and global
element levels. This ratio should be as low as feasible to achieve accu-
racy. The accuracy tolerance in the adaptive automated stabilization
system is set to 5% by default, which is appropriate for the majority of
complex scenarios (Abaqus, 2018; Boulbes, 2020). To improve the ac-
curacy of the analytical data, the accuracy tolerance value was adjusted
to 2% in the current investigation. The static equilibrium equation
incorporating an artificial damping coefficient can be expressed as
follows:
« Au

Pflfc.M.E—O (€)]
where Au/At is the vector of nodal velocities, Au is the nodal displace-
ment increment, At is the time increment, P is the external force, I is the

h=3.0m
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internal nodal force, ¢ is an artificial damping factor, and M* is an
artificial mass matrix derived from unit density. The artificial viscous
force, expressed as c.M*.(Au/At), provides numerical stability during
the solution process.

3.3. Strength reduction method and slope failure criterion

In finite element-based slope stability analyses, the FOS is typically
evaluated by coupling the strength reduction method with a specified
failure criterion. The shear strength reduction method is widely applied
in slope stability analyses using finite element modeling (Griffiths and
Lane, 1999; Zheng et al., 2005; Yang et al., 2019; Sun et al., 2020).
This technique is based on incrementally decreasing the shear strength
of slope materials until failure occurs, using a strength reduction factor
(SRF). The reduction process is expressed as follows:

,¢; = arctan (tan¢) 9

G SRF,

7 C
" SRF;

where ¢ and ¢ represent the actual or initial values of soil cohesion and
internal friction angle, respectively, and c; and ¢; denote the reduced
shear strength parameters corresponding to SRF;. The SRF; value at
which slope failure occurs is defined as the factor of safety of the slope.

When applied to materials following the Mohr-Coulomb failure
criterion, shear strength of the material gradually decreases with
increasing SRF, whereas Poisson's ratio (v) remains constant. This can
lead to the formation of a spurious plastic zone deep within the slope,
potentially resulting in inaccurate FOS values. Zheng et al. (2005) pro-
posed mitigating this issue by reducing Poisson's ratio during the
strength-reduction procedure, ensuring compliance with the following
inequality:

sing > 1-2y (10)

To identify slope failure, several criteria have been proposed,
including (1) non-convergence of the numerical solution (Zienkiewicz
et al., 1975; Dawson et al., 1999), (2) development of plastic deforma-
tion zones within the slope (Zheng et al., 2005), (3) rapid increases in
the displacement of monitoring points (Zhang and Zhang, 2022), and (4)
changes in model energy components (Tu et al., 2016; Huang et al.,
2020; Hua et al., 2022; Zou et al., 2023).

Although several criteria have been widely used to define slope

Fig. 7. SRM slope models with seven different topsoil depths (0.1, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 m) and a constant rock block content of 30%.
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failure, each has inherent limitations that hinder a consistent and
objective determination of the FOS. The non-convergence criterion lacks
clear physical meaning, as non-convergence may arise from multiple
factors and does not necessarily indicate actual collapse, potentially
leading to an underestimation of the FOS. The plastic zone criterion is
difficult to quantify, while the displacement-based criterion depends
strongly on the selection of monitoring points (Huang et al., 2020; Hua
et al., 2022; Zou et al., 2023). To address these limitations, an energy-
based criterion is adopted, in which the FOS is defined as the strength
reduction factor (SRF) at which the plastic dissipation energy first equals
or exceeds the elastic strain energy (ALLPD > ALLSE). This approach has
been validated for both homogeneous soil slopes and SRM slopes (Cao
and Go, 2025). The strength reduction technique and FOS determina-
tion are automated through a coupled subroutine (USDFLD and URD-
FIL). Specifically, USDFLD is used to update material properties by
applying the strength reduction factor at each analysis step, while
URDFIL reads the output database (.fil) to monitor the evolution of
energy components throughout the analysis. Once the failure criterion is
satisfied, URDFIL terminates the analysis and outputs the corresponding
FOS, thereby significantly reducing post-processing effort. The overall
workflow is summarized in Fig. 8.

3.4. Validation

In this study, stability analyses of an SRM slope were conducted in
ABAQUS under two-dimensional plane strain conditions for perfectly
elastic-plastic materials subjected to gravity loading. The
Mohr—Coulomb failure criterion and unbounded flow rule were adopted,
consistent with previous studies (Zheng et al., 2005; Griffiths and Lane,
1999). The Mohr-Coulomb plasticity model, which is widely used to
describe the behavior of soil or rock, is available in ABAQUS with the
parameters described in Section 3.1. Boundary conditions were applied
as fixed constraints at the slope base and rollers along both lateral
boundaries. Four-node bilinear plane strain quadrilateral elements
(CPE4) were used.

To verify the calculation results using FEM in ABAQUS and the
appropriate element mesh size, a mesh convergence study was also
conducted for the SRM slope with a topsoil layer depth of 1.0 m and a
rock block content of 20%. As the minimum equivalent diameter of rock
blocks in the slope domain is 0.8 m, the mesh size was chosen to vary
between 0.2 m and 0.7 m. The result indicated that the change in FOS is

Generate SRM slope with topsoil
and initial settings

v

Step shear strength reduction
Start of increment

Call USDFLD subroutine
(Update parameters ¢, ¢, v)

Analyze SRM slope model

v

Call URDFIL subroutine
Read result from file (.fil)

ALLPD > ALLSE

Save FOS and stop analysis

Next increment

Fig. 8. Flowchart for determining FOS using ABAQUS/Standard.
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negligible for mesh sizes ranging from 0.2 m to 0.3 m (Fig. 9). Therefore,
an approximate global mesh size of 0.2 m can be suitable for SRM slopes
in this study. Furthermore, with the automatic meshing feature in
ABAQUS, the meshing process is automatically conducted to consider
the location, shape, and size of the rock blocks in the slope, ensuring the
approximate global mesh size meets the preset value. In addition, to
further verify the applicability of the method adopted in the present
study, a slope model without the SRM layer was analyzed for validation
purposes. The FOS is 1.122, which is in close agreement with the value of
1.105 obtained from an equivalent model analyzed using the modified
Bishop method (Li et al., 2022), with a deviation of 1.54%. Furthermore,
a slope model was also analyzed without considering the artificial
damping coefficient. The analysis results are presented in Fig. 10. The
computed FOS is 1.208, compared with an FOS value of 1.230 obtained
using the method proposed in this study. The difference between the two
results is 1.79%, indicating that the proposed method provides reliable
results.

4. Results and discussion
4.1. Influence of topsoil layer depth

To assess the influence of topsoil thickness on SRM slope stability, 20
analytical models were developed for each topsoil depth (0.1, 0.5, 1.0,
1.5, 2.0, 2.5, and 3.0 m). The models followed the setup described in
Section 3.1, with the rock block content in the SRM layer fixed at 30%.
The stability analysis results and corresponding FOS values are pre-
sented in Table 2, and a box plot of the FOS distribution across different
topsoil depths is shown in Fig. 11. The interquartile range (IQR) method
was applied to identify outliers significantly deviating from the dataset
(Dekking, 2005).

The results indicate that when topsoil depth increases from 0.1 m to
1.5 m, FOS values remain nearly constant. This suggests that a shallow
topsoil layer has little effect on SRM slope stability. The presence of rock
blocks in the central region of the slope helps prevent the propagation of
a plastic zone from the toe to the crest, thereby enhancing stability—a
finding consistent with previous studies (Peng et al.,, 2022; Wang
et al., 2024). Equivalent plastic strain contours also showed notable
similarities for slopes with topsoil depths <1.5 m, where the potential
sliding surface was more irregular. The first 5 cases for slopes with 0.1 m
and 1.5 m of topsoil are illustrated specifically in Figs. 12(a) and (b).

In contrast, when the topsoil thickness exceeded 1.5 m, FOS values
decreased markedly with further increases in depth. This indicates that
the stabilizing effect of the SRM layer diminishes as the overlying topsoil
becomes thicker. This behavior can be attributed to an increase in the
thickness of the topsoil layer, which causes the SRM layer to be posi-
tioned deeper within the slope domain. Consequently, the region of rock
blocks providing resistance against the development of the plastic zone
is reduced, leading to a decrease in slope stability. In these cases, the
potential sliding surface was concentrated primarily within the topsoil,
as observed in most models (Figs. 13(a) and (b)), leading to reduced
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o
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Fig. 9. Mesh convergence study.
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(Avg: 75%)

(a)

(b) FOS=1.208

Fig. 10. SRM slope with h = 1.0 m: (a) Finite element mesh with an approximate global size of 0.2 m, (b) Equivalent plastic strain contours.

Table 2
FOS for twenty stochastic SRM slope models with seven topsoil depths (h = 0.1,
0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 m) and a rock block content of 30%.

No. h (m)
0.1 0.5 1.0 1.5 2.0 2.5 3.0

1 1.273 1.203 1.249 1.200 1.261 1.171 1.118
2 1.250 1.312 1.227 1.230 1.164 1.184 1.110
3 1.227 1.220 1.286 1.220 1.179 1.159 1.103
4 1.212 1.312 1.227 1.282 1.254 1.159 1.125
5 1.219 1.273 1.202 1.259 1.238 1.171 1.138
6 1.268 1.232 1.276 1.214 1.189 1.171 1.105
7 1.286 1.278 1.232 1.205 1.203 1.180 1.135
8 1.227 1.302 1.227 1.236 1.197 1.159 1.134
9 1.278 1.211 1.243 1.262 1.234 1.183 1.135
10 1.248 1.266 1.273 1.292 1.192 1.171 1.144
11 1.259 1.238 1.230 1.174 1.223 1.171 1.110
12 1.174 1.170 1.253 1.266 1.168 1.177 1.139
13 1.226 1.215 1.191 1.224 1.231 1.170 1.134
14 1.184 1.227 1.177 1.298 1.180 1.177 1.134
15 1.249 1.302 1.269 1.275 1.206 1.171 1.144
16 1.220 1.224 1.257 1.224 1.190 1.159 1.135
17 1.272 1.268 1.187 1.216 1.177 1.159 1.144
18 1.175 1.266 1.188 1.229 1.200 1.171 1.115
19 1.236 1.281 1.209 1.187 1.224 1.169 1.135
20 1.233 1.249 1.205 1.232 1.239 1.183 1.140
Mean 1.236 1.253 1.230 1.236 1.208 1.171 1.129
Max 1.286 1.312 1.286 1.298 1.261 1.184 1.144
Min 1.175 1.170 1.177 1.174 1.164 1.159 1.103
SD 0.033 0.040 0.033 0.035 0.029 0.008 0.014
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Fig. 11. Box plot of FOS values for SRM slopes with seven different topsoil
depths (h = 0.1, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 m) and a constant rock block
content of 30%.

overall slope stability. For a topsoil depth of 3.0 m, the sliding surface
was located almost entirely within the topsoil layer, forming a smooth,
nearly circular slip surface similar to that of a homogeneous soil slope.
The mean FOS in this case was 1.129, differing by approximately 0.62%
from the FOS of 1.122 for a slope model without the SRM layer (Section

3.4). Accordingly, the plastic zone, which provides the basis for identi-
fying the potential slip surface of the slope, exhibits a tortuous and
complex geometry under shallow topsoil conditions, whereas it tends to
evolve into a circular slip surface when the topsoil layer is deep. In
practice, the mechanical behavior of the surficial soil layer may be
influenced by factors such as vegetation, moisture content, compaction,
and cracking, which can either enhance or reduce slope stability,
particularly for greater soil thicknesses. These effects can be incorpo-
rated into the analysis by appropriately modifying the material prop-
erties of the surficial soil layer, thereby improving the applicability of
the numerical results to real field conditions.

4.2. Influence of rock content

To further examine the influence of rock block content in the SRM
layer, additional analyses were conducted with contents of 10%, 20%,
and 40%, while varying topsoil thickness. Statistical indicators of FOS,
including mean, maximum, minimum, and standard deviation (SD), are
provided in Tables 3-5. Box plots of the statistical FOS values for each
case are shown in Figs. 14-16, and Fig. 17 illustrates the relationships
between topsoil thickness, mean FOS, and SD across different block
contents. The mean FOS and SD were calculated using all computed FOS
values for each case without excluding the identified outliers.

For rock block contents of 10%, 20%, and 30%, slope stability
exhibited a consistent trend: FOS values remained largely unchanged
when the topsoil thickness was <1.5 m (Figs. 14-17(a)). However, with
40% rock block content, slope stability decreased significantly when the
topsoil depth was >1.0 m. This suggests that higher block content in-
creases the slope's sensitivity to changes in topsoil thickness compared
with lower block contents. This phenomenon can be explained as fol-
lows. When the rock block content within the slope is low, the rock
blocks are randomly and sparsely distributed, causing the boundary
between the topsoil layer and the SRM layer, as well as the mechanical
contrast between the two layers, to be poorly defined. However, as the
rock block content in the SRM layer increases, specifically to 40%, the
distinction between the topsoil layer and the SRM layer becomes more
pronounced in terms of both mechanical properties and boundary.
Consequently, the influence of the topsoil layer on slope stability be-
comes significant even when the topsoil thickness is small. Furthermore,
when the rock block content reaches 40%, the rock blocks more effec-
tively inhibit the development and propagation of plastic zones within
the slope domain, leading to a more tortuous potential failure surface.
This results in a more pronounced variation in FOS with the thickness of
the topsoil layer.

Overall, topsoil thickness had a pronounced influence on SRM slope
stability, and this influence intensified with increasing block content
(Fig. 17(a)). The stabilizing effect of the SRM layer was gradually offset
as the topsoil thickened, and by a depth of 3.0 m, mean FOS values
across different block contents were no longer significantly different.
Within the scope of this study, this indicates that when the topsoil layer
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Fig. 12. Equivalent plastic strain contours of the first 5 slope models out of 20 cases with:

(@h=01m,(b)h=1.5m.

is sufficiently thick (>3.0 m), the underlying SRM layer exerts minimal
influence on overall slope stability, regardless of block content.
Furthermore, the dispersion of FOS values decreased as topsoil thickness
increased (Fig. 17(b)).

4.3. Influence of soil-rock interfaces

To investigate the influence of soil-rock block interface conditions
on the stability of SRM slopes, Wang et al. (2024) considered different
contact conditions, including full contact, frictional contact, and smooth
contact. Under full contact, the rock block and surrounding soil remain
in tight contact without tangential sliding or separation. In practice,
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Fig. 13. Equivalent plastic strain contours of the first 5 slope models out of 20 cases with:

(@h=20m,(b)h=30m.

interactions at the soil-rock interface are unavoidable and can be
reasonably idealized as frictional contact characterized by a friction
coefficient, while a zero friction coefficient represents smooth contact.
However, ABAQUS supports automatic assignment of contact conditions
only for 3D models. In 2D analyses, contact interactions must be defined
manually, which is feasible only for simple geometries. For complex
models such as randomly generated SRM slopes, manual assignment

becomes impractical, particularly when large numbers of realizations
are required for statistical analysis. To address this limitation, the Py-
thon script described in Section 2.3 was extended to automatically
assign contact interactions between each rock block surface and the
surrounding soil, enabling efficient and fully automated model
generation.

A sensitivity analysis of soil-rock interface friction was conducted for
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Table 3

Statistical measures of FOS values obtained for seven different topsoil layer
depths (h = 0.1, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 m) and a rock block content of
10%.

h (m)
0.1 0.5 1.0 1.5 2.0 2.5 3.0
Mean 1.135 1.130 1.130 1.139 1.133 1.128 1.117
Max 1.199 1.181 1.211 1.199 1.175 1.156 1.133
Min 1.085 1.085 1.081 1.085 1.093 1.094 1.096
SD 0.034 0.028 0.036 0.031 0.023 0.021 0.013
Table 4

Statistical measures of FOS values obtained for seven different topsoil layer
depths (h = 0.1, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 m) and a rock block content of
20%.

h (m)
0.1 0.5 1.0 1.5 2.0 2.5 3.0
Mean 1.178 1.180 1.177 1.174 1.154 1.148 1.120
Max 1.246 1.227 1.250 1.216 1.202 1.177 1.159
Min 1.081 1.105 1.117 1.085 1.102 1.105 1.085
SD 0.037 0.029 0.037 0.035 0.031 0.018 0.018
Table 5

Statistical measures of FOS values obtained for seven different topsoil layer
depths (h = 0.1, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 m) and a rock block content of
40%.

h (m)
0.1 0.5 1.0 1.5 2.0 2.5 3.0
Mean 1.366 1.383 1.388 1.318 1.248 1.173 1.131
Max 1.466 1.464 1.479 1.369 1.201 1.199 1.159
Min 1.305 1.299 1.319 1.189 1.197 1.149 1.105
SD 0.050 0.038 0.045 0.040 0.022 0.016 0.015
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Fig. 14. Box plot of FOS values for SRM slopes with seven different topsoil
depths (h = 0.1, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 m) and a constant rock block
content of 10%.

a slope with a topsoil depth of 1.0 m, with the interface friction coeffi-
cient varying from y = 0 (smooth) to 0.25tan¢', 0.5tan¢', 0.75tan¢', and
full contact. As illustrated in Fig. 18, the difference between the smooth
interface and full contact reaches approximately 24.5%, highlighting the
significant influence of the soil-rock interface condition. To evaluate the
influence of soil-rock interaction on the stability of SRM slopes, a total
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Fig. 15. Box plot of FOS values for SRM slopes with seven different topsoil
depths (h = 0.1, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 m) and a constant rock block
content of 20%.
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Fig. 16. Box plot of FOS values for SRM slopes with seven different topsoil
depths (h = 0.1, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 m) and a constant rock block
content of 40%.

of 20 numerical models were developed for each topsoil thickness (0.1,
1.0, 2.0, and 3.0 m), considering rock block contents of 20% and 30% in
the SRM layer. The soil-rock interaction was modeled using a frictional
contact condition, with the friction coefficient defined as 0.75tan¢'. The
stability analysis results and the corresponding statistical characteristics
of the FOS are summarized in Table 6. Comparative plots between the
frictional contact cases and the full contact cases (as presented in Sec-
tions 4.1 and 4.2) are shown in Fig. 19.

As shown in Fig. 19, a reduction in soil-rock contact strength leads to
a decrease in slope stability. This influence becomes less pronounced as
the topsoil thickness increases and eventually becomes negligible when
the topsoil layer is sufficiently thick (3.0 m). This behavior can be
attributed to the reduction in soil-rock interface strength: instead of
plastic deformation developing predominantly within the soil mass,
relative sliding may occur along the soil-rock interface, thereby result-
ing in a lower factor of safety. Moreover, as the topsoil thickness in-
creases, the proportion of rock blocks located within the potential
sliding zone decreases. Consequently, the influence of soil-rock inter-
face strength on slope stability is reduced. When the topsoil layer be-
comes sufficiently thick, most rock blocks in the SRM layer are located
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Fig. 18. Sensitivity of FOS to soil-rock interface friction coefficient.

outside the sliding zone, and the effect of weak soil-rock contact be-
comes nearly negligible. This mechanism also explains why the

Table 6
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reduction in stability associated with decreasing interface strength is
more pronounced for slopes with a higher rock block content (30%)
compared with those with a lower content (20%).

5. Conclusions

In this study, SRM slope models were developed by considering the
depth of the topsoil layer and varying rock block contents within the
SRM layer to evaluate their combined effects on slope stability. Stability
analysis was performed using the ABAQUS finite element software,
applying the adaptive automatic stabilization scheme and an energy-
based criterion for slope failure to determine the FOS. A series of nu-
merical analyses was then conducted to investigate the influence of
topsoil depth on SRM slope stability under different rock block contents
and soil-rock interface strengths. The main findings are as follows:

(1) The topsoil depth significantly affects the stability of the SRM
slope; however, the degree of influence depends on the rock block
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[ —3—Full contact

125 I —o— Frictional contact
» 120 1
Ie) [
L L
5115 ¢
§ | ’
=110

1.05 §

1.00-""1““1““1““1““1““

0.0 0.5 1.0 1.5 2.0 25 3.0
h(m)
(a)
1.30
= Full contact

1.25 —O—Frictional contact
. 1.20 A
o
w
G 1.15 |
g ’)
= 1.10 A

1.05 A

1.00 . . . . .

0.0 0.5 1.0 1.5 2.0 25 3.0
h(m)
(b)

Fig. 19. FOS of the slope under full and frictional contact for different rock
block contents: (a) 20%, (b) 30%.

Statistical measures of FOS values obtained for different topsoil layer depths (h = 0.1, 1.0, 2.0 and 3.0 m) for different rock block contents of 20% and 30%.

h (m) (rock block content of 20%)

h (m) (rock block content of 30%)

0.1 1.0 2.0 3.0 0.1 1.0 1.0 3.0
Mean 1.142 1.159 1.147 1.128 1.154 1.165 1.163 1.134
Max 1.177 1.177 1.186 1.137 1.186 1.197 1.187 1.177
Min 1.109 1.105 1.123 1.122 1.087 1.123 1.123 1.123
SD 0.024 0.027 0.021 0.005 0.033 0.024 0.022 0.017
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content in the SRM layer. When the rock block content is low, the
slope stability is less sensitive to changes in topsoil depths.
Conversely, as the rock block content increases, the slope stability
becomes more sensitive to topsoil depths, a reduction in stability
even for shallow topsoil layers.

As topsoil depth increases, slope stability tends to decrease. And,
when the topsoil depth reaches 3.0 m, the differences in FOS
values among different rock block components become negli-
gible, indicating that the influence of the SRM layer was largely
eliminated when the topsoil was sufficiently thick. Furthermore,
the potential slip surface is mainly located in the topsoil layer,
similar to the slip surface of a homogeneous slope.

In addition, the influence of soil-rock interface strength on SRM
slope stability is pronounced when the topsoil depth is shallow.
The weakened interfaces promote sliding along soil-rock contacts
and reduce the FOS. This effect decreases with increasing topsoil
depth and becomes negligible when the topsoil is sufficiently
thick, while slopes with higher rock block contents exhibit
greater sensitivity to interface strength reduction.

(2

—

3

-

The limitations of this study include the adoption of a two-
dimensional plane strain assumption and simplified representations of
rock block geometry and topsoil mechanical properties. In reality, slope
behavior is inherently three-dimensional, and factors such as lateral
confinement, sidewall friction, and complex slope geometry may
significantly influence the failure mechanism and the calculated factor
of safety. In addition, the investigated range of topsoil thickness is
limited, and the results have not yet been validated against field ob-
servations or benchmark cases, which may constrain their direct engi-
neering applicability. Nevertheless, the findings provide fundamental
insights into the stability behavior of SRM slopes and serve as a basis for
future studies incorporating three-dimensional modeling, more realistic
material representations.
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