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Abstract

Soil-rock mixtures are composed of various constituents, including rock blocks, soil ma-
trix, and pores. The stability of slopes formed by such materials is significantly affected
by rock content, block location, and block gradation. However, most existing studies have
used the overall rock content as the primary index to characterize the role of rock blocks.
This index is essentially a global averaged parameter and therefore cannot accurately re-
flect the actual contribution of rock blocks to slope stability. To overcome this limitation,
stochastic numerical models of soil-rock mixture slopes were established based on real
rock-block contours, and the seismic stability of these slopes under pseudo-static horizon-
tal seismic loading was investigated using the upper-bound finite element limit analysis
method. On this basis, the concept of effective rock content was proposed to quantify the
actual participation of rock blocks within the governing sliding zone. Comparative anal-
yses based on selective rock-block removal further demonstrated the limitation of the
overall rock content index. When the rear rock blocks were removed while the effective
rock content remained unchanged, the safety factor changed only slightly from 0.882 to
0.881. In contrast, after removing the leading-edge rock blocks, the effective rock content
of the slope decreased to 0. The safety factor dropped to 0.774, close to the safety factor of
0.772 for a homogeneous soil slope. Quantitative sensitivity analysis further showed that
the effective rock content plays a controlling role in the slope safety factor. Compared with
the overall rock content, it can more effectively characterize the actual contribution of rock
blocks to the seismic stability of soil-rock mixture slopes and can be regarded as the governing
structural parameter controlling slope stability. Furthermore, the effects of gradation and the
spatial distribution of oversized rock blocks on the stability of soil-rock mixture slopes can
both be interpreted through their regulation of the effective rock content and the rock-skeleton
effect. In general, the beneficial influence of the spatial location of oversized rock blocks on
slope stability follows the order: slope toe > slope face > slope crest > inside the slope > behind
the slope. These findings indicate that effective rock content can serve as a key index for char-
acterizing the seismic stability of soil-rock mixture slopes and provide a new analytical frame-
work for the stability assessment of such slopes in seismic regions.

Keywords: soil-rock mixture slope; effective rock content; safety factor; upper-bound
finite element limit analysis; the pseudo-static method
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1. Introduction

Earthquakes are among the major natural triggers of slope instability. Compared
with homogeneous soil slopes, soil-rock mixture slopes exhibit stronger structural heter-
ogeneity and more complex mechanical responses because of their complicated material
composition, pronounced randomness in rock content and block spatial distribution, and
marked differences in the physical and mechanical properties between the soil matrix and
rock blocks [1-7]. Such slopes are commonly characterized by large landslide volumes,
diverse failure modes, and pronounced hazard-chain effects when subjected to strong
seismic loading. Therefore, the reliable evaluation of the seismic stability of soil-rock mix-
ture slopes is of great significance for disaster prevention and mitigation, as well as for
the construction and operation of major geotechnical infrastructure.

Owing to their inherent heterogeneity and discontinuity, deformation and failure
within soil-rock mixture slopes generally do not develop along a single well-defined po-
tential sliding path. Instead, multiple competing propagation paths may emerge, eventu-
ally resulting in complex multi-slip-band failure patterns [8-13]. Considerable efforts have
been devoted to this issue by researchers worldwide. Zhao et al. [14] proposed a numeri-
cal modeling method for soil-rock mixture slopes based on real rock-block contours,
which enables the construction of stochastic slope models with different block shapes,
particle-size distributions, and rock contents. Peng et al. [15] further employed a modified
two-dimensional discontinuous deformation analysis—smoothed particle hydrodynamics
(DDA-SPH) method to analyze the stability and post-failure evolution of soil-rock mix-
ture slopes, revealing their complex failure and movement characteristics. Studies by Na-
poli et al. [16,17] demonstrated that rock-block morphology, inclination, and spatial dis-
tribution can significantly affect sliding patterns and slope safety factors.

With respect to the stability of soil-rock mixture slopes under seismic loading, exist-
ing studies have mainly focused on dynamic response characteristics and failure mecha-
nisms. Gayathridevi and Ray [8] numerically investigated the stability of bimslopes under
both static and seismic loading conditions, demonstrating that block shape, block size dis-
tribution, and volumetric block proportion significantly affect the safety factor and failure
mechanism of soil-rock mixture slopes. Using MIDAS Geo-Technical analysis System
(GTS), Huang et al. [18] studied the dynamic response characteristics of soil-rock mixture
slopes by considering different rock contents and rock-block distribution locations. Xu et
al. [19], based on the added-mass method, analyzed an actual engineering slope and found
that severe fluctuations in movement velocity and direction under seismic loading are
important factors contributing to instability. In addition, numerous experimental studies
have shown that rock content, gradation, moisture content, and fine-particle proportion
can all significantly affect the shear strength and deformation characteristics of soil-rock
mixtures [20, 21]. These studies indicate that the influence of rock blocks on slope stability
depends not only on their overall proportion but also on their structural role during local
deformation and sliding processes.

Although existing studies have gradually shifted from analyses based solely on over-
all rock content to more comprehensive considerations of block spatial distribution and
random heterogeneity [11, 22-24], most studies still use the conventional overall rock con-
tent as the principal index to characterize the role of rock blocks and to interpret variations
in slope stability. However, the overall rock content is essentially a global averaged pa-
rameter. Although it reflects the general proportion of rock blocks within a slope, it cannot
effectively distinguish the actual contribution of rock blocks at different spatial locations
to the governing sliding mechanism. In particular, rock blocks located outside the domi-
nant sliding zone may have only limited influence on seismic stability, whereas those lo-
cated within the key sliding region may play a controlling role in the sliding process
through blockage, diversion, inclusion, and skeleton effects.
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To address this limitation, the concept of effective rock content, C, is proposed to
characterize the actual participation of rock blocks within the dominant sliding zone. Sto-
chastic numerical models of soil-rock mixture slopes are constructed using a random
placement method based on real rock-block contours. The effects of effective rock content,
gradation characteristics, and the spatial distribution of oversized rock blocks on the seis-
mic stability of soil-rock mixture slopes are systematically investigated by the upper-
bound finite element limit analysis Compared with the conventional overall rock content,
the proposed effective rock content provides a more direct link between rock-block spatial
distribution and the governing sliding mechanism, thereby offering a new perspective for
interpreting both gradation effects and positional effects. The results of this study are ex-
pected to provide a theoretical basis for the stability assessment, engineering design, and
construction optimization of soil-rock mixture slopes in seismic regions.

2. Method

This study adopts the upper-bound finite element limit analysis method to investi-
gate slope stability. The basic idea of this method is to construct a kinematically admissible
virtual failure mechanism under the conditions of satisfying the velocity boundary condi-
tions and the associated flow rule. According to the kinematic upper-bound theorem, for
any kinematically admissible velocity field, the external work rate does not exceed the
internal dissipation rate. Therefore, the safety factor of slope (Fs) can be transformed into
a minimization problem of the total internal dissipation power [25-28].

After normalizing the external work rate to unity, the upper-bound problem can be
written as

F =min,, Ug”Y (é(v))dQ+L T, ([[v]])df} st. W,(W\)=1 ()

where Vi denotes the space of kinematically admissible velocity fields, and £(v) is the
strain-rate tensor, expressed as

. Vv+ W'
B1) = @

Here, my is the support function of the yield domain Y, which can be interpreted as
the plastic dissipation rate per unit volume under the associated flow rule; I'z denotes the
velocity-discontinuity boundary, [[v]] is the velocity jump, and 7ir is the dissipation func-
tion associated with interfacial plastic sliding. When a continuous velocity field is adopted,
the interfacial dissipation term in the above equation may be omitted.

After finite element discretization, the velocity field, strain rate, and external work
rate can be expressed as

v=NA 3)
§=BA 4)
W, =f"1 )

where N is the shape function matrix, B is the velocity—strain-rate transformation matrix,
A is the nodal velocity parameter vector, and fis the equivalent external load vector. Ac-
cordingly, the upper-bound analysis can be further converted into a constrained numeri-
cal optimization problem, that is, solving for the nodal velocity parameter A that mini-
mizes the total dissipation power under the constraints of external work normalization
and kinematic admissibility, and taking the corresponding minimum value as the slope
Fs. Unlike conventional upper-bound analysis, which requires a predefined failure mech-
anism, this method can automatically search for potential failure modes through finite
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element discretization and optimization algorithms and is therefore more suitable for the
stability analysis of complex slopes.

The strength reduction technique is introduced to reduce the strength parameters
until the geotechnical structure reaches a critical state, at which point the reduction factor
is taken as the Fs. The calculation formula of the strength reduction technique is as follows:

E - tan ¢ _C

s = - 6
tang, C ©

cr

In the equation, ¢ and ¢ denote the cohesion and internal friction angle of the slope,
respectively, while cr and @ denote the cohesion and internal friction angle at the critical
sliding state, respectively.

The modeling method for the soil-rock mixture slope adopted in this study follows
the generation method proposed by the authors based on digital image processing tech-
nology [14]. The blocks were represented by closed polygonal contours extracted from
real rock-block images, and their equivalent diameters were calculated from the block ar-
eas. According to the prescribed gradation curves, the blocks were randomly selected,
scaled, rotated, and placed within the soil-rock mixture domain. Blocks intersecting ex-
isting blocks, the bedrock, or the model boundaries were rejected. This procedure was
repeated until the target overall rock content VBP was reached. The adopted model rep-
resents an idealized shallow soil-rock mixture slope overlying a relatively stiff bedrock
layer, which is commonly encountered in mountainous areas. After the model was estab-
lished, the coordinates of the rock-block contours were imported into AutoCAD 2025 to
generate a graphical interchange file. The geometric parameters of the model are shown
in Figure 1. The slope angle is 45°, the slope height is 6 m, and the underlying layer is
bedrock. All materials were assumed to be elastic-plastic and to obey the Mohr-Coulomb
criterion. The material parameters of the rock blocks were taken to be identical to those of
the bedrock, and the specific parameter settings are listed in Table 1. Three gradation types
of the soil-rock mixture slope model are shown in Figure 2, in which the content of over-
sized rock blocks increases successively in each group.
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Figure 1. Geometrical model of soil-rock mixture slope.
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Figure 2. Gradation curves of soil-rock mixture slopes [14].

Table 1. Material parameters of soil-rock mixture slope.

it Weigh
Material UHLN‘;IE v Elastic Modulus/MPa Poisson’s Ratio Cohesion/kPa  Internal Friction Angle/°
Soil 20 100 0.3 10 20
Rock 24.1 20,000 0.2 900 42

After the material properties were assigned, boundary conditions were imposed on

the model in the OptumG2 2021 analysis software: horizontal roller constraints were ap-
plied along the lateral boundaries, and the bottom boundary was fully fixed. In this study,
the pseudo-static method was adopted, and earthquake loading was represented by an
equivalent constant horizontal inertial force. It should be noted that the pseudo-static
method is a simplified seismic analysis approach, which is suitable for evaluating the
overall stability trend under different horizontal seismic coefficients. However, it cannot
explicitly capture the time-varying acceleration, frequency content, duration effect, or dy-
namic soil-structure interaction associated with real earthquakes. The flowchart of meth-
odology for this study is shown in Figure 3.

1. Set
parameters

2. Stochastic
generation of
SRM slope
models

3. Pseudo-
static stability
analysis

4. Data
analysis

. Pseudo-static Rock-block
Slope Material N
i arameters seismic contour and
geometry P coefficient(ky,) gradation curves
Random Random Random Random SRM slope model
selection of scaling placement placement | || with prescribed
rock-block and within slope within slope overall rock
contours rotation domain domain content
Upper- :
Apply pseudo- L. Strength Obtain F; and
: - bound finite ? ST
static horizontal . reduction potential slip
- R element limit .
seismic loading . analysis surface
analysis
Relationship Analysis of
Destruction between Fs Earthquake potential sliding
mechanism and rock effect analysis surface shape
content and location

Figure 3. Flowchart of research methods in this study.
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3. Result
3.1. Analysis of the Limitations of the Overall Rock Content Index

To investigate the effect of overall rock content (VBP), Gradation 2 (Figure 2) was
selected, and rock-block models with overall rock contents of 20%, 40%, and 60% were
considered. The rock blocks were randomly distributed, and the horizontal seismic coef-
ficient kn ranged from 0.1 to 0.5. Based on the OptumG2 software, numerical analyses were
carried out to obtain the upper-bound values of the Fs, which were then compared with
those of a homogeneous soil slope.

Considering the randomness involved in generating the soil-rock mixture slope
models, the spatial distribution of rock blocks has a significant influence on the Fs of the
model. Therefore, three random models were generated for each working condition. The

corresponding upper-bound Fs are shown in Figure 4, and the ~$ are presented in Fig-
ure 5.

As can be seen from Figure 4, with the increase in seismic force, the Fs of the soil—-
rock mixture slope decreases, indicating a gradual reduction in slope stability. Meanwhile,

the influence of the overall rock content on slope stability gradually weakens.

3.2
= VBP=0% A VBP=40% Model2
ogle® VBP=20% Modell v VBP=60% Model2
4 VBP=40% Modell e VBP=20% Model3
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20 %
F v
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Figure 4. Fs of soil-rock mixture slopes with different VBP under seismic loading.

2.0
v\
. N —=—VBP=0%
L —e—\V/BP=20%
16+ A —a—VBP=40%
—v—VBP=60%

m
=
N

°

0.8 L
. I\.
\l
04 1 N 1 N 1 1 N 1
0.1 0.2 0.3 0.4 0.5
kh

https://doi.org/10.3390/geosciences16070256


https://doi.org/10.3390/geosciences16070256

Geosciences 2026, 16, 256

7 of 22

Figure 5. S of soil-rock mixture slopes with different VBP under seismic loading.

When kn = 0.3, the shear dissipation contours of slopes with overall rock contents of
0%, 20%, 40%, and 60% are shown in Figure 6. The arrows indicate the direction of the
applied pseudo-static horizontal seismic force. It can be seen that, compared with the ho-
mogeneous soil slope, the potential sliding surface of the soil-rock mixture slope is no
longer arc-shaped, but instead exhibits three typical propagation modes, namely, the
“rock-bypassing” mode, the “diversion” mode, and the “inclusion” mode. As the rock
content increases, the fragmentation degree of the plastic zone in the soil-rock mixture
slope also increases, and the “inclusion” mode gradually becomes the dominant mode of
plastic zone propagation.

(1) uonedissip wayg

(a) VBP = 0% o (b) VBP = 20%

() uonedissip 1ways

(c) VBP = 40% (d) VBP = 60%

Figure 6. Shear dissipation of soil-rock mixture slopes with different VBP under seismic loading (kn
=0.3).

The above results indicate that the overall rock content is one of the key factors af-
fecting the seismic stability of soil-rock mixture slopes. However, under the same or sim-
ilar overall rock content, significant differences may still exist in the slip-band morphology
and Fs due to different spatial configurations of rock blocks. Taking the case of Gradation
2, VBP =20%, and kn = 0.3 as the reference condition, the overall rock content was adjusted
for comparative analysis, and the corresponding shear dissipation contours are shown in
Figure 7. The Fs under cases (a) and (b) are 0.882 and 0.881, respectively. Compared with
case (a), case (b), in which only the rock blocks in the rear part of the slope are removed,
shows that when the effective rock content remains unchanged, the Fs as well as the shape
and position of the potential sliding surface remain almost unchanged relative to case (a).
In contrast, the Fs under cases (c) and (d) are 0.774 and 0.772, respectively. When the rock
blocks in the front part of the slope are removed, the Fs and the shape and position of the
potential sliding surface become much closer to those of the homogeneous soil slope in
case (d). This indicates that the rock blocks in the front part of the slope play a controlling
role in slope stability.
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Figure 7. Effect of spatially selective rock-block removal on the stability of soil-rock mixture slopes.

3.2. Definition and Verification of the Effective Rock Content
3.2.1. Definition of the Effective Rock Content

The overall rock content can reflect the general proportion of rock blocks in a soil-
rock mixture slope; however, this index cannot further distinguish the differentiated con-
tributions of rock blocks at different spatial locations to the governing sliding mechanism.
The above results indicate that the formation and propagation of the potential slip band
under seismic loading do not involve the uniform participation of all rock blocks within
the slope but are mainly controlled by the modulation of the connectivity and tortuosity
of the dissipation path by rock blocks located in local key regions. Therefore, in order to
more accurately characterize the actual contribution of rock blocks to slope stability, this
study proposes the concept of effective rock content on the basis of the overall rock content.
Under given slope geometry, material parameters, and seismic loading conditions, effec-
tive rock content refers to the local rock content corresponding to those rock blocks located
within the influence range of the potential governing sliding mechanism and capable of
significantly controlling the formation, penetration, and evolution of the slip band.

To identify and calculate the effective rock content, a definition method based on the
potential sliding surface of a homogeneous slope is adopted in this study. Under the same
slope geometry, soil-matrix parameters, boundary conditions, and pseudo-static seismic
coefficient, the slip surface of the homogeneous slope represents the baseline failure path
that would develop without the interference of rock blocks. Therefore, it provides a con-
sistent reference for distinguishing the contribution of rock blocks from the effects of slope
geometry, boundary conditions, and soil strength. Similar studies have also used the
method of calculating the sliding surface of soil-rock mixture slopes based on the poten-
tial sliding surface of homogeneous slopes [29]. In addition, the numerical results obtained
in this study further support the rationality of this treatment. When only the rock blocks
located within the effective region defined by the homogeneous reference slip surface
were retained, both the calculated safety factor and the potential slip surface remained
close to those of the complete soil-rock mixture slope model. This indicates that the ho-
mogeneous-reference-based effective region can reasonably capture the key rock blocks
participating in the governing sliding mechanism.

The detailed definition procedure is illustrated in Figure 8. First, a homogeneous soil
slope model is established using the same geometry, material parameters, boundary con-
ditions, and pseudo-static seismic coefficient as those of the soil-rock mixture slope. The
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potential slip surface of this homogeneous slope is then obtained and used as the reference
slip surface. Let the intersection point between the reference slip surface and the slope
crest platform be denoted as P. A vertical line PP1 is drawn through point P, which serves
as the reference boundary for dividing the slope domain Q into a front region and a rear
region. The region APP1B located in front of this dividing line is defined as the effective
region, denoted as (.. Accordingly, the effective rock content Ce is defined as the propor-
tion of rock blocks located within Q.. Compared with the overall rock content VBP, Ce.
more directly characterizes the actual contribution of rock blocks to slope stability.

F

Potential sliding
surface

P
}
I
|
|
|
|
|
|
|

Bedrock

D E

Figure 8. Definition of effective rock content.

To further characterize the degree to which rock blocks throughout the slope partic-
ipate in the governing sliding mechanism, this study also defines the effective rock-block
contribution ratio, 1., which is the ratio of the area of rock blocks within the governing
region to the total area of rock blocks in the entire slope

_AQ)
A Q)

In the equation, Ab(Q2) is the total area of rock blocks, and Ab((2e) is the area of rock

Me @)

blocks within the governing region. This index further quantifies the proportion of rock
blocks that may make a significant contribution to the Fs.

3.2.2. Quantitative Verification of the Controlling Role of Ce.

To verify the controlling role of effective rock content, the effective rock content Ce of
the soil-rock mixture slope is kept constant, while the VBP is regulated by varying 1., so
as to examine its controlling effect on slope stability. The homogeneous soil slope under
the condition of kn = 0.3 is selected as the reference case. The calculation shows that the
intersection point P between the potential sliding surface and the slope crest platform is
located 3.08 m behind the slope crest, that is, AP = 3.08 m. The corresponding Fs are listed
in Table 2.

Table 2. Variation of Fs with ne under different Ce.

Te Ce=15% Ce=25% Ce=35% Ce=40%
0.4 0.8846 0.9300 0.9735 1.042
0.6 0.8804 0.9221 0.9708 1.029
0.8 0.8803 0.9225 0.9690 1.021

1 0.8801 0.9235 0.9681 1.015

It can be seen from Table 2 that, when Ce. is kept constant, the Fs does not vary signif-
icantly with ne. To further quantitatively verify the influence of effective rock content, the
normalized range sensitivity coefficient is employed to analyze Ce and 7e:
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_4R/F ®)

T AXIX

S

E
where is the range of Fs under a given set of control conditions, ~$ is the mean

value of Fs for that set, AX is the range of variable x, and X is the mean value of variable
x. The physical meaning of Sx is that a 1% relative change in variable x will cause a rela-
tive change of 5% in Fs.

Ce

By averaging the calculated values of Sx under different 7. and Ce, the values of

and Sce were obtained as 0.1758 and 0.0133. Under this set of working conditions, the
sensitivity of the Fs of the soil-rock mixture slope to Ce. is approximately 13 times that to
1e, indicating that the Fs is mainly governed by the effective rock content Ce. Verification
under the other working conditions shows that the same pattern is also observed.

3.2.3. Benchmark Verification Against Published Numerical Cases

To verify the reliability of the concept proposed in this study, two cases reported by
Liu et al. [30] were selected for comparison. The slope geometry and mechanical parame-
ters were taken to be identical, as shown in Figure 9 and Table 3. In Figure 10, panels (a)
and (b) present the numerical simulation results obtained by Liu et al. [31] using Fast La-
grangian Analysis of Continua in Three Dimensions (FLAC3D) for overall rock contents
of 30% and 40%, respectively, with corresponding Fs of 1.543 and 1.727. Panels (c) and (d)
show the results calculated in this study using OptumG2, with corresponding Fs of 1.537
and 1.719. The red dashed line in the figure denotes the boundary of the effective region,
which is located 4.5 m away from the right slope boundary [29]. It can be seen that the Fs
and potential sliding surfaces obtained in this study are in good agreement with those
reported by Liu et al. Furthermore, the calculation results obtained by retaining only the
rock blocks within the effective region are shown in panels (e) and (f), with Fs of 1.532 and
1.711, respectively, which are also in close agreement with those of cases (c) and (d) in
terms of both Fs and potential sliding surface. These results further demonstrate the con-
trolling role of the rock blocks within the effective region on slope stability. It should be
emphasized that this comparison represents a benchmark verification against published
numerical results rather than a direct field-case validation. The relative differences in Fs
between the present results and those reported by Liu et al. are approximately 0.39% and
0.46% for the two cases, respectively. In addition, the predicted potential slip surfaces are
also in good agreement with the published results. These comparisons support the nu-
merical reliability of the present modeling framework and the rationality of the effective-
region concept. Nevertheless, further validation using well-documented field cases, mon-
itoring data, or back-analysis of real slope failures is still required in future work.

8m
soil-rock 0 epLa0
mixture 0 O 0 0

9m

@
00000
- m o D “o o OOOOOO&

E[ bedrock
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Figure 9. Geometric model of soil-rock mixture slope by Liu et al. [31].
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Figure 10. Comparison with existing numerical cases. (a) VBP = 30% for case 1 [31]. (b) VBP = 40%
for case 2 [31]. (c¢) VBP =30% for case 1 (this study). (d) VBP =40% for case 2 (this study). (e) Retaining
only the rock blocks within the effective region (this study).

Table 3. Material parameters of soil-rock mixture slope by Liu et al. [31].

Densi
Material lf;:fz/ Elastic Modulus/MPa  Poisson’s Ratio = Cohesion/kPa Internal Friction Angle/°
Soil 1900 5 0.4 1 20
Rock 2540 16,000 0.23 80 38
Bedrock 2700 19,000 0.2 82 43

3.2.4. Influence of Ce on Stability of Soil-Rock Slopes Under Seismic Loading

To further investigate the effect of Ce on the stability of soil-rock mixture slopes, four
cases were designed by combining two levels of effective rock content, Ce = 15% and Ce =
40%, with two levels of effective rock-block contribution ratio, ne = 0.4 and ne = 1, and the
corresponding shear dissipation contours are shown in Figure 10. The red dashed line in
the figure denotes the boundary of the effective region. It can be seen that when Ce is rela-
tively low, the potential sliding surface of the soil-rock mixture slope varies only slightly
with the VBP. However, as Ce increases (Figure 11c,d), the rock skeleton within the effec-
tive region significantly restricts the upward and outward propagation of the plastic zone,
causing the slip band to extend backward along the weaker soil matrix near the bedrock
interface. As a result, the slope tends to develop a composite failure mode, with a curved
slip surface in the upper soil-rock mixture and a nearly horizontal segment near the un-
derlying bedrock. This pattern is consistent with the common slope configuration in
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which a soil-rock mixture layer overlies relatively stiff bedrock Under such circumstances,
the role of the rock blocks outside the effective region can no longer be neglected. There-
fore, in practical engineering, when rock blocks are uniformly distributed and the VBP is
relatively high, the morphology of the potential sliding surface is governed by the rock
blocks throughout the entire slope. In such cases, in addition to the Fs, other evaluation

criteria should also be introduced.
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Figure 11. Shear dissipation of soil-rock mixture slopes under different Ce and 7e.

Further cases with VBP of 5%, 10%, 15%, and 20%, and horizontal seismic coefficients

kn=0, 0.1, 0.2, and 0.3, were selected. For each working condition, three models were es-

tablished. The variation trends of the average safety factor = 5 with 7. are shown in Fig-

ure 12.
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Figure 12. Effect of ne on Fs under different VBP and kn.

It can be seen from Figure 12 that when ne = 0, the Fs under different overall rock-
content conditions almost coincide, indicating that if the rock blocks are not distributed
within the front effective region, merely increasing the overall rock content has a very
limited effect on improving slope stability. As 7. increases, the Fs of soil-rock mixture
slopes with different overall rock contents all increase, indicating that gradually arranging
rock blocks into the effective region can significantly enhance slope stability.

To further analyze the influence of Ce on the slope Fs under seismic loading, the re-
sults are shown in Figure 13. When Ce = 10%, the corresponding Fs under the three cases
of VBP = 20%, 15%, and 5% are 0.869, 0.831, and 0.813, respectively. It can be seen that
changes in Ce have a significant effect on the Fs of soil-rock mixture slopes. However, this
effect is still jointly influenced by the VBP and the structural characteristics of the rock

skeleton.
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Figure 13. Effect of Ce on Fs under different VBP.

3.3. Analysis of Gradation Effect Based on Effective Rock Content

The stability of soil-rock mixture slopes is significantly influenced by gradation. The
authors previously found that when the rock content is relatively low (10%, 20%, and 30%),
increasing the proportion of oversized rock blocks helps improve slope stability. However,
when the rock content is relatively high (40% and 50%), the influence of oversized rock
blocks is not significant [14]. To investigate the effects of gradation and overall rock con-
tent on the stability of soil-rock mixture slopes under seismic loading, and to further in-
terpret these effects based on C., three gradation groups were considered in this study
(Figure 2). From Gradation 1 to Gradation 3, the proportion of oversized rock blocks
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increases successively. Soil-rock mixture slope models with rock contents of 20%, 40%,
and 60% were established, and the horizontal seismic coefficient kn was taken from 0.1 to
0.5. Considering the randomness of rock-block spatial distribution, three random models
were generated for each working condition. The average values of C. for each case, iden-
tified and extracted by Python 3.9 for the specified region, together with the correspond-
ing average Fs, are shown in Figure 14.

20 |
| m  Gradation1 VBP=20%
18 | @ Gradation1 VBP=40%
b | A Gradationl VBP=60%
16 5% | W Gradation2 VBP=20%
| @ Gradation2 VBP=40%
A It ) | A Gradation2 VBP=60%
: L) o | ®  Gradation3 VBP=20%
A2l . | | @ Gradation3 VBP=40%
10 s @ A Gradation3 VBP=60%

g B
0

Figure 14. Variation of Fs with Ce under different gradations and VBP.

It can be seen from Figure 14 that the Fs of the soil-rock mixture slope is positively
correlated with Ce. When the VBP is relatively low, increasing the proportion of oversized
rock blocks can increase Ce, thereby improving the Fs of the soil-rock mixture slope.
When the VBP is relatively high, there exists an optimal gradation, under which fine rock
blocks can effectively fill the voids between oversized rock blocks, increase Ce, and thus
further enhance slope stability.

In addition to its influence on C., gradation can also affect slope stability through its
regulation of the slope skeleton. The shear dissipation contours of soil-rock mixture
slopes with kn = 0.3 and VBP values of 0%, 20%, 40%, and 60% are shown in Figure 15,
where the red dashed line indicates the boundary of the effective region. As the propor-
tion of oversized rock blocks increases, the dissipation zone gradually becomes more dis-
crete, and its propagation path is obstructed and deflected by the large rock blocks,
thereby significantly weakening the continuity of the plastic zone. The dominant propa-
gation modes are “rock-bypassing” and “inclusion,” and the failure zone tends to concen-
trate near the slope surface, resulting in a further improvement in slope stability.

In summary, the influence of gradation on slope stability is manifested in the coupled
effect of the soil-rock mixture skeleton formed by different rock-block distributions and
the effective rock content Ce. For slope models with low VBP, appropriately increasing the
proportion of oversized rock blocks can increase Ce and help construct a stable rock skel-
eton, thereby improving slope stability. When the VBP is high, the effect of gradation on
Ce is no longer significant, and the obstruction and deflection effects of oversized rock
blocks on the propagation of the plastic zone become the dominant factors controlling
slope stability.
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Figure 15. Shear dissipation of soil-rock mixture slopes with different block gradations under seis-

mic loading.

3.4. Analysis of the Positional Effect of Oversized Rock Blocks Based on Effective Rock Content

The spatial distribution of rock blocks has an important influence on the stability of
soil-rock mixture slopes [31]. Therefore, based on Gradation 1 in Figure 2, and by varying
only the placement positions of the rock blocks, five soil-rock mixture slope models with
different spatial distributions of oversized rock blocks were established at an overall rock
content of 40%, as shown in Figure 16.
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Figure 16. Numerical model of soil-rock mixture slopes with different spatial distributions of over-

sized rock blocks.

By analyzing these five models with different rock-block distributions, the corre-
sponding Fs values were obtained, as shown in Figure 17. It can be seen that the influence
of the spatial distribution of oversized rock blocks on slope stability can be ranked as fol-
lows: slope toe > slope face > slope crest > inside the slope > behind the slope. When kn is
small (0.1), the effect of the spatial distribution of oversized rock blocks on stability is the
most significant. As kn increases (0.2-0.3), the differences still exist but begin to diminish.
When kn further increases (0.4-0.5), the differences in Fs among the different spatial distri-
bution cases become even smaller. The Ce values under various working conditions were
identified using Python, as shown in Figure 17. Taken together, the variation patterns of
Fs and Ce for soil-rock mixture slopes with different distributions of oversized rock blocks
show good consistency: the cases of slope toe, slope crest, and slope face, which have rel-
atively high Ce, also exhibit relatively high Fs, whereas the cases of inside the slope and
behind the slope, which have relatively low Ce, also show relatively low Fs. This indicates
that the distribution of oversized rock blocks can influence slope stability by altering the
degree of participation of rock blocks within the governing sliding zone. The slope toe,
slope crest, and slope face are more favorable for increasing Ce and enhancing slope sta-
bility, whereas the inside-slope and rear-slope cases, being farther from the critical sliding
control zone, have a relatively limited effect on stability improvement. As the seismic
loading increases, the effective region continuously expands toward the interior of the
slope, and the C. values under different oversized rock-block distribution cases tend to
become similar, showing a variation pattern consistent with that of F.
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Figure 17. F; of soil-rock mixture slopes with different spatial distributions of oversized rock blocks

under seismic loading.

For the soil-rock mixture slope under the condition of kn = 0.3, the upper-bound shear
dissipation contours are shown in Figure 18, where the dashed line denotes the boundary
of the effective region. Although the effective rock content Ce is similar when the oversized
rock blocks are located at the slope toe, slope face, and slope crest, the differences in block
arrangement lead to markedly different restraining effects on the propagation of the plas-
tic zone. As shown in Figure 19a, the presence of oversized rock blocks at the slope toe
effectively hinders the propagation of the plastic zone, and the potential sliding surface as
a whole bypasses the concentrated region of oversized rock blocks, thereby enhancing
slope stability. When the oversized rock blocks are located on the slope face (Figure 19b),
the restraining effect of the fine rock blocks near the slope toe on the propagation of the
plastic zone decreases, resulting in lower stability compared with the case where the over-
sized rock blocks are located at the slope toe. In this case, the propagation mode of the
plastic zone near the concentrated oversized rock blocks on the slope face changes to the
“rock-bypassing” mode, causing a deviation of the potential sliding surface. When the
oversized rock blocks are located at the slope crest (Figure 19c¢), the presence of the over-
sized rock blocks at the crest hinders the further propagation of the plastic zone; however,
because the shear band has already partially penetrated, the influence is relatively limited.
When the oversized rock blocks are located inside the slope and behind the slope (Figure
19d,e), the C. of the slope is smaller than that in the previous three cases, and the fine rock
blocks have only a limited restraining effect on the propagation of the plastic zone. The
“rock-bypassing” mode becomes dominant, the dissipated energy is relatively small, and
therefore the slope is the least stable under these two spatial distribution conditions.
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Figure 18. C. of soil-rock mixture slopes with different spatial distributions of oversized rock blocks

under seismic loading.
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Figure 19. Shear dissipation of soil-rock mixture slopes with different spatial distributions of over-

sized rock blocks under seismic loading.

4. Discussion
4.1. Limitations of the Pseudo-Static Method

The seismic action in this study is simulated using the pseudo-static method, in
which earthquake loading is represented by an equivalent constant horizontal inertial
force. This approach is widely used in slope stability analysis because it provides a simple
and efficient way to evaluate the overall stability trend under different horizontal seismic
coefficients. It is also suitable for comparing the relative influence of rock-block distribu-
tion, gradation, and effective rock content under controlled loading conditions.

Nevertheless, the pseudo-static method is a simplified seismic analysis approach.
Real earthquake loading is characterized by time-varying acceleration, frequency content,
duration effects, and possible cyclic degradation of geomaterials. These dynamic charac-
teristics cannot be explicitly captured by a constant seismic coefficient. In addition, dy-
namic soil-structure interaction, wave propagation and amplification effects are not con-
sidered in the present framework. Therefore, the results of this study should be inter-
preted within the scope of pseudo-static seismic stability analysis, rather than as a substi-
tute for full dynamic time-history analysis.

4.2. Limitations of the Two-Dimensional Analysis

The present study is conducted within a two-dimensional plane-strain framework,
in which rock blocks are represented by planar contours and the effective rock content is
calculated based on the area fraction of rock blocks within the effective region. This
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simplification helps clarify the relationship among rock-block distribution, effective rock
content, and the governing sliding mechanism.

However, real soil-rock mixture slopes are inherently three-dimensional. The stabi-
lizing effect of rock blocks depends not only on their projected positions in a two-dimen-
sional section, but also on their volume, out-of-plane continuity, spatial connectivity, and
contact relationships. The failure mechanism may develop as a three-dimensional curved
failure surface rather than a two-dimensional slip band, and the corresponding safety fac-
tor may also be affected by lateral confinement, block-bridging, and three-dimensional
rock-skeleton effects.

In future work, the proposed framework can be extended by defining a three-dimen-
sional effective region based on the critical failure surface of a homogeneous three-dimen-
sional reference slope. Accordingly, the effective rock content should be evaluated as a
volumetric fraction of rock blocks within this control volume. Such an extension would
allow the influence of out-of-plane block continuity, spatial connectivity, and three-di-
mensional skeleton formation to be considered, but it would require three-dimensional
stochastic block generation, volumetric characterization, three-dimensional stability anal-
ysis, and more random realizations.

5. Conclusions

In summary, the improvement in slope stability results from the combined effect of
C. and the obstruction and deflection of the plastic zone by oversized rock blocks at key
locations. Specifically, Ce determines the quantitative basis for rock-block participation in
sliding resistance, whereas the spatial distribution of oversized rock blocks determines
whether this quantitative advantage can be translated into greater sliding resistance at the
most favorable locations.

In this study, a series of computational models of soil-rock mixture slopes were es-
tablished, and the concept of effective rock content, Ce, was proposed. On this basis, the
effects of seismic loading on the stability and slip-band evolution of soil-rock mixture
slopes were investigated, providing a new perspective for interpreting both the gradation
effect and the positional effect of oversized rock blocks. The main conclusions are as fol-
lows:

(1) Under seismic loading, the slip bands in soil-rock mixture slopes exhibit pronounced
discontinuous and irregular characteristics, showing complex propagation patterns
such as rock bypassing, diversion, and local penetration. As the horizontal seismic
coefficient increases, the Fs of the slope continuously decreases, and the differences
in stability among slopes with different rock contents gradually diminish.

(2) Compared with the overall rock content, the effective rock content proposed in this
study can better characterize the actual contribution of rock blocks to slope stability.
When more rock blocks are distributed within the governing sliding zone, the Fs of
the slope increases significantly; conversely, even if the overall rock content is rela-
tively high, the improvement in stability remains limited when the rock blocks are
not effectively involved in the governing sliding mechanism. This indicates that the
seismic stability of the slope is primarily controlled by the effective rock content.

(8) The influence of gradation on slope stability is essentially the result of the combined
effect of effective rock content and the rock-skeleton effect. Under conditions of rela-
tively low effective rock content, increasing the proportion of oversized rock blocks
is beneficial for improving the effective rock content and enhancing the skeleton-sup-
porting effect. Under conditions of relatively high effective rock content, the stability
gain brought by gradation adjustment becomes relatively limited.

(4) The spatial distribution of oversized rock blocks has a significant effect on slope sta-
bility, and its favorable influence generally follows the order: slope toe > slope face >
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References

slope crest > inside the slope > behind the slope. The improvement in slope stability
results from the combined effect of the total effective rock content and the obstruction
and deflection of plastic-zone propagation by rock blocks located at key positions.

It should be noted that the potential sliding surface and stability of soil-rock mixture
slopes are strongly affected by the random positions and sizes of rock blocks. Therefore,
more random models and reliability-based analyses should be conducted in future work.
In addition, the present study adopts a pseudo-static two-dimensional framework, which
cannot fully capture the time-varying characteristics of real earthquake motions or the
three-dimensional spatial effects of rock-block distributions. Future studies should further
incorporate real seismic records, dynamic time-history analysis, three-dimensional mod-
eling, and field validation to improve the engineering applicability of the proposed effec-
tive rock content index.
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The following abbreviations are used in this manuscript:

DDA-SPH Discontinuous deformation analysis—smoothed particle hydrodynamics
FLAC3D Fast Lagrangian Analysis of Continua in Three Dimensions
MIDAS/GTS MIDAS Geo-Technical analysis System

Fs Safety factor

VBP Overall rock content

kn Seismic coefficient

Ce Effective rock content

Te Effective rock-block contribution ratio

Qe Effective region

Ab(Q) Total area of rock blocks in the whole slope

An(Le) Area of rock blocks within the effective region
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