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In China, slope engineering occasionally faces landslides in rocky slopes containing muddy interlayers, primarily triggered by
excavation activities. These incidents lead to considerable human casualties and substantial economic losses. However, existing
studies predominantly concentrate on the excavation-induced impacts on the stability of rocky slopes characterized by single-
layered soft and weak interlayers. Conversely, reports on how excavation influences the stability of bedding cataclastic rock mass
high slope containing multimuddy interlayers remain notably absent in the literature. Moreover, unloading due to excavation can
swiftly compromise the mechanical integrity and overall quality of the rock mass, consequently impacting the stability of slopes
postexcavation. Therefore, this paper modeled the unstable slope excavated at a waste incineration power plant in Yuxi, Yunnan,
using the finite element strength reduction method. This approach was employed to comprehensively simulate the entire process of
artificial multilevel excavation in a bedding cataclastic rock mass high slope containing multimuddy interlayers. This study
investigated the impact of multilevel artificial excavation on slope stability by thoroughly considering factors including alterations
in slope morphology, unloading effects, and the degradation of geotechnical parameters. The research yielded the subsequent
conclusions. Multimuddy interlayers were the key to the slope’s instability. For slopes subjected to such multilevel excavation,
efforts were made to minimize the exposure of muddy interlayers. Slopes above exposed muddy interlayers did not require
additional support, while those below needed prioritized reinforcement. The likely instability mode of the actual slope was local
destabilization leading to landslides. Furthermore, when using numerical simulation methods to study the impact of excavation
disturbances on the stability of such slopes, it was necessary to consider the deterioration of geotechnical parameters to obtain
results more reflective of actual conditions. These research findings provided valuable theoretical and empirical support for studies
on similar excavated slopes.

1. Introduction

The western region of China has complex geological condi-
tions, with a significant number of bedding cataclastic rock
mass high slope containing multimuddy interlayers [1-6].
The ongoing construction of major projects, such as the
Sichuan-Tibet Railway, Yunnan—Tibet Railway, Central Yun-
nan Water Diversion Project, and the Western Development
Strategy, only exacerbates potential stability issues of these
excavated slopes. The region where the rock mass is damaged

by excavation is a common phenomenon in engineering geol-
ogy [7-9]. Excavation, accompanied by the deformation of
the rock mass during the unloading process, leads to a decline
in rock mass quality, significantly impacting the safety and
stability of slope geotechnical engineering [10]. After excava-
tion disturbance disrupted the slope’s original stability, the
slope became highly prone to sliding along its various muddy
interlayers. This form of failure is more complex compared to
slopes without or with only a single muddy interlayer. In some
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cases, instability and collapse of these slopes may result in
severe casualties and significant economic losses.

Currently, research on excavated slopes containing muddy
interlayers involves multiple aspects. Researchers have employed
various methods, including case analysis, mathematical analysis,
physical modeling, and numerical simulation. Wang reported
four typical landslide cases of slopes with muddy interlayers in
Guizhou. The author proposed that the primary conditions for
the instability of slopes with muddy interlayers are twofold: exca-
vation leading to the exposure of muddy interlayers on the slope
face and upper layer soil detachment, with rainwater infiltration
causing softening and reduced shear strength of the muddy inter-
layers [11]. Su et al. [12] derived the differential equations for the
progressive failure of bedding rock mass slopes containing
muddy interlayers and theoretically analyzed the process and
stages of progressive failure. Mu et al. [13] conducted model
experiments to visually depict the deformation and failure evolu-
tion process of a high slope containing muddy interlayers in a site
excavation in Southern Guizhou under different working condi-
tions. However, when designing models for experiments,
researchers need to choose larger dimensions to minimize the
influence of size effects. Therefore, model experiments are not
suitable for simulating large-scale engineering projects.

In contrast, numerical simulation methods are more eco-
nomical and better suited for capturing the complexity of
real engineering projects. They are particularly suitable for
addressing large and intricate engineering issues [14, 15].
Chen et al. [16] and Yun et al. [17] conducted numerical
simulations of excavation support for slopes containing
single-layer weak interbeds to optimize their construction
schemes. Fan utilized MatDEM simulation to model the
process of distributed slope excavation. The study indicated
that the presence of weak interlayers has a substantial impact
on the stability of slope excavation [18]. Chai [19] used
RFPA software to simulate the step-by-step excavation pro-
cess of slopes containing weak interlayers. The study pointed
out that excavation-induced unloading is the most signifi-
cant influencing factor on slopes with weak interlayers [19].
Xue et al. [20] conducted numerical simulations based on a
basalt landslide with inclined weak interlayers. They ana-
lyzed the stability of the slope before and after excavation
and proposed that the main cause of rockslide is the presence
of excavation and inclined weak interlayers [20].

Upon reviewing the aforementioned literature, it was
found that most of the related studies focused on general
rock slopes with muddy interlayers, emphasizing the impact
of excavation on changing slope morphology and the effects
of unloading on slope stability. Research on bedding cata-
clastic rock mass slopes containing multimuddy interlayers
has not yet been reported. Excavation not only alters the
slope morphology but also, through unloading, redistributes
the stress in the surrounding rock mass near the excavation
face. This results in the formation of an excavation-disturbed
zone, leading to rapid degradation of the mechanical char-
acteristics and quality of the rock mass [21, 22]. The impact
of artificial grading excavation on the stability of bedding
cataclastic rock mass high slopes containing multimuddy
interlayers can fill the research gap in the study of muddy
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interlayers, offering a substantial reference for further inves-
tigation. Therefore, this case study was based on the unstable
high slope of a waste incineration power plant in Yuxi and
employed finite element analysis to examine the impact of
artificial multilevel excavation on slope stability, considering
factors such as support and the deterioration of geotechnical
parameters. The analysis results can provide useful refer-
ences for similar slope engineering projects.

2. Geological Settings

A waste incineration power plant in Yunnan is located on the
Shiliuying Slope at the southern edge of the Yuxi Basin in
Yunnan, China. The excavation site formed a high bedding
cut slope with a length of 244m and a height of 42.5m
(Figure 1(a)). During the excavation construction process,
the slope experienced multiple instances of instability
(Figures 1(b) and 1(c)). The slope features developed fracture
structures, with the lithology being the Ediacaran Doushan-
tuo dolomite. The dolomite contains multimuddy interlayers
(Figure 1(d)), with the rock strata having a dip direction of
195° and a dip angle of 22°. The dolomite rock mass is
fragmented, with rock quality designation (RQD) values
ranging between 0% and 10%. The basic quality grade of
the rock mass is between IV and V. The integrity of the
rock mass should be considered fragmented to extremely
fragmented. The thickness of the muddy interlayers ranges
between 1 and 25mm, with spacings varying from 3.7 to
49.1 cm.

3. Methods

3.1. Calculation Model and Parameter Selection. A section
close to the axis of the landslide, with a significant height
and passing through the main sliding surface, was selected
for modeling and calculation. Based on the preliminary geo-
logical exploration data, the DE segment of the slope support
section was chosen to establish a numerical model, named
“Model I” (Figure 2).

The DE section excavation formed four levels of slopes.
The first level had an elevation between 1,831 and 1,841 m
with a slope ratio of 1:0.5. The second level’s elevation ran-
ged from 1,841 to 1,851 m with the same slope ratio of 1:0.5.
The third level was between 1,851 and 1,861 m with a slope
ratio of 1:0.75. The fourth level ranged from 1,861 to 1,873.5m
with a slope ratio of 1:1. Platforms were set between the
slopes, and the widths of all three platforms were 2 m each.
The slope height H of section DE was 40.5 m. Based on the
research findings on the accuracy of slope stability safety fac-
tor calculations by Zhang et al. [23], a 2D calculation model
was determined as shown in Figure 1. The model was 237.7 m
wide. The elevation of the left boundary ranged from 1,791 to
1,894.9 m with a height of 103.9 m, while the elevation of the
right boundary ranged between 1,791 and 1,831 m, with a
height of 40 m.

The boundary conditions for the calculation model were
set as follows: The bottom boundary of the slope was a fixed
constraint, the left and right boundaries were normal con-
straints, and the ground surface of the slope was a free
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Ficure 1: Engineering area situation map. (a) Engineering site topography and geomorphology. (b) Central slope instability. (c) Partial
collapse of slope. (d) Profile at observation point and distribution of muddy interlayers.

1894.9m — Original ground line
=)
=P
S
- 1.831.0m
\ 1,831.0 m
Muddy interlayer d £
(=}
0 Moderately weathered dolomite o =
1,791.0 m ——

1,

7N A N N S N\ Y, S Y WY W A

Xl 2377 m !

FIGURE 2: Model I—slope support profile of section DE.

boundary. The calculation model consists of cataclastic rock
mass and muddy interlayers. The calculation model con-
sisted of cataclastic rock mass and muddy interlayers within
the geotechnical body. To avoid computational distortion

and maintain accuracy, both the cataclastic rock mass and
muddy interlayers were simulated using solid elements.
The cataclastic rock mass and the muddy interlayers were
considered as ideal elastic-to-plastic materials, with the
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TasLE 1: Initial physicomechanical parameters of geotechnical bodies.

Geotechnical tvpe Density Modulus of elasticity Poisson’s Cohesion Internal friction angle
P (g/cm3) (MPa) ratio (MPa) (degree)
Adamic earth 1.75 300 0.35 0.0578 13.8
Strongly weathered dolomite 1.90 300 0.30 0.08 30
Moderately weathered 2.50 500 0.25 0.1 35
dolomite
Muddy interlayer 2.73 20 0.35 0.03 16
1,873.5m o,
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FiGURE 3: Model I—steps for excavation of slopes, level by level.

TaBLE 2: Lattice girder: simulation parameters for plate elements.

Material Modulus of elasticity ~Equivalent thickness ~ Volumetric weight Axial stiffness Bending stiffness Poisson’s
type (MPa) (m) (kN/m?) (kN) (kN-m?) ratio
Resilient 3% 10" 0.204 5.1 6.12x10° 2.122x 10" 0.15

yield criterion for both adhering to the traditional
Mohr—Coulomb model [24]. The Mohr—Coulomb criterion
could be expressed using the invariants I, J,, and 6, as
shown in Equation (1).

1
—Iising + [ cos@, —
30 ( V3

sin@, singa) \/]72 —cosp =0,
(1)

where I; represents the first invariant of the stress tensor, J,
represents the second invariant of the stress deviator tensor,
and 6, represents the stress Lode angle.

Finite element numerical simulations were performed
using the geotechnical engineering software PLAXIS 2D
2020, without accounting for the impact of pore water pres-
sure and while neglecting the dilation angle (y=0). In other
words, a nonassociated flow law was employed, resulting in
conservative calculation results [23]. The cataclastic rock
mass parameters can be found in Table 1.

The spacing of the muddy interlayers ranged from 3.7 to
49.1 cm, with an average of 20.4 £ 12.0 cm. Zhang et al. [25]
had shown that the overall stability safety factor of a slope
decreased as the number of muddy interlayers increased
(with reduced spacing). The decisive influence on the
slope’s safety factor was the muddy interlayer passing
through the toe of the slope. Therefore, the muddy

interlayers in the calculation model were set as follows:
with an inclination of 22°, a spacing of 2 m, and a thickness
of 0.05m.

Based on the actual engineering conditions, the excava-
tion steps are shown in Figure 3. The excavation procedure
for Model I consists of 26 steps.

Based on the geotechnical engineering survey report, the
physical and mechanical parameters of the rock and soil
mass were determined [26]. The calculated parameters are
presented in Table 1. The slope was comprehensively stabi-
lized using rock bolt support, cable-braced lattice beam sup-
port, slope shotcrete, mortared stone gravity retaining walls,
and drainage measures (Figure 2). The rock bolts were mod-
eled using embedded pile elements, with a borehole diameter
of 0.15m and a pile element spacing of 3 m.

The lattice beams were simulated using plate elements,
with simulation parameters detailed in Table 2. The elastic
modulus of C30 concrete was 3 x 10* MPa. The longitudinal
and transverse spacing of the lattice beams were both set at 3 m,
with a cross-sectional dimension of 0.4 X 0.4 m. Following the
stiffness equivalence principle, the lattice beams were equiva-
lently represented as plates:

axa3_l><h3
2 12
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TasLE 3: Physical and mechanical parameters of slurry block stone gravity retaining wall.

Material type Volumetric weight (kN/m?)

Modulus of elasticity (MPa) Poisson’s ratio

Resilient 22

2.3x%10* 0.18

TasLE 4: Physical and mechanical parameters of geotechnical excavation after unloading.

Percentage of Densi Modulus of S . Internal

Geotechnical type cumulative ensity elasticit Poissons Cohesion friction angle
P . (g/ cm’) Y ratio (MPa) &

unloading (%) (MPa) (degree)
Adamic earth 30 1.75 296.17 0.37 0.04697 11.71
Adamic earth 50 1.75 289.77 0.40 0.02308 10.32
Strongly weathered dolomite 30 1.9 296.17 0.35 0.06501 2545
Strongly weathered dolomite 50 1.9 289.77 0.37 0.03194 2244
Moderately weathered dolomite 30 2.5 493.61 0.28 0.08126 29.69
Moderately weathered dolomite 50 2.5 425.85 0.29 0.03993 26.18

The equivalent thickness of the plate, obtained from
Equation (2), was approximately h ~ 0.204 m. The axial
stiffness of the unit-width plate can be calculated as follows:

EA = 30 GPa X 0.204 m? = 6.12 X 10° kN, (3)

_ EAX h? _6.12x 10° x 0.2042
12 12

EI
(4)

The volumetric weight of the unit-width plate is given as
follows:

25%0.204 = 5.1 kN/m?. (5)

Based on Liu’s [27] and Song et al.’s [28] studies, the
physical and mechanical parameters of the gravity retaining
wall were determined, as presented in Table 3.

Referring to the research findings of Li [29] regarding the
degradation of rock and soil parameters due to unloading,
the cumulative unloading percentage A was initially calcu-
lated based on the maximum principal stress at the represen-
tative point on the slope surface:

P
A=—x100%, (6)
0o

where P represents the excavation unloading amount, which
was the difference between the maximum principal stress at
the representative point before excavation and after excava-
tion; o, represents the initial load applied prior to excavation.

Subsequently, the reduction percentage of elastic modu-
lus (wg), the increase percentage of Poisson’s ratio (i), the
reduction percentage of cohesion (), and the reduction
percentage of internal friction angle (y,,) were calculated
using the following equations [30]:

=2.1224 X 10*kN - m?.

wE = 5.577A% — 23.554A5 + 30.109A* — 14.04343
+2.21564% + 0.00444 + 0.0005,

w, = 56.357A° — 110.814° + 69.086A4* — 7.9364°
—5.60064% + 1.625A + 0.0007,

we = —78.306A° + 239.45A% — 267.73A% + 128.54°
-22.586A% + 1.32054 - 0.0017,

W, = 24.478A° — 57.537A° 4 47.3124* — 16.8724°
+2.4145A% + 0.4355A — 0.0019.

(10)

Building upon the initial elastic modulus (E,), Poisson’s
ratio (uo), cohesion (¢), and internal friction angle (¢,), and
applying Equations (7)—(10), the postunloading values of
elastic modulus (E,), Poisson’s ratio (u,), cohesion (c,),
and internal friction angle (¢,) were calculated as follows:

E, =Eo(1 - wg). (11)
pu = o (1 =), (12)
= co(1-we), (13)
pu=wo(1-v,). (14)

Table 4 lists the geotechnical physical and mechanical
parameters for cumulative unloading percentages of 30%
and 50%. To monitor the displacement and stress of the
slope during excavation, Model I had 15 monitoring points
arranged on the slope surface (Figure 4).
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FIGURE 4: Location of monitoring points for displacements and stresses during slope excavation.

3.2. Scheme of the Calculation Model. This study presents
three computational approaches designed to assess the impact
of multistage artificial excavation on the stability of bedding
cataclastic rock mass high slope containing multimuddy inter-
layers, taking into account support mechanisms and the dete-
rioration of geotechnical parameters.

Scheme 1: The slope with muddy interlayers was excavated
without support and without considering geotechnical param-
eter deterioration. The scheme acknowledged the effects of the
muddy interlayers; however, it neither implemented support
following the excavation of the slope nor considered the degra-
dation of geotechnical parameters due to unloading caused by
the excavation.

Scheme 2: After the excavation of the slope with muddy
interlayers, it was supported but without considering geotech-
nical parameter deterioration. The scheme acknowledged the
effects of the muddy interlayers, providing immediate rein-
forcement postexcavation of each slope level, yet it failed to
take into account the deterioration of geotechnical parameters
arising from unloading during excavation.

Scheme 3: The slope with muddy interlayers was excavated
without support but with consideration to geotechnical param-
eter deterioration. The scheme acknowledged the effects of the
muddy interlayers, yet did not implement any support after the
excavation of the slope, though it did consider the impact of
excavation-induced unloading on the deterioration of geotech-
nical parameters.

4. Results and Discussion

4.1. Stability of Slopes with Muddy Interlayers, Unsupported
and Unadjusted for Geotechnical Parameter Deterioration
(Scheme 1). First, it was noted that when the cataclastic
rock mass slope containing muddy interlayers was excavated
without support, it became unstable by the 25th step of exca-
vation. This destabilization occurred within the elevation

range of 1,835-1,837 m, which was lower than the actual
recorded elevation where instability was observed.

Figure 5 displays the maximum shear stress diagrams fol-
lowing certain excavation steps. As the slope was excavated step
by step and layer by layer, a growing concentration of shear
stress became apparent. After the excavation halted at the 25th
step, a pronounced concentration of shear stress was evident in
the first and second levels of the slope, as well as in the under-
lying muddy interlayers, as highlighted in Figure 5(d). The
maximum shear strain progressively increased with the contin-
uation of the excavation. Once the excavation was completed,
the maximum shear strain was observed in the exposed muddy
interlayer closest to the slope base, as illustrated in Figure 6.

The horizontal displacement diagram for the first compu-
tational scenario (Figure 7) indicates: (1) Before the muddy
interlayer was excavated and exposed, the horizontal displace-
ment of the slope was primarily caused by the relative sliding
of the underlying rock layer. After the interlayer was exposed
on the slope surface, the slope’s horizontal displacement was
mainly due to the relative sliding along the interlayer. (2) The
horizontal displacement between the rock layer containing
muddy interlayers and the underlying cataclastic rock layer
was discontinuous. Similarly, the horizontal displacement
between the muddy interlayer and the cataclastic rock mass
was also discontinuous, exhibiting multiple layers of relative
slippage.

A careful examination of Figure 8 reveals:

(1) Before the muddy interlayers were excavated and
exposed (steps 1-10), using point C as a boundary, the hori-
zontal displacements of the monitoring points above were
negative. The displacement increased progressively, with the
maximum value occurring at the top of the slope at point A.
In contrast, the monitoring points below point C exhibited
positive horizontal displacements, increasing gradually, with
the peak value at point F. This indicated that the upper part
of the slope tilted backward, while the lower part slid toward
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FiGURE 5: Maximum shear stress plot for Model I 1st calculation scheme. (a) Step 9 after excavation. (b) Step 12 after excavation. (c) Step 18

after excavation. (d) Step 25 after excavation.
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FIGURE 6: Maximum shear strain plot for Model T 1st calculation
scheme (magnification 15x).

the exposed face. (2) After the 11th step of excavation, the
horizontal displacement at the base point H had not
increased significantly. However, there was a clear slide of
the slope surface points toward the exposed face, especially at
point G. With subsequent layer-by-layer excavation, the
more muddy interlayers that were exposed on the slope sur-
face, the greater the relative sliding of the slope along these
muddy interlayers. (3) The excavation on the outer side of
the first and second levels of the slope (steps 16-21) caused
all monitoring points to move toward the exposed face. The
displacement of the slope surface points was greater than
that of the unexposed monitoring points. (4) From steps
21-24, more muddy interlayers were exposed on the slope
surface, leading to even greater displacements of the slope
surface points toward the exposed face, especially at points
G, H, I, and ], which were closer to the slope base. The
horizontal displacement at the base of the slope was not
the greatest because the muddy interlayers did not pass
through the base of the slope, and the downward sliding of

the slope along the muddy interlayers was hindered by the
large platform in front of the slope base. The horizontal
displacement at the slope top was not as significant as that
at the front edge of the slope. An increase in the displacement
at the front edge to a certain value could lead to tensile
cracking at the rear edge of the slope. (5) After the 25th
step of excavation, the front and rear edges of the slope
experienced the greatest increases in horizontal displace-
ment. The differences in horizontal displacement among
the slope surface monitoring points were not significant,
indicating that the slope had sheared along the base and
the rear edge had experienced tensile cracking. The slope
had become unstable.

As shown in Figure 9, before the muddy interlayers were
excavated and exposed (steps 1-10), the maximum horizon-
tal displacement in the positive X-direction of the slope
increased slowly to 4.694 mm. During the excavation of the
second level slope, the displacement increased uniformly to
26.18 mm. The excavation of the outer side of the slope did
not have a significant impact on the horizontal displacement.
During the excavation process of the first level slope, the
displacement rapidly increased to 109 mm, leading to failure
and instability. The analysis above suggests that the excava-
tion processes of the first and second level slopes significantly
affected the maximum horizontal displacement in the posi-
tive X-direction of the slope.

As observed from the slope mesh deformation diagram
(Figure 10), before the muddy interlayers were excavated and
exposed, the slope body slid along the underlying muddy
interlayers. Due to the restraining effect of the large platform
in front of the slope base, the rock layer at the slope base
underwent a bending and bulging deformation, while the
slope top tilted backward in contrast. With progressive
layer-by-layer excavation, the depth of the muddy interlayers
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(f)

Ficure 7: Horizontal displacement plot for Model I 1st calculation scheme. (a) Step 1 after excavation. (b) Step 4 after excavation. (c) Step 10
after excavation. (d) Step 11 after excavation. (e) Step 24 after excavation. (f) Step 25 after excavation.

decreased. The bending and bulging deformation of the rock
layer at the slope base became more pronounced, and the
backward tilting of the slope top also became more notice-
able (Figures 10(a) and 10(b)). After the muddy interlayers
were exposed on the slope surface, the slope body primarily
exhibited relative shear sliding along the muddy interlayer.
The more the muddy interlayers were exposed, the larger the
relative sliding amount became. The location with the maxi-
mum sliding amount was at the front edge of the slope
(Figure 10(c)-10(e)). As a result, this led to tensile rupture
and damage at the rear edge of the slope. After the 25th
excavation step, the slope became unstable. The sliding shear
outlet was located at the lowest exposed muddy interlayer on
the slope face (Figure 10(f)).

As observed from Figure 11, in scheme 1, the safety factor
of the slope decreased to 1.328 after the 10th excavation step.
After the 11th excavation step, when the muddy interlayer
started to become visible on the slope face, the safety factor
decreased to 1.225, which was slightly lower than 1.35. Dur-
ing the excavation of the second level slope, the safety factor
gradually decreased to 1.044, indicating that the slope was in
a critically unstable state. Any minor disturbance could

potentially result in slope failure. The impact of excavation
on the outer side of the slope on the safety factor was negli-
gible. After the excavation steps from the 22nd to the 24th on
the first level slope, the safety factor dropped to 0.93. The
slope became unstable after the 25th excavation step.
Observations from Figures 9 and 11 revealed that the
maximum horizontal displacement in the X-direction of
the bedding cataclastic rock mass slope with multimuddy
interlayers was not significant during the third and fourth
stages of excavation. However, this displacement rapidly
increased during the first and second stages. While the safety
factor improved during the excavation of the fourth stage, it
decreased rapidly in the third stage, dropping slightly below
1.35. The safety factor gradually decreased during the second
stage and decreased rapidly during the first stage, leading to
instability in the first stage slope before the completion of the
planned excavation. The horizontal displacement at the fore-
front of the slope, toward the overhanging face, was greater
than that at the rear, as shown in Figure 11. This analysis
suggested that for the bedding cataclastic rock mass slope
with multimuddy interlayers, the third and fourth stage
slopes could remain unsupported, with the focus having
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FiGure 8: Relationship between horizontal displacement and excavation step for 15 monitoring points of Model I 1st calculation scheme.

shifted to supporting the first and second stages. Reinforced
support for the first stage slope was found to be particularly
critical.

Combining the above analysis, for the bedding cataclastic
rock mass slope containing multimuddy interlayers, the
slope became unstable before completing the planned exca-
vation (without support). As the slope was excavated layer by
layer, the maximum shear strain and horizontal displace-
ment of the slope gradually increased. There was an increas-
ing concentration of stress, a gradual decrease in the safety
factor, and a trend of transitioning from a compressed stress
state to a tensile stress state in the slope stress environment.
The displacement in the positive X-direction of the slope was
greater than in the negative X-direction. Under the excava-
tion disturbance, the bedding cataclastic rock mass slope
containing multimuddy interlayers underwent deformation,
including foot bending and uplift, toppling backward at the
slope top, and multilayer relative shear sliding. The failure
instability mode involved bending uplift-multilayer shear
sliding- and rear-edge tensile cracking.

4.2. Stability of the Slope with Muddy Interlayers, Supported but
Without Considering Geotechnical Parameter Deterioration
(Scheme 2). First, it should be noted that after the excavation
and support of bedding cataclastic rock mass high slope con-
taining multimuddy interlayers, this study did not consider
the degradation of the geotechnical parameters. The slope
could be completed and maintained stably according to the
design of excavation and support. However, the safety factor
of the slope had decreased to 1.121, indicating that the safety
reserve was insufficient. In this simulation, the support was
implemented after the completion of excavation for each level
of the slope.

From the maximum principal stress diagram of the slope
under the second calculation scheme (Figure 12), it was
observed that: (1) As the slope was excavated layer by layer,
the tensile stress gradually increased. After the 25th step of
excavation, the tensile stress had reached 22.78 kPa. After the
26th step of excavation, the tensile stress suddenly increased
to 156.9 kPa, appearing at the contact point between the top
of the gravity retaining wall and the soil-rock mass. This
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Figure 13: Maximum shear stress plot for Model I 2nd calculation scheme. (a) Step 9 after excavation. (b) Step 12 after excavation. (c) Step 18

after excavation. (d) Step 26 after excavation.

indicated that the gravity retaining wall and the soil-rock
mass behind the wall had already separated. (2) After the
26th step of excavation, the compressive stress also abruptly
increased, appearing at the back of the gravity retaining wall,
with a value of —6.296 MPa. This value was significantly
greater than the design compressive strength of the mortar
masonry stones [31], indicating that the retaining wall might
have been compromised due to compression.

The shear stress plots and their evolution for the second
calculation scheme (Figure 13) were similar to those for the
first calculation scheme (Figure 5). The most notable differ-
ence was that after the 26th step of excavation and support,
the maximum shear stress at the contact area between the
mortar masonry stone retaining wall and the muddy inter-
layers abruptly increased, with a value of —3.006 MPa. This
increase was attributed to the relative sliding of the slope
along the interlayers and the resultant interaction between
the slope and the support structure.

As shown in Figure 9: (1) Similar to scheme 1, in scheme
2, the horizontal displacement in the positive X-direction of
the slope primarily occurred during the excavation of the
first and second levels of the slope, especially during the
excavation of the first level. This suggests that the horizontal
displacement in the positive X-direction of the slope was
mainly affected by the excavation of the first and second
levels, while the effects of other excavation steps were not
significant. (2) After the 25th step of excavation in scheme 1,
the slope had become entirely unstable. In contrast, scheme 2
had not reached full instability, indicating that the support-
ing measures had been able to reduce the horizontal dis-
placement of the slope.

As shown in Figure 14: (1) After the excavation and
support of the fourth-level slope, the horizontal displace-
ment of the toe point D decreased, while the slope surface

moved backward, with the maximum displacement observed
at the top point A. (2) The excavation of the third-level slope
led to the sliding of this slope section toward the exposed
face. However, the third-level platform barely moved in the
horizontal direction. After the support was implemented,
both the third-level slope and the platform moved backward,
which was beneficial for the stability of the slope. (3) The
excavation of the second-level slope and the external side of
the slope caused the entire slope to move toward the exposed
face. The largest displacement was observed at monitoring
point J. After the support was implemented for this level of
the slope, the entire slope moved toward the back of the
slope. (4) The excavation of the first-level slope led to a
significant movement of the slope toward the exposed face.
The displacement increased gradually from the upper to the
lower part of the slope, with the maximum value located at
point N near the toe of the slope. This was due to the primary
movement of the slope along the exposed muddy interlayers
on the slope face. (5) After the support of the first-level slope,
the slope still moved significantly toward the exposed face as
a whole, indicating that the support of the first-level slope
could not improve the stability of the slope.

In terms of the grid deformation of the slope, the sup-
porting structure in scheme 2 deformed (Figure 15): (1) The
grid beams of the third-level slope exhibited bending defor-
mation, while the grid beams of the second-level slope
underwent shear displacement. (2) The anchor cables and
rock bolts experienced shear displacement and elongation
deformations at the positions where they passed through
the muddy interlayers; (3) the closer to the toe of the slope,
the greater the deformation of the supporting structure.

Under normal conditions, with regard to the distribution
of the plastic zone: In scheme 1, the maximum plastic strain
was primarily distributed in the lowest exposed muddy
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FiGure 15: Slope grid deformation diagram for Model I 2nd calcu-
lation scheme.

interlayer on the slope face (Figure 16(a)). In scheme 2, the
maximum plastic strain mainly occurred in the first muddy
interlayer beneath the toe of the slope (Figure 16(b)). The
plastic strain in scheme 2 was smaller than that in scheme 1,
indicating that implementing support after excavation was

beneficial for the stability of the slope. The above analysis
indicated that for the bedding cataclastic rock mass slope
containing multimuddy interlayers, regardless of whether
there was support after excavation, the potential instability
mode of the slope was sliding along the muddy interlayers.
However, with support in place, the potentially sliding
muddy interlayers were concealed below the slope surface,
which was favorable for slope stability. This indicates that the
supporting measures indeed improved the stability of the
slope.

Integrating the research outcomes of solutions 1 and 2, it
was concluded that the support measures in Model 1 were
characterized by inadequate support arrangement and insuf-
ficient support strength. The third and fourth stage slopes
could remain unsupported, and emphasis was placed on
reinforcing the support for the first and second stage slopes,
particularly the first stage slope, rather than weakening the
support for the first stage slope. Therefore, we recommended
that, for the bedding cataclastic rock mass slope containing
multimuddy interlayers, the slope above the exposure of
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FIGURE 16: Plasticity zone distribution map. (a) Distribution of plastic zones in the normal state of scheme 2. (b) Distribution of plastic zones
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FIGURE 17: Maximum shear stress diagram for calculation scheme 3. (a) Step 12 after excavation. (b) Step 22 after excavation.

muddy interlayers could remain unsupported, while the
slope below the exposure of muddy interlayers was priori-
tized for support. The support intensity gradually increased
toward the foot of the slope.

4.3. Stability of Slopes with Muddy Interlayers, Unsupported
but Considering Parameter Deterioration (Scheme 3). In
scheme 1, the slope became unstable during the excavation
at elevations ranging from 1,835 to 1,837 m, while in scheme 3,
the slope had already become unstable by the 22nd step of
excavation, specifically within the elevation range from 1,841
to 1,843 m. This is consistent with the actual situation of slope
instability. This indicated that when using numerical simula-
tion methods to study the impact of excavation disturbances on
the stability of bedding cataclastic rock slopes embedded with
multiple muddy interlayers, it was necessary to consider the
degradation of geotechnical parameters to obtain simulation
results closely aligned with actual conditions. The degradation
of geotechnical parameters in the excavation relaxation zone
reduced the stability of the slope.

In terms of the maximum shear stress distribution, the
following observations were made after the 12th step of exca-
vation: Shear stress concentration began to appear at the toe
of the slope and gradually evolved toward the slope face and
the underlying mud interlayer as the excavation proceeded
step by step (Figure 17(a)). After the 22nd step of excavation,
shear stress concentration was observed at the boundary
between the relaxed and nonrelaxed zones of the slope.

x1073
20

-322

-360

FiGure 18: Maximum shear strain after completion of excavation for
scheme 3 of Model I (magnification 20x).

This was distinct from scheme 1 and could potentially lead
to rear-edge failure of the slope (Figure 17(b)).

For scheme 3, the maximum shear strain of the slope
progressively increased as the excavation continued. After
the cessation of excavation, the maximum shear strain was
located in the revealed muddy interlayers nearest to the toe
of the slope (Figure 18). This was smaller than that in scheme 1,
amounting to 55% of the latter. A significant difference,
compared to scheme 1, was the appearance of an arc-shaped
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FiGure 19: Horizontal displacement after excavation in step 22 of Model I scheme 3.
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FiGure 20: Partial slope grid deformation map for the 3rd calculation scheme. (a) Step 10 after excavation. (b) Step 11 after excavation. (c)

Step 21 after excavation. (d) Step 22 after excavation.

light blue band within the deep blue background at the top rear
edge of the slope, indicating the presence of an arc-shaped
shear band in the slope (Figure 18).

In terms of the horizontal displacement field: (1) The evo-
lution pattern of the horizontal displacement field in scheme 3
was similar to that in scheme 1. (2) The maximum horizontal
displacement in the X-direction gradually increased with step-
wise excavation. (3) After the cessation of excavation, the max-
imum horizontal displacement in the X-direction for scheme 3
was 63% of that in scheme 1, owing to the reduced height of the
slope in scheme 3 at the time of failure. (4) After the 22nd step
of excavation in scheme 3, the horizontal displacement was
mainly concentrated in the second and third levels of the slope
(Figure 19), while in scheme 1, high horizontal displacement
was observed throughout the entire slope (Figure 7(f))

Regarding the maximum horizontal displacement in the
X-direction (Figure 9): Prior to the 14th step of excavation,
there was a little difference between schemes 3 and 1. From
the 15th to the 21st step, the displacement in scheme 3 was
approximately 4.8 mm greater than in scheme 1. After the

22nd step of excavation, the displacement in scheme 3 sud-
denly increased, being 35.9 mm greater than in scheme 1.

The mesh deformation of the slope in scheme 3 was simi-
lar to that in scheme 1. Prior to the exposure of the muddy
interlayers, the primary deformation observed was the bend-
ing and bulging of the rock layer, with the top of the slope
tilting backward (Figures 20(a) and 20(b)). After the exposure
of the muddy interlayers, the predominant deformation mode
was shearing and sliding of the slope along the muddy inter-
layers. Notably, the maximum shear displacement was not
located at the toe of the slope but rather in the second muddy
interlayers near the toe (Figures 20(c) and 20(d)).

Prior to the 14th excavation step, the safety factors of
schemes 3 and 1 were nearly equal. Subsequent to this, the safety
factor of scheme 3 became slightly lower than that of scheme 1.
After the 22nd excavation step, the safety factor of scheme 3
suddenly dropped to 0.6, which was 0.4 lower than that of
scheme 1 (Figure 11).

Under normal conditions, the distribution of plastic zones
in scheme 3 differed from that in scheme 1. In scheme 1,
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FIGURE 21: Plasticity zone distribution map. (a) Distribution of plastic zones in the normal state of scheme 1. (b) Distribution of plastic zones

in the normal state of scheme 3.

plastic deformation primarily occurred in the muddy inter-
layers near the toe of the slope. In contrast, while scheme 3
also exhibited plastic deformation in the muddy interlayers
near the toe of the slope, the distribution length was less than
that in scheme 1. Notably, scheme 3 showed the emergence of
a circular arc-shaped plastic zone at the rear edge of the slope
(Figure 21). Based on a comprehensive analysis of the maxi-
mum shear stress diagrams, maximum shear strain diagrams,
horizontal displacement plots, and plastic zone distribution
maps, it was inferred that the slope failure under scheme 3 was
initiated by local instability, leading to a landslide. This pro-
cess prominently involved the transitional zone between the
second and third slope levels. The key sequence of events was
identified as follows: Initially, the sliding started from the
second-tier platform along the muddy interlayers. This action
subsequently caused the upper relaxed fractured rock mass of
the slope to lose its support, and thereafter, this unsupported
rock mass sheared along a circular sliding surface. For scheme 1,
the entire slope slid along the muddy interlayers, with tension
fractures forming at the rear edge of the slope. The simulation
results under scheme 3 were found to align more closely with the
actual landslide conditions of the high slope at the Yuxi Waste
Incineration Power Plant.

Based on the comprehensive analysis, for the bedding
cataclastic rock mass slope containing muddy interlayers
left unsupported after excavation, compared to the condition
without considering the degradation of rock mass parame-
ters in the excavation loosening zone, the stability of the
slope was worse when accounting for the deteriorated rock
mass parameters. It was more prone to instability, with smal-
ler horizontal displacement upon failure. The instability pat-
tern involved initial sliding along the muddy interlayers in
the lower part of the slope, followed by loss of support in the
upper part leading to shear sliding failure along an arc-
shaped sliding surface.

5. Conclusions

This study explored the effects of artificial multistage exca-
vation on the stability of bedding cataclastic rock mass high
slopes with multimuddy interlayers. Drawing on numerical

simulation results, the paper presents its principal conclu-
sions as follows:

(1) The presence of multimuddy interlayers was a signif-
icant factor contributing to the instability of the exca-
vated slope. Consequently, the relationship between
excavation and muddy interlayers is a focal point of
concern in slope engineering, both in field surveys and
construction. Minimizing the exposure of muddy
interlayers during excavation is essential to prevent
potential sliding.

(2) The horizontal displacement of the slope was primar-
ily induced by the excavation of the first and second
levels. Support measures significantly reduced this
horizontal displacement. Therefore, for bedding cat-
aclastic rock mass high slope containing multimuddy
interlayers, slopes above the exposed muddy inter-
layers may not require reinforcement. In contrast,
slopes below these interlayers should be prioritized
for support, with increasing reinforcement strength
toward the slope base.

(3) Local destabilization leading to landslides aligns more
closely with the actual conditions of this slope. Specitf-
ically, the second-level platform initially slid along the
muddy interlayers, resulting in the relaxation and
fracturing of the rock mass above, which then sheared
along a circular sliding surface. To accurately evaluate
the stability of the slope, the evolution of the sliding
surface during the excavation process should be given
significant attention.

(4) In simulations considering the degradation of geo-
technical parameters, the modeled landslide instabil-
ity more closely aligned with the actual instability
situation. Therefore, when using numerical simula-
tions to study the impact of excavation on the stability
of bedding cataclastic rock mass high slope containing
multimuddy interlayers, it is imperative to consider
the degradation of geotechnical parameters compre-
hensively to obtain simulations that closely mirror
real-world conditions.
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