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Abstract: Rainfall can easily cause local sliding and collapse of carbonaceous mudstone
deep road cut slopes. In order to study the strength characteristics of carbonaceous mud-
stone under different water environments, large-scale horizontal push shear tests were
conducted on carbonaceous mudstone rock masses in their natural state and after immer-
sion in saturated water. The push shear force–displacement relationship curve and fracture
surface shape characteristics of carbonaceous mudstone samples were analyzed, and the
shear strength index of carbonaceous mudstone was obtained, and numerical simulations
on the stability and support effect of carbonaceous mudstone slopes were conducted. The
research results indicate that carbonaceous mudstone can exhibit good structural properties
and typical strain softening characteristics under natural conditions. The fracture surface,
shear strength, and shear deformation process of carbonaceous mudstone samples will
undergo significant changes after being soaked in saturated water. The average cohesion
decreases by 33% compared to the natural state, and the internal friction angle decreases by
15%. The numerical simulation results also fully verify the attenuation of mechanical prop-
erties of carbonaceous mudstone after immersion, as well as the effectiveness of prestressed
anchor cables and frame beams in supporting carbonaceous mudstone slopes. The research
results provide an effective method for understanding the shear performance of carbona-
ceous mudstone and practical guidance for evaluating the stability and reinforcement
design of carbonaceous mudstone slopes.

Keywords: carbonaceous mudstone; horizontal push shear test; shear strength; soak in
saturated water; numerical simulation

1. Introduction
Carbonaceous mudstone is mainly distributed in the southwestern region of China

with abundant rainfall, the Appalachian Basin in the United States, and the Parana Basin in
Brazil, and it has characteristics such as softening and easy disintegration when exposed
to water. Due to the combined effects of rainfall and unloading, shallow landslides are
prone to occur on high and steep road cut slopes made of carbonaceous mudstone [1,2].
Therefore, conducting in-depth research on the bearing deformation mechanism and me-
chanical property evolution law of carbonaceous mudstone under different water content
conditions is of great practical significance for the scientific design and safe construction of
carbonaceous mudstone high and steep road cut slopes [3,4].
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At present, many scholars have conducted indoor experimental studies on the me-
chanical properties of carbonaceous mudstone in different environments. For example,
some studies have explored the stress–strain relationship and shear strength indicators of
carbonaceous mudstone under different wet dry cycles, and further revealed the disintegra-
tion characteristics and characterization indicators of carbonaceous mudstone [5–10]. There
are also studies exploring the changes in mechanical properties of carbonaceous mudstone
under different stresses and moisture contents and investigating the mechanical behavior
and fracture mechanism of carbonaceous mudstone under hydraulic coupling [2,11,12].
In addition, some scholars have devoted themselves to exploring other factors that affect
the mechanical properties of carbonaceous mudstone. Fu et al. [13,14] conducted triaxial
compression tests on carbonaceous mudstone before and after modification and obtained
stress–strain relationship curves before and after modification. Xue et al. [15] established a
rheological constitutive model of carbonaceous mudstone by conducting shear creep tests
on carbonaceous mudstone with different temperature gradients and obtained the damage
effect caused by the increase in water content under temperature cycling. Fu et al. [16]
established an instability model of carbonaceous mudstone slopes under weathering condi-
tions using MATLAB programming software and ABAQUS finite element software and
proposed specific mathematical expressions to quantify the impact of weathering on the
properties of carbonaceous mudstone. Although these studies provide valuable insights,
carbonaceous mudstone is highly susceptible to softening, weathering, and disturbance
during sampling and transportation after excavation. This results in significant differences
between indoor testing conditions and actual on-site conditions, making it difficult to
obtain the mechanical strength indicators that are most closely related to the excavation
of carbonaceous mudstone on site. In addition, existing studies have shown that carbona-
ceous mudstone, as a soft rock, exhibits significant size effects in strength. Indoor tests
using smaller sample sizes cannot fully reflect the shear strength of rock mass structural
planes [17].

At present, large-scale in-situ direct shear tests and push shear tests are considered as
experimental methods that can better reflect the on-site rock mass, and many researchers
have conducted extensive research based on these two methods. Zhang et al. [18] conducted
in-situ direct shear tests on soil and soil–rock mixture samples and obtained the differences
in mechanical properties such as deformation modulus and internal friction angle between
the two samples, explaining the deformation behavior of the samples. Jin et al. [19]
conducted a series of on-site direct shear tests on sandy gravel with cobbles and obtained
its shear strength and failure mechanism. Wei et al. [20] conducted a series of large-scale
in-situ direct shear tests on soil–rock mixtures with different moisture contents and particle
size distributions and obtained the influence of the above factors on the shear strength of
soil–rock mixtures, as well as the relationship between normal stress and shear strength
of soil–rock mixtures. Xu et al. [21] conducted large-scale direct shear tests on soil–rock
mixtures in the middle reaches of the Jinsha River and obtained the influence of rock block
size ratios on the deformation mechanism of soil–rock mixtures. Cen et al. [22] conducted
in-situ large-scale direct shear tests on the boundary between the stepped bedrock slope
and the fill soil and obtained the stress evolution and failure process of the rock.

Unlike traditional direct shear tests, in push shear tests there is no normal load applied
to the specimen, so the shear plane can freely develop along the edge of the specimen. In
addition, large-scale horizontal push shear tests simulate actual forces in situ, avoiding
the drawbacks of indoor test sampling disturbance and size effects. In recent years, many
scholars have verified the reliability of this test: Xu et al. [23] conducted push shear tests on
soil–rock mixtures in the Tiger Leaping Gorge area, obtained shear strength parameters
such as cohesion and internal friction angle, and plotted an accurate three-dimensional
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sliding surface. Gao et al. [24] conducted in-situ horizontal push shear tests on soil–rock
mixtures in Baidian County, Hunan Province, and obtained the mechanical strength and
failure characteristics of soil–rock mixtures in the region. Colin et al. [25] conducted in-situ
push shear tests on mudstone in Santa Barbara, Italy, and obtained accurate ranges of local
mudstone strength parameters, establishing a relationship model between internal friction
angle and rock mass volume block content. Jiang et al. [26] conducted large-scale on-site
shear tests on 10 specimens of red sandstone embankments on a certain highway in Hunan
Province and obtained the mechanical evolution process and shear strength variation curve
of red sandstone at different moisture contents, further standardizing the procedure of
on-site shear tests for red sandstone. Xu et al. [27] conducted large-scale in-situ horizontal
push shear tests on soil–rock mixtures in natural and saturated states, obtaining complete
sliding surfaces and the attenuation law of mechanical parameters after immersion in water.
However, the research objects of the above studies mainly focus on soil–rock mixed fill
foundations and soil–rock mixtures, and there is limited information and data available for
on-site testing of carbonaceous mudstone. Therefore, it is urgent to carry out large-scale
in-situ horizontal push shear tests on carbonaceous mudstone. This study conducted
on-site large-scale horizontal push shear tests on carbonaceous mudstone. The aim is to
obtain accurate shear strength and failure characteristics of the material, and to quantify
the impact of this failure on the high cut slope of carbonaceous mudstone through finite
element simulation.

Finite element simulation has become an important tool in geotechnical engineering
research due to its significant advantages in slope stability analysis. Currently, software
such as MIDAS, ABAQUS, and COMSOL have been widely used for simulating slope
stability before and after rainfall [28,29]. These tools also enable researchers to evaluate the
role of different protective measures in slope protection. Ye et al. [30] used MIDAS GTSNX
to assess the stability of geocells in slope protection. Zhang et al. [31] used COMSOL6.0 to
simulate the variation law of the safety factor of slopes with weak joints under freeze–thaw
cycles. Xie et al. [32] analyzed the stability of sandy red clay slopes under different nitrogen
values using finite element software ABAQUS CAE 2020.

This research seeks to obtain the mechanical parameters of carbonaceous mudstone
by conducting large-scale horizontal push shear tests on site. In addition, through finite
element numerical simulation, the stability of natural and saturated carbonaceous mud-
stone high road cut slopes is studied, and the rationality of using anchor cables and frame
beams in such slopes is reasonably evaluated. The results of this study can provide valuable
guidance and evaluation for the construction and operation of practical projects.

2. Test Location
The test site is located in Hechi City, Guangxi Zhuang Autonomous Region, HeLi

high speed 1 standard 1 work area. The work area belongs to the tectonic denudation
of the bottom of the hilly terrain, micro-geomorphology for the slope gully geomorphol-
ogy; it is located in the subtropical mountain climate and subtropical monsoon climate
zone, where precipitation is abundant. The average annual rainfall in the whole area is
between 1200~1600 mm, and the rainfall is mainly concentrated in May to August each
year, accounting for 66% of the total annual rainfall. The lithology of the work area is
mainly composed of mudstone, carbonaceous mudstone, and mudstone, with overlying
Quaternary Holocene silty clay, and the overall thickness is relatively thin. On the basis of
field research, two work points with route pile number BK1+020 (hereinafter referred to as
work point A) and K2+600 (hereinafter referred to as work point B) were selected, as shown
in Figure 1, to carry out on-site large-scale push–shear test of carbonaceous mudstone
under natural conditions and water-saturated conditions, respectively.
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(a) 

(b) 

Figure 1. Horizontal push–shear test cross-section of carbonaceous mudstone: (a) cross-section of
work point A; (b) cross-section of work point B.

3. Materials and Methods
3.1. Test Materials

In order to determine the excavation height of the carbonaceous mudstone specimen
and the basic physical properties of the carbonaceous mudstone at the test site, represen-
tative rock samples were collected using soil containers during the experiment. These
samples were analyzed to determine key parameters, including density and weight. Ad-
ditionally, the particle size distribution of the crushed specimens was evaluated through
sieve analysis and densitometer methods. The test results show that the density of the
carbonaceous mudstone at this site is 2.20 g/cm3 under natural conditions and 2.40 g/cm3

under full water immersion. Figure 2 shows the grading curve of crushed carbonaceous
mudstone, from which the coefficient of uniformity (Cu = 104.7) and coefficient of curvature
(Cc = 8.9) of carbonaceous mudstone can be obtained. Comparing Cu and Cc with the
specification requirements, it was found that Cu > 5 and Cc > 3. Therefore, the carbona-
ceous mudstone particles used in this experiment have poor grading and uneven particle
distribution [33]. Most particles have a diameter less than 20 mm, accounting for over 60%.
The physical and mechanical parameters of the test materials are shown in Table 1.
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Figure 2. Carbonaceous mudstone grading curve.

Table 1. Basic physical property indicators of experimental materials.

Material
Category

Natural
Moisture

Content/%
Density/g·cm−3 Liquid

Limit/%
Plastic

Limit/%
Plastic

Limit Index
Cohesion
Force/kPa

Internal
Friction

Angle/(◦)

Carbonaceous
mudstone 12.30 2.20 32.90 25.30 7.60 / /

3.2. In Situ Horizontal Push Shear Test

In situ horizontal push shear test is an advanced geotechnical testing method aimed at
evaluating the shear strength characteristics of rock masses under field conditions. This
experimental method involves applying controlled horizontal forces to prepared rock
samples while monitoring the resulting displacement and failure modes. The testing device
usually consists of a reaction frame, hydraulic loading system, and precision displacement
sensor to ensure accurate measurement of the shear stress displacement relationship.
Compared with laboratory experiments, this method provides more reliable shear strength
parameters, especially for fractured or weathered rock masses, as it considers scale effects
and maintains the natural structure of the rock mass. The obtained data is crucial for slope
stability analysis and engineering design under challenging geological conditions.

3.3. Sample Preparation and Equipment Installation

The main equipment used in the experiment includes two jacks, several wooden
blocks of different sizes, two hydraulic pumps, several large range dial indicators, several
wooden and steel plates, two electric drills, a steel tape measure, and several chalk sticks.

The sample preparation technique consisted of clearing the surface soil out of the test
location, and then excavating 30 cm downwards to form three free faces for the sample.
Subsequently, a 50 cm wide installation groove was excavated on the front of each sample
to accommodate the thrust equipment. Furthermore, 25 cm wide trenches were dug out on
both sides of the sample for easy observation and recording of the fracture surface. During
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the excavation process, carbon mudstone rock samples were collected synchronously to
determine the bulk density of the carbon mudstone. Finally, electric drills and shovels were
used to level the ground layer and equipment placement layer. The sample size for this test
was 80 cm × 80 cm × 30 cm [34]. Samples A1, A2, and A3 were prepared in their natural
state at work point A, and samples B1, B2, and B3 were soaked in water at work point B.
As shown in Figure 3.

 
(a)  (b)  (c) 

   
(d)  (e)  (f) 

Figure 3. Push shear test specimens under different water environments. (a) specimen A1; (b) sample
A2; (c) sample A3; (d) sample B1; (e) sample B2; (f) sample B3.

In order to observe the shear process of carbonaceous mudstone samples more ac-
curately, 5 cm × 5 cm square grids were drawn on both sides of the sample with white
chalk, and 10 cm × 10 cm square grids were drawn on the top surface with white chalk [35].
The steel plate and the jack for applying thrust were installed in the mounting groove on
the front side of the specimen, and the inside of the steel plate was uniformly coated with
petroleum jelly and made to adhere to the surface of the specimen, and the center of the
steel plate was kept in the same point at 1/3 of the height and 1/2 of the width of the steel
plate with the center of the jack, and it was ensured that the steel plate and the jack were
tightly fitted to each other. At the same time the dial indicators and oil pressure gauge
were installed, the dial indicators in the steel mat plate were installed on both sides of the
back, and its base was fixed on the square steel; square steel ends were placed in the test
pit without test effects on both ends. The steel pads and wooden force transfer blocks were
installed on the side of the specimen in turn to form lateral restraints to prevent lateral
displacement during the test. The assembly effect is shown in Figure 4.

3.4. Test Procedure

After completing the installation of the equipment, the jack was used to slowly apply
the horizontal thrust. During the application of force, the pushing frequency was controlled
so that the deformation rate of the specimen is maintained at a horizontal displacement of
about 12 mm per minute. Every 30 s the dial indicators and pressure gauge performed a
reading, and the surface of the specimen was observed for cracks and bulging. When the
pressure gauge reaches the peak value, if you continue to increase the push shear force,
readings no longer increase but decline, so the peak should be immediately recorded as
the maximum horizontal thrust Pmax. for judgment, and the load should be continued, so
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that the horizontal direction continues to deform by no less than 10 mm; the jack relief
valve was adjusted when the pressure gauge readings were backed up to a certain stable
value and then the thrust was reapplied when readings again reach a certain peak value,
immediately recorded as the minimum horizontal thrust Pmin.

 

Figure 4. Test assembly diagram.

In addition, in order to ensure that group B specimens throughout the test process are
always in a water-saturated state, water needed to be sprayed on the top surface of the
specimen at regular intervals, so that surface floating water always exists on the specimen
top surface. After the completion of the loading work, the first sequential disassembly
of the test equipment is conducted to determine the size of the cracks on the surface of
the specimen and the number of cracks, and then the specimen is turned over to observe
the shape of the internal rupture surface and the location of the rupture surface sketches.
At the same time, the height, length, width, damage to the shear surface, and the angle
between the rupture surface and the horizontal plane of each block were measured and
recorded in detail, and digital camera photos were used for archiving.

4. Results and Discussion
4.1. Destruction Form and Shape of Rupture Surface

Due to the inhomogeneity of the specimen itself, it leads to the irregularity of its
rupture surface. Therefore, when drawing the rupture surface and calculating the shear
strength index, a single cross-section cannot be selected as the calculated damage surface
of the specimen, but the average rupture surface should be selected, which is performed
as follows: Firstly, in combination with the square grid drawn on the top surface, a cross-
section is measured at 10 cm intervals in the direction of the width, and then the average
calculation of each cross-section measured is performed to obtain the average rupture
surface of each specimen, as shown in Figure 5. It can be seen from Figure 5 that in the same
water environment, the three rupture surfaces of each specimen in Group A and Group B
have similar rupture shapes and development processes in general. The rupture surface
of Group A (under natural conditions) approximately follows an inverse S-shaped curve,
with a development process of first gradual rise, then rapid rise, and finally gradual rise.
Figure 5a–c shows the surface rupture of the sample in its natural state. The shape of the
fracture surface of Group B (soaked in water) is generally closer to a straight line, which is
significantly different from Group A. Figure 5d–f shows the surface fracture of the sample
after soaking in water. This difference is mainly due to the fact that the specimens in Group
B have been in the saturated water immersion environment for a longer period of time,



Appl. Sci. 2025, 15, 6935 8 of 24

and have a higher water content compared with Group A. When the specimens reach the
saturated state, the rupture surface is more similar to a straight line. When the specimens
reach the saturated state, this state will substantially inhibit the friction effect inside the
carbonaceous mudstone body, and the water pressure generated in the specimens will
further inhibit the interaction between the carbonaceous mudstone particles, weakening
the structural properties of the carbonaceous mudstone. Therefore, under the influence of
water, the fracture surfaces of the specimens in groups A and B show a large difference.

     
(a)  (b)  (c) 

(d)  (e)  (f) 

Figure 5. Lateral fracture surfaces of push shear specimens A1 to B3. (a) specimen A1; (b) sample A2;
(c) sample A3; (d) sample B1; (e) sample B2; (f) sample B3.

In addition, the trend of sample A1 in Figure 6 is consistent with the other two
samples, but the curvature change in the middle section is different. This is because during
the pushing and shearing process, it was influenced by larger blocks of carbonaceous
mudstone stones. When the rupture surface passes over a stone, it will bypass larger stones,
while smaller stones are more likely to be cut off. Therefore, in the push shear test, the
presence of larger rock blocks in the sample will to some extent affect the morphology of
the fracture surface.
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Figure 6. Average rupture surface of damage of specimens in Groups A and B: (a) push–shear damage
surface of specimens in group A; (b) push–shear damage surface of specimens in group B.
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4.2. Push–Shear Force–Push–Shear Displacement Characteristics

By analyzing the two loading curves (Figure 7), the shear force displacement charac-
teristics of carbonaceous mudstone were obtained, which are manifested as follows:

(1) Under natural conditions, the push–shear deformation process of carbonaceous
mudstone specimens in Group A basically shows the full stress–strain curve, and the curve
can be roughly divided into four stages: linear elastic deformation stage, yielding stage,
strengthening stage, and local deformation stage. In the linear elastic deformation stage,
the push–shear force has a higher growth rate compared with the displacement, and the
change between stress and strain shows a linear relationship. After entering the yielding
stage, the rate of increase of push–shear force decreases significantly, and cracks of different
sizes and lengths begin to develop slowly on the specimen surface, and there are irregular
curve segments on most of the curves. In the strengthening stage, the push–shear force
gradually reaches the peak value, and the specimen shows a large displacement. After
the destruction of the specimen after the local deformation stage, the displacement of the
specimen continued to increase, while the push–shear force decreased, and the rate of
decline gradually slowed down.

(2) After saturated water immersion, the push–shear deformation process of carbona-
ceous mudstone specimens of Group B went through elastic-plastic deformation stage
and plastic deformation stage successively. After shearing, the specimen enters the elastic-
plastic deformation stage, at which the shear force grows slowly, and the growth rate
gradually becomes smaller, and the horizontal shear displacement also grows. For speci-
mens in the shear after entering the plastic deformation stage, this stage of the push–shear
force appears to be a small decrease.

(3) Observing and comparing the displacement relationship between the two groups A
and B in Figure 7, it is found that the horizontal push–shear displacements of the specimens
in Group B are increased compared with those in Group A. This is mainly due to the fact
that when the carbonaceous mudstone is saturated with water, there will be pore water
pressure generated in its interior. The pore water pressure is larger at the beginning of the
test, but as the test proceeds, it gradually dissipates, which leads to a slow increase in the
shear strength of the specimens.
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Figure 7. Push–shear force–push–shear displacement relationship curves of specimens under different
water environments: (a) first loading curve; (b) second loading curve.
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4.3. Determination and Analysis of c and φ Values of Carbonaceous Mudstone
4.3.1. Determination of c and φ Values for Carbonaceous Mudstone

By analyzing the two loading curves (Figure 7), the shear force displacement charac-
teristics of carbonaceous mudstone were obtained, which are manifested as follows:

c = (Pmax − Pmin)/

(
B

n

∑
i=1

Li

)
(1)

tan φ =

Pmax

G

n
∑

i=1
gi cos αi −

n
∑

i=1
gi sin αi − cB

n
∑

i=1
Li

Pmax

G

n
∑

i=1
gi sin αi +

n
∑

i=1
gi cos αi

(2)

gi = BLihiγ (3)

where: Pmax is the maximum horizontal thrust (kN); Pmin is the minimum horizontal thrust
(kN); B is the width of the specimen (m); Li is the line length of the ith block on the rupture
surface (m); G is the total gravitational force of the sliding body (kN); αi is the angle between
the rupture surface corresponding to the ith block and the horizontal plane (◦); gi is the
gravitational force of the ith block (kN); hi is the center line of the ith block height (m); and
y is the specimen weight (kN/m3).

Combined with each group of test data, according to Figure 7, Equations (1)–(3) can be
obtained for each group of specimens corresponding to the cohesive force c and the angle
of internal friction φ; the final calculation results are shown in Table 2.

Table 2. Calculation results of each specimen.

Specimen
Number

Maximum
Thrust/kN

Minimum
Thrust/kN

Slider
Weight/kN ∑gicosαi/kN ∑gisinαi /kN ∑Li /m ∑Wi

/kN c/kPa φ/(◦)

A1 22.01 12.03 2.75 2.63 0.67 0.84 22.01 14.77 52.33
A2 18.02 11.53 2.07 1.90 0.71 0.86 18.02 9.40 48.96
A3 28.02 20.02 1.92 1.74 0.74 0.87 28.02 11.46 52.92
B1 14.10 8.03 2.11 1.93 0.63 0.87 14.10 8.77 45.31
B2 10.10 6.36 1.70 1.53 0.63 0.87 10.10 5.38 41.68
B3 16.02 9.23 1.64 1.48 0.61 0.86 16.02 9.84 43.54

4.3.2. Analysis of c and φ Values of Carbonaceous Mudstone

By organizing and analyzing the calculation results in Table 2, the following can
be obtained:

(1) The maximum horizontal thrust Pmax and minimum horizontal thrust Pmin of the
carbonaceous mudstone specimens after saturated water immersion decreased significantly
compared with that in the natural state, which reflected the decrease of c and φ values of
the carbonaceous mudstone after saturated water immersion in a macro level: the average
cohesion of Group B samples is 33% lower than that of Group A samples in their natural
state, and the internal friction angle is also about 15% lower than that of Group A samples.
The main reasons for this result are as follows: (1) When the carbonaceous mudstone
samples are saturated with water, part of the clay minerals soften in contact with water and
adsorb more water molecules, which makes the carbonaceous mudstone particles gather
more water, resulting in reduced friction and cohesion. (2) The organic matter existing
inside the carbonaceous mudstone is easily lost in reaction with water and oxygen under
the action of microorganisms, which also weakens the original inter-particle adhesion and
friction effect, making the c and φ values significantly lower.
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(2) Because the push–shear direction of specimens A2 and B2 is consistent with the
inclination of the rock layer, the average cohesion of these two specimens is 34% lower than
that of the other specimens, and the average angle of internal friction is also lower than
that of the other specimens by about 7%. Since the natural weak surface of the rock layer
may have fissures or interlayer structures with weak bond, which makes the shear strength
of the specimens along the inclined portion of the carbonaceous mudstone significantly
lower, priority should be given to the portion along the inclined portion of the slope when
reinforcing carbonaceous mudstone slopes in the actual field.

5. Stability Analysis of High Slope of Carbonaceous Mudstone Based on
Numerical Simulation
5.1. Establishment of Slope Model

To study the stability changes of high slopes of carbonaceous mudstone before and
after rainfall, numerical simulations were conducted using Midas GTS NX software. The
numerical simulation of this research was completed using the commercial geotechnical
engineering finite element analysis software Midas GTS NX (version number: 2023 v1.2)
developed by MIDAS IT company in South Korea. Its computational core is based on
standard finite element theory and has extensive engineering application verification in the
field of slope stability analysis. All simulations were conducted under the default solver
settings of the software, and no modifications were made to the program source code. A
computational model was developed based on the profile of construction site A, as shown
in Figure 8. The numerical model for roadbed excavation and cutting includes 5006 units
and 5120 nodes. Under various calculation conditions, the boundary conditions for model
establishment were fully constrained by the bottom. The X direction displacement is
restricted on both sides, and the top is an unrestricted free boundary. The initial stress is
the self weight stress vertically downward along the Z-axis.

Figure 8. Slope Calculation Model.

5.2. Determination of Geological Material Parameters

Based on on-site engineering geological surveys and core sampling results. The high
slope can be divided into three rock layers: clay layer (thickness 2–3 m), interbedded
carbonaceous mudstone and sandstone (thickness 10–12 m), and carbonaceous mudstone
layer (thickness 15–18 m). The mechanical parameters obtained from experiments are used
as the mechanical parameters of each rock layer, as shown in the Table 3. Considering the
stress–strain characteristics of carbonaceous mudstone, this model uses the Mohr Coulomb
criterion as the basis for describing the mechanical behavior of slopes. The determination
of key parameters is mainly obtained through in-situ shear tests and laboratory physical
performance tests, especially in Section 4.3 where the cohesion and internal friction angle of
carbonaceous mudstone are determined to ensure the reliability of the selected parameters.
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Table 3. Parameters of slope materials.

Rock and Soil
Category

Unit Weight/kN·m−3

Elastic
Modulus/MPa

Poisson’s
Ratio

Cohesion/MPa Internal Friction
Angle

Natural
State

Soak in
Saturated

Water

Natural
State

Soak in
Saturated

Water

Natural
State

Soak in
Saturated

Water

Clay 19.4 20 13 0.3 2.60 2.40 13.02 11.25
Interlayering of
carbonaceous
mudstone and

sandstone

25 25.4 110 0.35 45.10 43.14 25.85 23.87

Carbonaceous
mudstone 22 24 190 0.4 11.88 8.00 51.40 43.51

5.3. Stability Analysis of Slope Excavation

Based on the excavation of the BK1+020 profile of the high cut slope of carbonaceous
mudstone, the strain field, displacement field, and safety factor of the slope under natural
and saturated conditions were obtained through modeling analysis. Based on simulation
results, the displacement variation law and strain characteristics of carbonaceous mudstone
high road cut slopes after excavation were deeply studied. The specific analysis results are
as follows.

5.3.1. Horizontal Displacement Analysis of Slope
Natural State

Figure 9 shows the horizontal displacement contour map of the slope in its natural
state. From the horizontal displacement contour map, it can be seen that under natural
working conditions, the top and foot areas of the slope exhibit the same horizontal dis-
placement direction, moving in the negative X-axis direction (horizontally to the left). The
displacement shows a clear spatial variation pattern: from the top of the slope to the foot
of the slope the displacement value and its influence range gradually increase, with the
maximum horizontal displacement occurring near the foot of the slope, reaching 70.3 mm.
It is worth noting that the displacement influence range of other parts is relatively limited
except for the foot of the slope area.

Figure 9. Horizontal displacement contour map of the slope in the natural state after excavation of
section BK1+020.

Saturated State

Figure 10 shows the horizontal displacement contour map of the lower slope in a
saturated soaking state. From the figure, it can be seen that compared with the slope
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under natural conditions, the deformation range of the slope under saturated conditions is
significantly expanded. From the contour map results, it can be seen that the displacement
direction at the top of the slope is horizontally to the left, which is the same as the foot of
the slope. The maximum horizontal displacement is mostly concentrated near the foot of
the slope, where there is obvious stress concentration, mainly caused by the redistribution
of stress in the internal rock mass due to the influence of rainfall. By continuously reducing
the constitutive parameters of rock and soil, the displacement value of slope failure is
about 996.2 mm, which indicates that after the rainstorm, the displacement of the slope
under saturated conditions increased sharply, and the instability deformation scale of the
middle part of the slope under the slope limit state increased, and the overall failure shape
is consistent with the circular slip failure.

Figure 10. Horizontal displacement contour map of slope under saturated water immersion condi-
tions after excavation of section BK1+020.

5.3.2. Vertical Settlement Displacement Analysis of Slope
Natural State

Figure 11 shows the vertical displacement contour map of the slope in its natural state.
Unlike the distribution of horizontal displacement contour maps, the vertical settlement
of slopes under natural conditions is mainly concentrated at the top of the slope, with a
maximum settlement of 19.9 mm, in the opposite direction along the Z-axis. The main
reason is settlement caused by self weight, and the soil at the top of the slope deforms
downwards. The contour map shows a large-scale deformation at the foot of the slope,
with a positive displacement value and a maximum uplift of 66.6 mm. This may be due to
the mutual compression and restraint of the soil at the foot of the slope, causing an overall
upward uplift trend.
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Figure 11. Contour map of vertical displacement of the slope in the natural state after excavation of
section BK1+020.

Saturated State

Figure 12 shows the vertical displacement contour map of the lower slope in a sat-
urated soaking state. From the figure, it can be seen that the large-scale deformation in
the vertical direction is concentrated on the inner side of the soil and gradually extends
downwards, with displacement gradually decreasing downwards along the upper part
of the slope. At this point, the maximum vertical displacement value along the negative
direction at the top of the slope is 345.4 mm. The maximum vertical displacement value
along the positive direction at the foot of the slope is 448.0 mm. This may be because the
soil mass is saturated after the rainstorm, and the internal stress of the soil mass changes in
varying degrees due to the influence of the seepage capacity of the upper sandy clay layer.
The shear strength decreases, resulting in the reduction of the constraint on the upper soil
mass. At the same time, the load brought by rainwater infiltration and the self weight of
the soil increase the downward sliding force of the upper soil, causing small-scale uplift
deformation near the foot of the slope.

Figure 12. Contour map of vertical displacement of slope under saturated water immersion conditions
after excavation of section BK1+020.
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5.3.3. Effective Plastic Strain Analysis of Slope
Natural State

As shown in Figure 13, the plastic zone of the slope under natural working conditions is
concentrated at the foot of the slope and exhibits an upward trend of arc-shaped expansion.
By analyzing the color gradient changes in the plastic contour map, it can be found that the
plastic deformation at the foot of the slope is most significant, but a continuous deformation
zone has not yet formed. This feature indicates that in the natural state, the overall stability
of the slope can be guaranteed and there will be no overall sliding failure. Therefore, the
slope can maintain basic stability under natural working conditions.

Figure 13. Plastic strain contour map of section BK1+020 in the natural state after excavation.

Saturated State

As shown in Figure 14, the potential sliding surface of the slope under saturated
conditions is approximately arc-shaped, mainly distributed in the clay layer, strongly
weathered mudstone layer, and moderately weathered mudstone layer, forming a compos-
ite arc-shaped sliding surface composed of three layers of rock and soil, concentrated in the
middle and foot of the slope, consistent with the shape of the potential sliding surface of
the slope under natural conditions. Secondly, the slope experiences shear failure, forming
a situation where it runs from the foot of the slope to the top, and the range of plastic
deformation also increases significantly. The shear outlet at the front edge of the slope
slider is located at the foot of the slope, and there is a clear shear strain concentration zone,
indicating that the instability of the slope will cause compression deformation at the foot of
the slope, showing a trend of upward tilting at the foot of the slope, and finally sliding out
along the front edge of the slope. From the contour map results, it can be seen that under
the ultimate limit state of the slope, the obvious interface inside the slope will serve as the
sliding surface for downward sliding.
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Figure 14. Plastic strain contour map of section BK1+020 under saturated water immersion conditions
after excavation.

5.3.4. Stability Coefficient Analysis

The stability calculation results were compared with the safety factor values required
by the standard [36], and the slope states were analyzed under natural and saturated
immersion conditions. Under natural working conditions, the strength reduction method
was used to numerically simulate and calculate the slope stability coefficient, which is
F = 1.15 > 1.10. The slope can basically maintain stability under natural working conditions.
As a comparison, the stability coefficient of the slope under saturated water immersion
conditions is F = 1.03 < 1.05, and the slope of the rock mass under saturated water immersion
conditions is highly prone to instability. The stability factors of slopes under different
working conditions are shown in Table 4.

Table 4. Comparison of stability factors for profile BK1+020.

Working Condition Standard Requirements
for Safety Factor Actual Safety Factor Stability Evaluation

Natural state 1.10 1.15 Stable
Soak in saturated water 1.05 1.03 Potentially unstable

Based on the three aspects of the two working conditions, the maximum horizontal
displacement is mainly located at the foot of the slope, and the vertical settlement displace-
ment direction at the top of the slope is downward, with a negative displacement value.
The failure type of the slope is circular sliding failure. Compared with slopes under natural
conditions, the overall shear strength of slopes under saturated conditions significantly
decreases. Prolonged rainfall causes the slope, which could have remained stable under
natural conditions, to become unstable. The structural planes deform along the leading
edge, causing mutual compression between the soil masses, resulting in a situation where
the soil mass at the foot of the slope exceeds the initial soil mass. Secondly, the stress con-
centration at the foot of the slope, combined with the insufficient strength of the soft rock
itself, forms a circular sliding failure, which is not conducive to the stability of the slope.
The changes in displacement and plastic zone contour maps mentioned above indicate that
the probability of landslides occurring on slopes under saturated conditions increases, and
the formation of damage can cause widespread impact. Therefore, it is necessary to take
corresponding reinforcement measures to improve slope stability and reduce the risk of
slope disasters.
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5.4. Stability Analysis of Slope After Support
5.4.1. Selection of Support Scheme

According to the design specifications, the use of anchor cables and frame beams is an
effect support method for high and steep road cut slopes [37]. In response to the support re-
quirements of high cut slopes with carbonaceous mudstone, this study selected prestressed
anchor cables and frame beams as the optimal support scheme through comprehensive
analysis. This support method is suitable for fractured mudstone slopes with a slope ratio
ranging from 1:0.5 to 1:1.5 and can effectively address engineering issues such as rock
softening and disintegration. As shown in Figure 15, the support system mainly consists
of two key components: prestressed anchor cables provide deep reinforcement, while
frame beams form surface protection. By combining the deep anchoring of prestressed
anchor cables with the shallow constraint of frame beams, the overall stability of the slope
is significantly improved.

 
(a)  (b) 

Figure 15. Schematic diagram of the composite overall structure of prestressed anchor cable and
frame beam support: (a) anchor cable + frame beam plan; (b) anchor cable + frame beam section.

In the installation of prestressed anchor cable frame beams, the first step is to pre-
pare the construction site, accurately locate the drilling position, and set up the drilling
equipment. Subsequently, drilling operations will be carried out according to the design
perspective, and grouting treatment will be carried out immediately after the completion
of hole cleaning and pre installation of anchor cables. Finally, on-site pouring and curing of
reinforced concrete frame beams will be carried out. In this support scheme, the cast-in-
place reinforced concrete frame beam mainly undertakes the function of slope protection,
while the prestressed anchor cable serves as the core load-bearing component, transmitting
tension to the stable rock and soil layer while exerting a suspension effect on the unstable
rock mass. During the stress process, the anchoring section forms a whole with the stable
bedrock through cement mortar, and the load transmission is achieved through the bonding
effect between the slurry and the surrounding rock, thereby improving the stress state of
the rock and soil mass, enhancing its resistance to deformation, and effectively suppressing
the development of potential sliding surfaces. And the free section is usually deployed
within the potential slip zone, mainly responsible for transmitting the anchor head tension
to the anchoring section. This segmented design enables the anchor cable system to fully
exert its reinforcement effect, significantly improving the overall stability of the slope by
coordinating the deformation behavior of the rock and soil mass.
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According to the design specifications, the specific design parameters for the support
are as follows: The installation angle of prestressed anchor cable is set to 20◦, the vertical
spacing arrangement adopts a 3 m × 3 m equidistant grid, the fixed length of the anchorage
section of the anchor cable is 6 m, the free section extends 1.5 m below the potential rupture
surface, the prestress is set to 200 kN, and the grouting material is M30 strength grade
cement mortar. The frame beam is made of cast-in-place C30 concrete, and the cross-
sectional size of the beam body is uniformly designed as 40 cm × 30 cm. The detailed
technical parameters of the support structure are summarized in Table 5.

Table 5. Parameters of prestressed anchor cable and frame beam.

Material Name Unit Type Elastic Modulus (kPa) Poisson’s
Ratio

Unit Weight
(kN/m3)

Anchor cable Implantable truss 1.95 × 108 0.3 78.5
Frame beam Beam 3.2 × 107 0.2 25

The structural parameters of the support scheme are set as follows: the linear elastic
constitutive relationship is used to simulate the mechanical behavior of the slope, where
the free section is discretized with truss elements and prestress is applied, and the anchor-
age section is characterized by a combination of beam elements and interface elements.
The mechanical transmission mechanism is manifested as: the free section maintains a
constant axial force state, while there is a significant stress concentration phenomenon
in the connection area between the anchorage section and the free section, followed by a
progressive attenuation distribution characteristic. To verify the effectiveness of the sup-
port, numerical simulations were conducted on the reinforced slope in its natural state and
after being soaked in water. By comparing and analyzing the changes in the displacement
field and plastic zone distribution characteristics of the slope before and after support, the
reinforcement efficiency of prestressed anchor cables and frame beams on high cut slopes
of carbonaceous mudstone was systematically evaluated.

5.4.2. Stability Coefficient Analysis

Analyzing the changes in stability coefficient in Table 6, it can be found that the slope
stability has been significantly improved after taking support measures: under natural
working conditions, the stability coefficient has increased from 1.15 to 1.57, with an increase
of 35.97%. Under saturated soaking conditions, the stability coefficient increased from 1.03
to 1.40, with a growth rate of 36.6%. This indicates that the stability of the slope has been
significantly enhanced after support, especially by transforming the slope from extremely
unstable to a safe and stable state after being soaked in water.

Table 6. Statistical table of slope stability coefficient results before and after support under different
working conditions.

Working Conditions Support Method Stability Coefficient

Natural state
Before support 1.15
After support 1.57

After soaking in full water Before support 1.03
After support 1.40

5.4.3. Horizontal Displacement Analysis of Slope

According to the data in Table 7 and the horizontal displacement contour maps in
Figures 16 and 17, the deformation characteristics of the slope show significant changes after
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the implementation of the support project: in the natural state, the maximum horizontal
displacement increases slightly from 70.3 mm to 74.0 mm, an increase of 5.33%, and an
increase of 3.7 mm; while under saturated conditions, the displacement value decreases
significantly from 996.2 mm to 111.1 mm, a decrease of 88.85%. These data changes
fully prove that the support measures have a particularly prominent effect on controlling
slope deformation, especially in displacement suppression under saturated conditions. In
addition, the slight increase in displacement under natural working conditions may be
due to the increase in sliding force caused by the self weight of the frame beam and its
vertical component of prestress, as well as the relatively limited compression effect of the
horizontal component of prestress under passive earth pressure.

Figure 16. Horizontal displacement contour map of slope after support under natural work-
ing conditions.

Figure 17. Horizontal displacement contour map of the slope after immersion in saturated water
and support.
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Table 7. Statistics of maximum horizontal displacement of slope before and after support under
different working.

Working Conditions Support Method Maximum Horizontal
Displacement/mm

Natural state
Before support 70.3
After support 74.0

After soaking in full water Before support 996.2
After support 111.1

5.4.4. Vertical Settlement Displacement Analysis of Slope

Figures 18 and 19 indicate that after the implementation of support engineering, the
distribution of slope displacement field undergoes significant changes. Specifically, the
deformation affected area migrates towards the rear of the slope, and within the range of
anchor reinforcement, the vertical displacement is effectively controlled.

Figure 18. Contour map of vertical displacement of the slope behind the support under natural
working conditions.

Figure 19. Contour map of vertical displacement of the slope behind the support after immersion in
saturated water.
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Table 8 shows that the vertical settlement displacement and horizontal displacement
exhibit similar evolution patterns. Specifically, under natural working conditions, the
maximum vertical settlement displacement before and after support only increases by
1.01%; under saturated conditions, this indicator significantly decreased by 92.47%. This
comparative result fully proves that the prestressed anchor cable + frame beam system
can effectively restrain the vertical sliding of deep soil and ensure the overall stability of
the slope. In addition, due to factors such as passive earth pressure, there is also a slight
increase in vertical displacement under natural working conditions.

Table 8. Statistical table of maximum vertical displacement results of slope before and after support
under different working conditions.

Working Conditions Support Method Maximum Vertical
Displacement/mm

Natural state
Before support 19.9
After support 20.1

After soaking in full water Before support 345.4
After support 26.0

5.4.5. Effective Plastic Strain Analysis of Slope

By comparing and analyzing the contour map features of Figures 20 and 21, the
distribution range of the plastic zone of the slope under different working conditions was
obtained. The plastic zone appears below the end of the anchor cable, but compared to
the unsupported state, the depth of the potential slip surface increases significantly. The
reason for this phenomenon is that the prestressed anchor cable effectively connects with
the stable bedrock through its anchoring section, strengthening the stability of the weak
area in the upper part of the slope and promoting the transfer of potential damage to the
deep soil below the reinforcement area.

 

Figure 20. Plastic strain contour map of slope after support under natural working conditions.

Based on the comprehensive support effects of the two working conditions, the stability
safety factor is significantly improved after support, the displacement deformation is
effectively controlled, and no plastic flow occurs, indicating that the slope engineering
performance has been significantly improved. This verifies the effectiveness of the anchor
cable + frame beam as a support method for high cut slopes of carbonaceous mudstone.
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Figure 21. Plastic strain contour map of slope after immersion in saturated water and support.

6. Conclusions
(1) The water environment has a great influence on the shape of the push–shear rup-

ture surface of carbonaceous mudstone, and the rupture surface under the natural
water content conditions approximates to an inverse S-shaped curve, while the recom-
mended rupture surface after saturated water immersion is closer to a straight line or
a circular arc.

(2) The push–shear deformation of carbonaceous mudstone in the natural state shows a
typical full stress–strain curve characteristic, and the whole process roughly covers
four stages: linear elastic deformation, yield deformation, strengthening, and local
deformation. After saturated water immersion, the deformation of carbonaceous
mudstone is mainly in the elastic-plastic state, and the push–shear force grows slowly,
and when the specimen is damaged, it enters into the plastic deformation stage, and
at this time, the push–shear force is only slightly reduced.

(3) The moisture content has a significant impact on the shear strength of carbonaceous
mudstone. After soaking in saturated water, the average cohesion of carbonaceous
mudstone is 33% lower than under natural conditions, and the internal friction angle
is 15% lower. Therefore, after soaking in saturated water, the fracture surface, shear
deformation curve, and c and φ values of carbonaceous mudstone will be greatly
affected. In engineering practice, they must be fully valued and relevant waterproof
and drainage measures must be taken.

(4) Through numerical simulations of carbonaceous mudstone high slopes before and
after rainfall, it is further confirmed that rainfall has a significant impact on the
stability of slopes and requires timely maintenance and treatment.
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