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Studying slope stability under different water contents and stress conditions is very important for the early warning and prevention
of slope disasters. In this study, the stability of a side slope in Xingwen County was studied via field investigations, laboratory tests,
and numerical simulations. The results show that a dry sample has a greater rockburst proneness than a water-rich sample.
Compared with that of the dry sample, the strength of the sample representing the water-rich area of the slope decreased
significantly, the peak strength decreases by 28.5% on average under the different confining pressure conditions tested, and the
stress–strain curve has more jitter after the peak and shows more obvious plastic characteristics. The peak shear strain in the XZ
direction on the lower slope under water-rich conditions is 48.5% greater than that under dry conditions, and the range of the slope
plastic zone is also significantly greater than that under dry conditions. This indicates that the stability of the slope under water-rich
conditions is much lower than that under dry conditions. The safety factors of the three types of slopes are calculated. The slope
safety factors under the “water-rich and deadweight” and “water-rich and earthquake” conditions are 3.1% and 5.4% lower,
respectively, than that under the “dry and deadweight” conditions. Therefore, it is necessary to strengthen the protection of
water-rich areas on slopes with frequent microearthquakes.

Keywords: numerical simulation; slope; stability analysis; triaxial compression test; uniaxial compression test

1. Introduction

Landslides are among the most common geological disasters,
but they are difficult to predict and can result in destruction. The
occurrence of landslide disasters not only causes the loss of
personnel and property within a certain range but also affects
traffic, commerce, and daily life. Rainfall and earthquake dis-
turbances can affect the stability of slopes, reduce the safety
coefficient of slopes, and increase the probability of slope dis-
asters. Therefore, studying the stability of slopes under water-
rich conditions and seismic disturbance is highly important.

The occurrence of landslide disasters requires certain
geological conditions, such as steep mountain slopes and

loose rock (soil) bodies, as well as the influences of rainfall,
earthquakes, and engineering activities [1–7]. The actual area
affected by landslides during earthquakes depends on the local
lithology, terrain, climate, vegetation coverage, and other fac-
tors [8–11]. Senthilkumar, Chandrasekaran, and Maji [12]
used the finite difference method to study the effect of rainfall
infiltration on unsaturated residual soil slopes and noted that
rainfall increased soil saturation and percolation force, formed
positive pore water pressure, and thus reduced the shear
strength of soil along the soil–rock interface, which easily led
to the occurrence of landslides.

Many scholars have predicted and evaluated slope stability
under the influence of earthquakes through different models.
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Qin and Chian [13] proposed a graphical method related to
the G-line to evaluate seismic slope stability. Under kinematic
analysis, the safety factor for a particular slope was estimated
by determining the G-line. The evaluation of slope stability
usually includes quantitative and qualitative methods. Xu,
Gorum, and Tanyas [14] used remote sensing and GIS technol-
ogy to identify and monitor earthquake-induced slope insta-
bility, and the results of related projects played a great role in
evaluating earthquake-induced landslide susceptibility, land-
slide evolution, and debris flows in earthquake-affected areas.
Wu et al. [15] established four slope models based on relevant
factors to simulate and estimate the sensitive landslides and
landslide evolution caused by extreme rainfall and noted that
most landslides after heavy rainfall were riparian landslides
caused by rivers. Samia et al. [16] quantified the priority of
landslides at sites with previous landslides, the duration at
which such effects were apparent, and the correlation of slope
stability with time. The overlap between landslides shows an
obvious legacy effect (path dependence), which has an impact
on the landslide-affected area. To study the initiation mecha-
nismof bedded rock landslides during earthquakes, Zhao et al.
[17] used the fracture mechanics principle to analyze the
geometric and stress conditions for initial crack propagation
at the back of landslides and deduced the initiation speed
of slope instability under the combined effect of the elastic
impact, peak residual strength drop, and fluctuations in other
metrics.

In the study of slope stability, the results of many labora-
tory tests provide scientific guidance [18–24]. The application
of physical and mathematical evaluation models provides
technical support for slope stability analysis [25–28]. Wang
et al. [29] conducted in-depth discussions on the develop-
ment characteristics, activity characteristics, formation and
evolution process of landslides based on mapping monitor-
ing, laboratory tests, and numerical simulation analysis and
noted that the formation and evolution of landslides in flow
slopes were dominated by active neotectonic movement. The
continuous deterioration of rainfall, the seismic cracking
effect of historical strong earthquakes, and the fracture creep
effect are the main factors inducing slope instability. Broeckx
et al. [30] evaluated the performance of fitting a multivariate
logistic regression model on a subset of independent land-
slides selected from the total dataset; by simulating the sen-
sitivity of the slope, they observed a significant positive
relationship between slope stability and sediment yield, but
the relationship was relatively weak. Yang et al. [31], based on
the field investigation of the Wenchuan earthquake landslide
disaster and vibration table test analysis of unilateral, bilateral,
and four-sided slopes, concluded that the amplification of peak
acceleration gradually increased with increasing slope angle.
Under the influence of earthquakes, slope instability mainly
occurred in slopes with slope angles greater than 45°. Zhang
et al. [18] carried out a slope stability simulation study bymeans
of a numerical analysis method combined with strength reduc-
tion to compare the landslide stacking slope shape and ripple
range and performed a back analysis of the strength index in the
process of landslide movement.

Although the abovementioned scholars have conducted
many simulations and explorations on slope stability through
field monitoring, laboratory test, and numerical simulation,
there are few studies on the stability of water-rich slopes
under seismic stress disturbances. In real-world scenarios,
the mechanical properties of slope rock masses, rainfall, and
seismic activities significantly impact slope stability. There-
fore, it is crucial to explore these parameters (such as mechan-
ical properties of slope rockmasses, displacement distribution
on slope surfaces, and safety factors) under varying condi-
tions. These investigations are essential for effective slope
protection and remediation. This study used laboratory tests
and numerical simulations to explore the stability of water-
rich slopes under microseismic action. First, samples were
collected from the dry and water-rich areas of the slopes in
Xingwen County and processed into standard cylindrical
samples in the laboratory. Then, uniaxial compression tests
and triaxial compression tests were carried out to analyze the
mechanical properties of the slope rock mass under dry and
saturated conditions. On this basis, the slopemodel was estab-
lished by FLAC3D software to analyze the distribution of stress
and deformation of dry slopes and water-rich slopes under
microseismic disturbance. Areas prone to deformation were
found, and protection suggestions were proposed. Then, the
safety factor of the slope was calculated under three condi-
tions using the strength reduction method, providing theo-
retical support for engineering construction and geological
disaster prevention.

2. Data Sources and Overview of the Study Area

2.1. Study Area Overview. Yibin city is in Xingwen County in
Sichuan Province, located in the transition zone between the
southern mountains of Sichuan and the Yunnan–Guizhou Pla-
teau. Xianfeng Mountain divides the county into two branches,
with the northern part of the county being low and the southern
part being high. Its geographical coordinates are 104°52′
28″–105°21′23″ east longitude and 28°04′28″–28°27′18″ north
latitude, with a total area of 1379.89 km2. Xingwen County has a
subtropical monsoon climate, abundant rain, surface carbonate
rocks generated by long-term water dissolution, and karst land-
form development. The regional geological structure belongs to
the east–west structural system of the southern Sichuan fold belt
and is part of the Huaying Mountain seismic belt, which is a
fault belt with frequent earthquakes. Rocks are broken under the
influence of seismic factors, and geological disasters occur fre-
quently [32]. The Triassic strata in the region are the most
widely distributed in the territory, and the bedrock lithology is
mainly sandstone, limestone, and marl. The complex geolog-
ical environment conditions in Xingwen County are influ-
enced by earthquakes, rainfall, human activities, and other
factors, and the types of geological disasters vary but include
landslides and collapses.

2.2. Data Sources. Digital elevation model (DEM) data were
downloaded from the geospatial Data Cloud Platform of the
Computer Network Information Center, Chinese Academy
of Sciences (http://www.gscloud.cn), and historical disaster
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data points were downloaded from Resources and Environ-
mental Science and Data Center, Institute of Geographic
Sciences and Natural Resources Research, Chinese Academy
of Sciences (http://www.resdc.cn).

As shown in Figure 1, there were 85 geological disaster
data points and 59 landslides in Xingwen County in 2020,
accounting for 69% of the total number of geological disasters.
The numbers of small landslides, medium landslides, and
large landslides were 20, 37, and 2, respectively. To explore
the influence of geological structure activities on slope sta-
bility, the landslide areas were selected for further explora-
tion. Figure 2 shows the geological disaster points from
Xingwen County, Sichuan Province. The structure is the
southwest wing of the Longqiao anticline. The main lithol-
ogy is limestone; the groundwater is in the upper stagnation
layer.

To analyze the stability of the landslide points in the study
area, we obtained limestone samples through field sampling
and carried out laboratory experiments. Laboratory tests

and numerical simulation calculations were carried out on
the samples in the study area to explore their physical and
mechanical properties and analyze their stability. Figure 2
shows the 3D topographic map of the study area, and the
cyan dots are the sampling sites. The section map of the land-
slide points was extracted according to the elevation data of
the study area and the field conditions.

3. Laboratory Test

3.1. Sample Preparation

3.1.1. Sample Preparation. At the sampling points in the
study area, which are affected by rainfall, stagnant water,
and surficial broken rock and soil, the stability of the soil is
poor, and the soil easily slips. Therefore, the intact sample
from the sampling point was processed in the laboratory to
make a standard cylindrical sample of Φ 50× h 100mm. The
processed samples were divided into two groups: a dry group
and a water-rich group.
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FIGURE 1: Geological map of Xingwen County. (a) Distribution map of geological disasters. (b) Sampling site of the landslide point. DEM,
digital elevation model.
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FIGURE 2: Topographic map of the study area and section diagram of the landslide points.
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For the dry group, the samples were placed in an oven
(Figure 3a), dried at 45°C for more than 48 h, and removed
after the mass became stable.

For the water-rich group, the sample was placed in a vac-
uum satiating machine (Figure 3b), saturated with water for
more than 48h, and removed after its mass became stable.

The physical properties of the treated samples are shown
in Table 1. In Table 1, the P wave velocity of the sample
was measured by UTA2001A ultrasonic inspection monitor
(Figure 3c). In the measurement, the sampling frequency is
set to 10MHz, the sensor frequency is 35 kHz, and the butter
coupling is adopted between the sample and the sensor.
Table 1 shows that the density of a water-saturated sample
is 2.66 g/cm3, 25.5% higher than that of a dry sample, and the
longitudinal wave velocity of a water-saturated sample is
3154m/s, 23.0% higher than that of a dry sample. In water,
the water molecules fill the pores inside the sample, increas-
ing the density of the sample and increasing the speed of the
P wave propagation through the sample.

3.2. Test Methods. An RMT-150B electrohydraulic servo rock
test system (Figure 4) was used to conduct uniaxial compres-
sion tests and conventional triaxial compression tests on dry
samples and water-saturated samples to test the changes in
the mechanical properties of the samples under different
water conditions. During the test, the axial load was measured
using a 1000 kN force transducer, and the axial compression
deformation was measured using a 5.0mm displacement
transducer.

3.2.1. Uniaxial Compression Test. The uniaxial compression
testing adopted displacement loading, and the loading rate
was 0.005mm/s. The whole stress–strain curve of the sample
during loading was obtained to determine the impact energy

index of the sample, and the changes in the rockburst tendency
of the sample under different water conditions were explored.

3.2.2. Conventional Triaxial Compression Test. The triaxial
compression testing was carried out in five groups with three
samples in each group. The confining pressure of each group
was set at 3, 6, 9, 12, and 15MPa. The axial pressure was loaded
in displacement mode with a loading rate of 0.005mm/s.

3.3. Test Results and Analysis

3.3.1. Uniaxial Compression Test. Figure 5a shows the stress–
strain curves of typical samples in each group under uniaxial
compression. Figure 5a shows that the uniaxial strength of
the water-saturated sample is 37.3MPa, 34.8% lower than
that of the dry sample (57.2MPa), indicating that the water-
saturated sample has a certain deterioration effect on the
strength of the sample. To calculate the energy variation of
the sample during loading, the stress–strain curve (σ–ε curve)
was converted into a force–displacement curve (F–x curve), as
shown in Figure 5b,c.

According to physics, when a constant force works, the
energy calculation formula is as follows:

W¼ Fx: ð1Þ

In uniaxial compression experiments, the indenter is
loaded with constant displacement, and the force is not con-
stant. Taking Figure 5b as an example, to calculate the energy
stored in the sample during loading, the calculus method can
be adopted:

W1 ¼
Z

xc

0
F xð Þdx; ð2Þ

where W1 is the energy accumulated during the loading
process of the sample and xc is the strain at the peak stress.
Since the function expression of F(x) is unknown, Equation (2)
cannot be solved directly. Here, we first introduce an infinitely
small quantity (△x), divide the F(x) curve into infinitely
small rectangles, and calculate the sum of the areas of
each small rectangle:

ðaÞ ðbÞ ðcÞ
FIGURE 3: Sample processing and physical property testing device: (a) 101-2SB electric thermostatic drying oven, (b) Nj-BSJ Concrete vacuum
satiating machine, and (c) UTA2001A ultrasonic inspection monitor.

TABLE 1: Physical properties of the dry and water-rich samples.

Group m (g) ρ (g/cm3) v (m/s)

Dry group 416.05 2.12 2564
Water-rich group 522.03 2.66 3154

4 Advances in Civil Engineering
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W1 ¼
Z

xc

0
F xð Þdx ¼ ∑

xc

n¼0
△x ⋅

F nð Þ þ F nþ△xð Þ½ �
2

;

n¼m ⋅ △x

m 2 N Number setð Þ

(
:

ð3Þ

Likewise,

W2 ¼
Z

xe

xc

F xð Þdx ¼ ∑
xe

n¼xc
△x ⋅

F nð Þ þ F nþ△xð Þ½ �
2

;

ð4Þ

whereW2 is the energy released after the sample is destroyed.
Then, the impact energy index KE is as follows:

KE ¼
W1

W2
: ð5Þ

According to Equations (3)–(5), the accumulated or
released energy of the sample in the uniaxial compression
process is calculated, as shown in Figure 6.

As shown in Figure 6, the peak value of the energy change
in the dry sample is mainly concentrated from the end of the
elastic stage to the yield failure stage, while the energy distri-
bution of the water-rich sample is more uniform, reaching its
maximum at the peak point of the stress–strain curve and
gradually decreasing to both sides. The impact energy indices
of the water-rich samples are 1.178% and 57.2% lower than
that of the dry sample (2.755), indicating that the dry sample
has a greater rockburst proneness.

The impact energy index plays a critical role in determin-
ing the fracture behavior and energy dissipation character-
istics of rock under dynamic loading conditions. A higher

impact energy index is often associated with increased frag-
mentation, making the rock more susceptible to breakage
and potentially more brittle in nature. The rock’s ability to
absorb and dissipate energy is also affected, typically leading
to reduced elasticity and increased permanent deformation.
Consequently, variations in the impact energy index are cru-
cial in the prediction and mitigation of slope-related hazards.
Understanding the evolution of the impact energy index in
slope rock masses under different conditions is significant for
the study of slope stability.

3.3.2. Triaxial Compression Test. Figure 7 shows the stress–
strain curves of typical samples in each group under triaxial
compression. As shown in Figure 7, the samples in each
group experience four stages: compaction, elastic deforma-
tion, plastic deformation, and failure. When the confining
pressure is 3MPa, the dry and water-rich samples exhibit
obvious stress drops after reaching the peak value, revealing
certain brittle failure characteristics. With increasing confin-
ing pressure, the peak strength and peak strain (the strain
corresponding to the peak strength) of the sample also grad-
ually increase, and the downward trend of the stress–strain
curve tends to increase gradually after reaching the peak.

This indicates that with increasing confining pressure,
the sample moves from brittle to plastic. Moreover, by com-
paring the postpeak phase of the stress–strain curves of the
two groups of samples, the water-rich sample has obvious post-
peak jitter compared with the dry sample, and the stress–strain
curve mostly shows a trend of oscillatory change after the
peak, which indicates that the samples in the water-rich area
are less brittle and more plastic.

By analyzing the strength characteristics of the samples
in each group, it can be seen that the peak strength of the
dried samples under a confining pressure of 3MPa is
80.6MPa. Compared with the peak strength of the samples
under a confining pressure of 3MPa, the peak strengths of
the dried samples under confining pressures of 6, 9, 12, and

ðaÞ

1. Vertical cylinder
2. Axial head
3. Rock sample
4. Bottom plate
5. Displacement sensor
6. Horizonal tie rod
7. Basement
8. Horizonal cylinder

1

2

3

4
5

8

6

7

ðbÞ
FIGURE 4: An RMT-150B electrohydraulic servo rock testing system was used: (a) testing device and (b) uniaxial compression schematic.
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15MPa increase by 13.8%, 37.4%, 46.7%, and 55.8%, respec-
tively. Compared with that of the dry samples, the strength of
the water-rich samples decreases significantly, and the peak
strength of the water-rich samples decreases by 28.5% on aver-
age under different confining pressure conditions, revealing
obvious deterioration characteristics.

The peak strength σ1 and confining pressure σ3 of the two
groups of samples are fitted, and the result conforms to the
Coulomb strength criterion, as shown in Figure 8. Figure 8
shows that σ1 and σ3 are linearly related. The influence
coefficient of the confining pressure on the dry samples is
approximately 4.9, and the correlation coefficient is 0.98. The
influence coefficient of the confining pressure on the water-
rich samples is approximately 3.34, and the correlation coef-
ficient is 0.99, indicating that the peak strength of triaxial

compression on each sample is strongly correlated with the
confining pressure.

According to the Coulomb strength criterion,

σ1 ¼ kσ3 þ Q; ð6Þ
where σ1 is the peak intensity, σ3 is the confining pressure, Q
and k are material strength parameters, and the relationships
between their values and the material’s internal friction angle
φ and cohesion force c are as follows:

φ¼ arcsin
k − 1
kþ 1

� �

c¼ Q
1 − sin φ
2cos φ

� �
8>>><
>>>:

: ð7Þ
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σ 
(M

Pa
)
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Water-rich condition

ðaÞ

xc

xe

n=xc

= ∑ △x
[F(n) + F(n + △x)]

2

n = m . △x

.

m ∈ n (number set)
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03 
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)
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△x xe

W1 = ∫ F(x) dx↵
xc

0 W2 = ∫ F(x) dx↵
xe

xc

n=0
= ∑ △x

[F(n) + F(n + △x)]
2

.

[F
(x

1)
 +

 F
(x

1)
]/

2

ðbÞ
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0
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2

.

W2 = ∫ F(x) dx↵
xe

xc
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ðcÞ
FIGURE 5: Uniaxial compression test curve: (a) σ–ε, (b) F–x under dry conditions, and (c) F–x under water-rich conditions.
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Figure 5 shows that the strength criterion of the sample
used in this paper is as follows:

σ1 1ð Þ ¼ 4:9σ3 1ð Þ þ 65:2

σ1 2ð Þ ¼ 3:34σ3 2ð Þ þ 47:9

(
; ð8Þ

where subscript 1 indicates the dry sample and subscript 2
indicates the water-rich sample.

Namely,

k1 ¼ 4:9;Q1 ¼ 65:2 MPa

k2 ¼ 3:34;Q2 ¼ 47:9 MPa

(
: ð9Þ

By substituting Equation (4) into Equation (2), the cohe-
sion and internal friction angle of the sample can be obtained:

c1 ¼ 14:7MPa;φ1 ¼ 41:37°

c2 ¼ 13:1MPa;φ2 ¼ 32:63°

(
: ð10Þ

According to the modified Coulomb strength criterion,
they are as follows [33, 34]:

σt ¼ α ×
2c ⋅ cos φ
1þ θ sin φ

− β; ð11Þ

where α= 0.38, β=−5.2, and θ= 0.1.
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FIGURE 6: Impact energy index calculation: (a) dry conditions and (b) water-rich condition.
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By substituting Equation (5) into Equation (6), the tensile
strength of the sample can be obtained as follows:

σt 1ð Þ ¼ 5:27MPa

σt 2ð Þ ¼ 4:25MPa

(
: ð12Þ

Therefore, the mechanical parameters of a limestone
slope corresponding to a landslide point in the study area
used in this paper are shown in Table 2.

4. Slope Stability Study

4.1. Model Establishment. In this study, the strength reduc-
tion method was used to calculate the stability of slopes
under different conditions. Therefore, FLAC3D software
was used to model and analyze the slope. The established
model is shown in Figure 9. The model parameters are
shown in Table 1. In the model, the S1 and S2 measure-
ment points were set up from the foot of the slope to the
right. Both measuring points are inflection points of the
profile.
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FIGURE 7: Triaxial compression experimental curve: (a) dry conditions and (b) water-rich conditions.
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FIGURE 8: Relationship between peak intensity and confining pressure: (a) dry conditions and (b) water-rich conditions.
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4.2. Stability Analysis of Slopes Under Static Load Drying
Conditions. The calculated results of the slope of the land-
slide point under dry and water-rich conditions are shown in
Figures 10 and 11.

According to Figure 10, the shear strain in the XZ direc-
tion of the slope surface is mainly concentrated in the lower
part of the slope under dry conditions, with a maximum
value of 3.38× 10−5. The distribution of the plastic zone is
mainly concentrated at position A at the lower part of the
slope and position B at the upper part of the slope. Tensile
plastic deformation occurs at position B at the top during the
calculation process, while shear and tensile plastic deformation

occur at position A in the lower part. However, with the equi-
librium of the model calculation, both areas tend to be stable.
This shows that the stability of the slope is better under dry
conditions and that the stress concentration area and plastic
deformation area of the slope surface are mainly concentrated
at positions A and B. Therefore, in the daily protection stage,
attention should be given to strengthening the protection of
these two locations.

Figure 11 shows that the shear strain in the XZ direction
on the slope surface is also mainly concentrated in the lower
part of the slope under water-rich conditions, and the maxi-
mum value is 5.02× 10−5, which is 48.5% greater than that

TABLE 2: Mechanical parameters of the specimens.

σ3 (MPa) σ1 (MPa) c (MPa) φ (degree) σc (MPa) σt (MPa)

Dry

3 80.6

14.7 41.37 65.2 5.27
6 91.7
9 110.7
12 127.2
15 136.4

Water-rich

3 57.4

13.1 32.63 47.9 4.25
6 68.3
9 78.1
12 89.6
15 96.9
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FIGURE 9: Typical section of the slope mining area of the landslide point.
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under dry conditions (3.38× 10−5). The plastic zone is also
distributed around two positions, A and B; however, the
range of the plastic zone is obviously larger under water-
rich conditions than that under dry conditions, and the top
of the slope is in the tensile failure zone from the lower
position A to the bottom of the slope. The changes in the
strain and plastic zone indicate that the stability of the slope
is greatly reduced under water-saturated conditions, and
position A at the lower part of the slope is in an unstable
state due to the large stress concentration. Therefore, the mon-
itoring and protection of position A of the water-saturated
slope should be strengthened.

4.3. Calculation of the Safety Factor of Slopes Under Different
Conditions

4.3.1. Principle of Intensity Reduction. Section 4.2 analyzes
the stability of slopes under static load drying conditions.
Based on Section 4.2, this chapter uses FLAC3D software
and the strength reduction method to calculate and analyze
the safety factor of landslide slopes. The flow chart is shown in
Figure 12. The cohesion and internal friction angle of a slope
are closely related to its stability. The greater these values, the
more stable the slope tends to be; conversely, lower values
make the slope more prone to instability. The strength reduc-
tion method we employed focuses precisely on these parame-
ters. By progressively reducing the cohesion and internal
friction angle of the rock and soil mass in the slope, we aim
to identify the slope’s limit equilibrium state. This process of

systematically decreasing cohesion and the internal friction
angle is referred to as “reduction.” After the reduction of the
soil shear strength, the parameters may be defined as follows:

c0 ¼ c

Ftrial

φ0 ¼ arctan
tanφ

Ftrial

� �
8>><
>>: ; ð13Þ

where c′ and φ′ are the reduced shear strength parameters
and Ftrial is the reduction coefficient.

The safety factors of slope engineering designs under
different conditions are shown in Table 3 [35, 36]. In Table 3,
load combination I is “deadweight and groundwater”; load
combination II is “deadweight, groundwater, and blasting
vibration force”; and load combination III is “deadweight,
groundwater, and seismic force.”

4.3.2. Safety Factor of Slopes Under Different Conditions.
Referring to Table 2 and the actual situation of the slope,
the stability of the slope is calculated under the three condi-
tions of “dry and deadweight,” “water-rich and deadweight,”
and “water-rich and earthquake.” Then, the c and φ values of
the landslide under each condition are reduced according to
the workflow in Figure 12.

The reduction coefficients of the three conditions are as
follows:

FLAC3D 6.00
©2019 Itasca Consulting Group, Inc.

3.3760E–05
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–1.1000E–04
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–1.3000E–04
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ðaÞ

FLAC3D 6.00
©2019 Itasca Consulting Group, Inc.
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ðbÞ
FIGURE 10: Strain and stress state contour maps of typical landslide sections in the study area under dry conditions: (a) strain in the XZ
direction and (b) stress state.
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FIGURE 11: Strain and stress state contour map of typical landslide sections in the study area under water-rich conditions: (a) strain in the XZ
direction and (b) stress state.
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Ftrial ¼ 1:20; 1:21; 1:22; 1:23; 1:24; 1:25f g
Ftrial ¼ 1:18; 1:19; 1:20; 1:21; 1:22; 1:23f g
Ftrial ¼ 1:15; 1:16; 1:17; 1:18; 1:19; 1:20f g

8><
>: : ð14Þ

By substituting Equation (14) into Equation (13), the
reduced values of c and φ can be obtained under the three
conditions.

By writing the reduced values of c and φ into the Flac3D
command stream, the reduced maximum imbalance inside
the monitoring curve can be obtained. When the maximum
imbalance force ratio n is less than 1× 10−5, the slope is
considered to be stable; otherwise, it is considered to be
unstable.

Figure 13 shows the relationship curve between the scale
coefficient n of stability and the reduction coefficient Ftrial at
the landslide point.

In Figure 13, the coordinates corresponding to the red
line are n= 10−5. According to the figure, the safety factor of
the slope under the conditions of “dry and deadweight” was
1.231. Under the conditions of “water-rich and deadweight,”
the safety factor of the landslide slope was 1.193, which was

TABLE 3: Design safety factor of the overall slope under different load combinations (the table is reproduced from literature [35]).

Slope engineering safety level
Safety factor of slope engineering design

Load combination I Load combination Ⅱ Load combination Ⅲ

I 1.25–1.20 1.23–1.18 1.20–1.15
Ⅱ 1.20–1.15 1.18–1.13 1.15–1.10
Ⅲ 1.15–1.10 1.13–1.08 1.10–1.05

1.14
0.0

0.5

1.0

n 
(1

0–5
)

1.5

2.0

2.5

3.0

3.5

1.16 1.18 1.20
Ftrial

1.22 1.24 1.26

Water-rich and earthquake
Water-rich and deadweight
Dry and deadweight

FIGURE 13: Proportional coefficient of slope stability at the slope
under three conditions.
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F  = Flow
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Uses after the reduction of
strength index C ,́ Φ´ with
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the slope stability analysis  

Ftrial = F0 + FInc × i
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F0 + Flow

C´ = C/Ftrial
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Flow= Ftrial

Is the slope
stable?
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FIGURE 12: Flowchart of the intensity reduction method.
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3.1% lower than that under the “dry and deadweight” condi-
tions. Under the conditions of “water-rich and earthquake,”
the safety factor of the landslide slope was 1.165, which was
5.4% lower than that under the conditions of “dry and dead-
weight.” Both “water-rich” and “earthquake” conditions can
cause a decrease in the safety factor of landslide slopes. The
landslide slopes are in the HuayingMountain seismic belt and
often experience rainy weather, during which water accumu-
lation often occurs. Therefore, the management and protec-
tion of water-rich areas of slopes should be strengthened.

The unique topography, geological structure, and lithol-
ogy of the landslide points in the study area provide internal
conditions for the sliding body to travel. The external factors
inducing landslides are mainly rainfall and seismic activity.
Different influencing factors are combined, the numerical
simulation of the landslide area is carried out, and the stabil-
ity of the landslide is analyzed according to the results. Under
the conditions of “dry and deadweight,” the safety factor is
1.231, the whole landslide body is in a relatively stable state,
and it is not easy to destabilize and deform. For the simulated
safety factor under the conditions of “water-rich and dead-
weight” 1.193, it indicates that under the influence of precip-
itation, the water content of the rock mass increases, the
weight of the slope increases, and its stability decreases,
increasing instability and deformation. Under the “water-
rich and earthquake” conditions, the safety factor is 1.165,
and its stability is the worst among the cases studied. Under
continuous rainfall conditions, water stagnation easily occurs,
slope saturation occurs, and the water content of the slope
increases. Under the action of seismic stress, a slope easily
experiences deformation and instability slip under these
conditions.

5. Conclusion

In this study, the stability of a side slope in Xingwen County
is studied via field investigations, laboratory experiments,
and numerical simulations. The conclusions are as follows:

1. The uniaxial strength of the samples in the water-rich
zone is 34.8% lower than that in the dry zone, but the
impact energy index of the samples is 57.2% lower
than that in the dry zone. A high amount of water
will lead to a decrease in rock strength and a tendency
toward rockburst.

2. Compared with that of the dry sample, the strength of
the water-rich sample decreased significantly, and the
peak strength decreased by 28.5% on average under dif-
ferent confining pressure conditions. The stress–strain
curve of the water-rich sample has more jitter after
the peak and shows more obvious plastic characteris-
tics. This indicates that water saturation has an obvious
deterioration effect on the slope rock mass.

3. The peak shear strain in the XZ direction on the lower
slope under water-rich conditions is 48.5% greater
than that under dry conditions, and the range of the
slope plastic zone under water-rich conditions is also
significantly greater than that under dry conditions.

The changes in the strain and plastic zone show that
the stability of the slope under water-rich conditions is
much lower than that under dry conditions.

4. The safety factor of the slope under the conditions of
“dry and deadweight” is the highest, while the safety
factors of the slope under the conditions of “water-rich
and deadweight” and “water-rich and earthquake” are
reduced by 3.1% and 5.4%, respectively. The landslide
slope is in the Huaying Mountain seismic belt and is
often in rainy weather, and water accumulation often
occurs on the slope. Therefore, it is necessary to strengthen
the management and protection of water-rich areas in
areas with frequent microearthquakes.
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