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The slope stability of open-pit mines has always been a major problem affecting the safe production of resources from open-pit
step mines. At present, slope excavation in open-pit mines is difficult and slope instability problems are becoming increasingly
prominent. In this study, an open-pit bench rock slope in Liaoning Province was taken as the research object. The physical
parameters of the rock mass in the area were obtained through engineering drilling and large-scale direct shear tests. Based on
the determination of the dominant group of the slope’s structural plane, the seepage deformation failure and maximum stress
deformation of the slope were analyzed to explore the stability of high and steep rocky slopes in large open-pit mines. The
results show that there is a group of dominant structural planes at the no. 1~3 observation points whose dip angle is steep and
consistent with the slope inclination. The dip angle is slightly lesser at the slope toe, and the slope is basically a stable
structure. The Janbu method was used to calculate the seepage stability of the slope and it is found that section 4-4 is in a
dangerous area. In the stress nephogram, the maximum principal stress is located inside the slope, and the minimum principal

stress is located at the surface of the free surface.

1. Introduction

Open-pit mining is an important mining type in China.
With the decrease in shallow mineral resources, the depth
of open-pit mining has gradually increased, the height of
the slopes has continuously increased, and slope stability
problems have become increasinglg more prominent [1-9].
Wou et al. [10] established the Flac®” slope model and devel-
oped a statistical mechanics of rock masses (SMRM) calcula-
tion system based on statistical mechanics data of rock
masses. This system can provide a fast and accurate solution
for the estimation of the elastic modulus, Poisson’s ratio,
shear strength, and other parameters. Cambio et al. [11]
inversed and calibrated the strength parameters of a rock
mass and its structural characteristics. The strength parame-

ters of the rock mass and its structural characteristics were
inversely analyzed and calibrated. At the same time, FLAC®”
has been used to establish a numerical model of a slope in
the open-pit mine in Bingham Valley and analyze the condi-
tions and trigger factors of slope movement. Yang et al. [12]
explored the deformation mode of a high and steep layered
rock slope and its failure mechanism caused by gradual
excavation; FLAC™® was used to simulate the excavation
process according to the actual situation. Srikrishnan et al.
[13] simulated an open-pit slope composed of different rock
types using FLAC?",

Chen and Zhang [14] studied the compression response
of space variable rock columns with three-dimensional ran-
dom fields. Cao et al. [15, 16] studied the settlement and
deformation of an open-pit mine dump by combining field
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F1GURE 1: Rock slope panorama.

monitoring data and numerical simulations. Zhang et al.
[17] analyzed the anchor cable monitoring in the Nanfen
open-pit mine and revealed the failure process of a bedding
rock landslide and the stress evolution characteristics of neg-
ative Poisson’s ratio (NPR) cables. Xu and Yan [18] used
FLAC®® to simulate the influence of excavation and blasting
vibration on goaf stability. Li et al. [19] analyzed the failure
process of a steeply inclined layered carbonate rock slope
induced by the presence of an underground goaf. Tao et al.
[20] established a three-dimensional model of the slope on
an entire mine slope using FLAC®" and calculated the slope
stability using 3DEC. Zhu et al. [21] used FLAC" to simu-
late the anchorage mechanism of a layered rock mass with
different numbers of bolts. Liang et al. [22] used the BP neu-
ral network algorithm to establish a stable slope angle pre-
diction model of an open-pit mine and successfully
predicted the final slope angle of the mine. Gong et al. [23,
24] analyzed the impact of rainfall on open-pit coal mines.

At present, many scholars have studied the deformation
mechanism of open-pit mine slopes, and their results are
valuable to ensure the safe mining of slopes [25-31]. In this
paper, the rock slope of an open-pit mine is taken as the
research object. The physical parameters of each rock layer
are obtained using field geological exploration, engineering
drilling geophysical exploration, and large direct shear
experiments. GEOSLOPE is used to analyze the seepage
deformation and failure of slope, and FLAC® is used to
carry out a three-dimensional numerical simulation of the
slope. The results of this study serve as a scientific basis for
safe operations in the mining area.

2. Project Overview

The rock slope of the open-pit mine is located in Fengcheng
City, Liaoning Province (Figure 1). The overall distribution
of slope is along the east and west direction. The highest
point of the slope’s elevation is about 570 m, and the lowest
point is about 430 m. The overall slope trends about 140°-
210° southward, and the slope angle is about 66°. The terrain
is high in the east and low in the west, and the multistage
steps are sloped, with a step height of about 20 m.

TaBLE 1: Dominant grouping of joint fissures at the observation
points.

Observation Number Averagg Average dip
point number  of groups Number prop(fil sity angle (°)
1 13 4 60
1 2 7 210 54
3 10 91 72
1 16 340 66
2 15 194 55
2 3 55 60
4 3 305 77
1 45 347 66
3 2 25 244 77
3 12 74 30
1 17 342 65
2 20 94 35
* 3 84 82
4 267 73

The lithology of the rock slope is simple. It is mainly
composed of biotite granulite (metamorphic rock series) of
the Lieryu Formation of the middle and lower Proterozoic
Liaohe Group. It is mainly composed of serpentine and
granulite. The ore body is mainly composed of calcium mag-
nesium and iron magnesium silicate rock and magnesium-
rich carbonate rock. It is mainly composed of iron borosite
and phosphorite, accompanied by radioactive elements and
rare earth elements. The thickness of slope varies
significantly.

The mining area is located in the middle of Jiaoliaotai
Longyingkou and stretches to the Kuandiantai arch. With
the development of multistage metamorphic deformation,
the migmatization is strong, and rock joints and fissures
are developed. The slope’s rock mass is seriously broken
due to the overall influence of blasting in the open-pit mine.
Due to the drilling exposure, drilling holes in the slope have
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FIGURE 3: No. 2 observation point stereographic projection and joint rose map.

integrity till a depth of 25m and then the hole is extremely  their combination and explore the potential deformation

broken; the core is composed of gravel and broken blocks. and failure mode of the slope, four observation points
(nos. 1-4) were set to measure the slope joint fissures and
3. Slope Deformation and Failure slope occurrence (Table 1). A total of 200 groups of inclina-

tions and dip angles were counted, and a polar stereographic
3.1. Dominant Grouping of the Slope’s Structural Plane. To  projection map and joint rose map of each observation point
comprehensively study the slope surface, joint fissures, and  were plotted. Then, the dominant structural plane grouping
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FIGURE 5: No. 4 observation point stereographic projection and joint rose map.

of each observation point was obtained to determine the
joint fracture development of the slope, as shown in
Figures 2-5.

There is a group of dominant structural planes at obser-
vation points 1~3, which are consistent with the slope incli-
nation. The slope has a steep inclination which is smaller
than the angle at the slope toe. There is a group of dominant
structural planes with the same inclination as the slope at
observation point 4. The intersection of the inclination of
the two groups of structural planes is consistent with the

slope inclination. The included angle between the intersec-
tion inclination of the structural plane and the slope inclina-
tion is less than 45°, and the intersection inclination is less
than the slope inclination, but the intersection inclination
angle is 10.3°, which is less than the joint fissure friction
angle of 16.3". Here, the slope basically has a stable structure.

3.2. Slope Deformation and Failure. Field investigations of
the slope show that the deformation is mainly unloading
rebound. Before the slope is formed, a certain amount of
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FIGURE 6: Deformation and failure diagram of the slope.

deformation energy is accumulated due to the influence of in
situ stress. After the slope is formed, the deformation energy
of the rock mass near the slope is released under the unload-
ing action of the free face, resulting in the deformation of the
slope. Due to the formation of the rebound load, the greater
the original residual structural stress, the greater the
rebound deformation of the free face. When the deformation
exceeds the limit state, a tensile fracture surface is generated.
The field investigations revealed an unloading tension crack
with a strike of 120°, a length of about 15m, a maximum
width of 5cm, and a maximum depth of about 0.5m with
no sliding at the rear edge of the slope. At the 454m step
on the south side of the slope, there are many tensile cracks
near the edge, of which the largest crack is about 40 cm wide,
15 cm narrow, and 60 cm long as shown in Figure 6.

The failure modes of the boundary slope within the
scope of this survey mainly include plane sliding, circular
arc failure, toppling failure, collapse failure, and so on:

(1) Plane sliding: it is characterized by the development
of a group of discontinuous structural planes with a
strike parallel to the slope, a tendency consistent
with the slope tendency, and a dip angle that is less
than or close to the slope angle in the slope’s rock
mass. When the slope’s rock mass slides along the
structural plane, it undergoes plane failure. Accord-
ing to the statistics from the joint fissure observation
points, there is a group of joint surfaces with a strike
parallel to the slope and a tendency consistent with
the slope inclination in each slope section of the sur-

vey slope. The dip angle is slightly steeper than the
slope angle, and the difference between the dip angle
of the structural plane and the slope angle is only
about 5°. However, when the slope excavated by
mining is steep or there is an overbreak-free surface
and these are combined with weathering, the
strength of the rock mass is reduced and the impact
of engineering activities such as blasting will affect
the slope and make it prone to plane failure

(2) Circular arc failure: when the rock mass of the slope

is in a broken to extremely broken state and the rock
mass is in a loose structure or cataclastic structure,
circular arc failure may occur. Under the influence
of blasting and mining activities, the rock mass at
the slope steps in this survey is generally broken~ex-
tremely broken at a depth of 20-25m and locally
within 30m, and circular arc sliding failure may
occur in the broken~extremely broken hill

(3) Toppling failure: when a steeply dipping joint plane

or schistosity plane is developed in a rock mass with
a massive structure and there is a free slope surface
parallel to the structural plane, the slope’s rock mass
can gradually deform and topple along the discon-
tinuous surface. Generally, the scale is not large,
and most of them are of the bench slope failure type.
According to the statistics of the joint fissures, there
is a group of steeply dipping joint surfaces with a
tendency basically consistent with that of the slope
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FIGURE 7: Section 1-1 and section 4-4 model diagram.

in this survey, especially the slope at section 3 and
section 4. In the section with the steep slope angle,
the slope rock mass has been overturned and the
scale is small, showing bench slope failure. If the
slope toe is enlarged, a free face will be formed,
which will gradually deform and dump the slope’s
rock mass along the discontinuous surface, resulting
in dumping failure of the slope’s rock mass

(4) Collapse failure: in steep slopes and slope sections,
collapse occurs easily when joints and fissures are
developed and the rock mass is broken. When the
positions of the various weak structural planes in a
rock mass are in the most unfavorable locations, col-
lapse also occurs easily. In addition, the change in
temperature between day and night and the change
in the seasonal temperature also promote rock
weathering, the scouring of surface water, and the
dissolution and softening of fissure fillings to form
a weak surface. Also, the infiltration of water
increases the hydrostatic pressure, and earthquakes,
mine blasting, and too high slope excavation destroy
the mountain slopes’ balance, which all promote the
occurrence of collapse

The statistics of the joints and fissures show that there
are many groups of very well-developed conjugate joints in
the surveyed slope. In addition, the slope is affected by min-
ing activities, resulting in the fragmentation of the slope’s
rock mass and making the slope easily prone to failure.

4. Slope Seepage Stability Analysis

The surface and groundwater of slope are important factors
causing slope instability. Rainwater also penetrates into the
slope joints to increase the water saturation of the slope’s
rock and soil mass. This reduces the substrate suction of
the unsaturated area and thus reduces the shear strength of
the rock mass. Slope instability occurs when the intensity
and time of rainfall exceed a certain range. Similarly, the
level of groundwater directly affects the stability of the slope,

TaBLE 2: Calculation parameters of the slope seepage stability.

wliing}tl ¢ Shear strength parameters
Rock-soil mass y (kKN/ Cohesion Angle of internal
m>) (kPa) friction ¢ (°)
Leptynite 26.4 200 35.0
Joint fissure 26.0 17.5 163
surface

and with the rise and fall of the water level, the shear
strength index of the rock mass changes.

Field investigations show that the rock and soil proper-
ties of slope are complex, and the rock and soil medium is
mainly composed of variable granular rock with joint and
fissure development and good permeability. Based on the
analysis of the slope deformation and failure mode, the
Janbu method in the GEOSLOPE software was used to ana-
lyze the slope seepage stability (Figure 7). The stability calcu-
lation was carried out considering 1-3 working conditions:
working condition 1—dead weight, without considering
the action of water; working condition 2—dead weight
+seepage, considering the effect of surface water and
groundwater seepage; and working condition 3—dead
weight+seepage-+earthquake. For working condition 2, seis-
mic action is considered. The parameters related to the sta-
bility calculation are shown in Table 2.

Section 1-1 is located on the east side of the slope. The
stratum is a metamorphic rock, joint fracture surfaces are
developed, and there are groups of joints that are basically
consistent with the slope inclination; however, the inclina-
tion is slightly larger than the slope angle. The possibility
of sliding failure along the joint fracture surface is not large,
and no groundwater was encountered during field drilling.
Therefore, given the large degree of weathering of the shal-
low surface of the slope, the joint cracks are cut and broken,
and the failure mode is sliding along the arc. The stability
calculation results of the working conditions (1-3) are shown
in Figure 8.

According to the circular arc sliding mode, the safety
factor of the 1-1 section is greater than the minimum safety
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FIGURE 8: Seepage calculation diagram of section 1-1.
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TaBLE 3: Calculation results of the seepage stability of the slope sections.

Sliding center

Section number Working condition

Slide-way radius (m)

Coeflicient of stability ~ Safety factor limit

x(m)  y(m)
Working condition 1 43.004 559.363 127.12 1.548 1.30
1-1 section Working condition 2 32.07 570.179 162.877 1.327 L.15
Working condition 3 34.06 569.4 145.56 1.206 1.10
Working condition 1~ 70.157  463.653 36.317 1.155 1.30
2-2 section Working condition 2 73.048  460.429 32.963 1.325 1.15
Working condition 3 75.399 457.808 30.418 1.061 1.10

{

Model bound-ary

T

I The undeveloped area of the random structural plane
I The development area of the random structural plane

FIGURE 10: Schematic diagram of the 3D model and the mesh division of the slope.

factor required by the geotechnical specifications under
working conditions 1, 2, and 3. On the whole, the section
is in a safe state. Under the condition of rainfall seepage,
the safety factor decreases slightly, indicating that rainfall
infiltration can lead to the decrease in the slope’s safety fac-
tor, which is an important factor in slope stability analysis
when the slope is in a stable state under seismic conditions.

Section 4-4 is located in the west side of the P1 slope.
The stratum is a metamorphic rock, the joint fracture sur-
face is developed, and it has an inclined distribution that is
steeper than the free surface of the slope, and it is steep cut-
ting. Sliding along the joint fracture surface is not likely to
occur. There is an excavation adit at about 410 meters, and
no groundwater was encountered during field drilling. Given
the large weathering degree of the shallow surface of the
slope, the joint cracks are cut and broken, and the failure
mode is sliding along the arc (Figure 9).

According to the circular arc sliding mode, the safety
factor of the 4-4 section is greater than the safety factor
required by the geotechnical specification under working
conditions 1 and 2. Under working condition 3, the Janbu
method was used to calculate the minimum safety factor
and ensure that it was less than the specification. The section
is in a dangerous area of the slope. Under the condition of
seismic seepage, the local slope is in an unstable state. There
is a possibility of integral step cutting and sliding failure
occurring on the grading platform of the slope. Combined
with the site, a steeply inclined joint fracture surface is also
developed here. The adit with an elevation of 410m has a

small diameter and a low buried depth. It is preliminarily
judged that it has little effect on the stability of the slope
and can be plugged at the opening, but the drainage channel
should still be retained (Table 3).

5. Three-Dimensional Numerical Simulation of
the Slope Stability

Model establishment and parameter selection of the geolog-
ical slope surface map of the slope in this 3D numerical sim-
ulation are carried out by using ANSYS and FLAC’"
software together. The size of this rocky slope model is
approximately 800 m in length along the east-west direction
of the slope, nearly 400 m in width from north to south, and
about 250 m in height of the slope vertically. Using the data
preprocessing function of ANSYS, the random structural
plane development area above the weathered crust on the
surface of the bedrock was divided into triangular tetrahe-
dral units, with a total of 11061 nodes and 56940 units. Hor-
izontal constraints were imposed on both sides (X and Y
directions) of the model, and vertical constraints were
imposed on the bottom (Z direction). The Mohr-Coulomb
constitutive model was adopted as shown in Figure 10.
According to the survey data, the lithology of the slope is
composed of leptynite. Therefore, according to the develop-
ment degree of the random structural plane of the rock and
the integrity division of the rock, the slope is divided into
two layers based on the influence of the random structural
plane on the stability. Taking 25 m from the bottom of the
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TABLE 4: Parameters of the rock slope model.

Density Poisson’s Elastic modulus Volume Shear Friction Cohesion Tensile
Name 3 ) modulus modulus o strength

(g/cm?) ratio (MPa) (MPa) (MPa) angle () (KPa) (MPa)
Random structural plane

B 2.64 0.24 40000 25640 16130 35.00 200 4.9

undeveloped leptynite
Random structural plane 2.6 0.25 32000 21333 12800 32.00 120 4.0

developed leptynite

Contour of Z-Displacement
Magfac = 0.000e+000

-3.8671e-003 to
-3.5000e-003 to
-3.0000e-003 to
-2.5000e-003 to
-2.0000e-003 to
-1.5000e-003 to
-1.0000e-003 to

-3.5000e-003
-3.0000e-003
-2.5000e-003
-2.0000e-003
-1.5000e-003
-1.0000e-003
-5.0000e-004

-5.0000e-004 to 0.0000e+000
0.0000e+000 to 3.7757e-004
Interval = 5.0e-004

bedrock model as the node, the upper part is the develop-
ment area of the random structural plane and the bottom
part is the undeveloped area of the random structural plane.
The entire slope is divided into two layers. The detailed
parameters of each stratum of the rock are shown in Table 4.

In the cloud chart of the stress analysis, the maximum
principal stress area is mainly the vertical self-weight stress,
which is distributed in the bottom of the slope, while the
minimum principal stress area corresponds to the face of
the slope facing the air. Locally, due to the dense develop-
ment of random structural planes, the stress is released to
the air face’s direction, resulting in a reverse tensile stress
area, which is more consistent with the toppling tensile crack
failure phenomenon formed by the development of fracture
zones on the surface of the slope (Figure 11).

In the cloud chart of the stress analysis, the displacement
in the X direction is greater than that in the Y direction.
Under the action of the gravity of the slip zone on the sur-
face of the air face, the displacement in the X direction is
generated from the top of the north slope to the bottom of
the south slope, which is consistent with the displacement
movement of the slope’s body in the opposite direction
along the main axis. The rock at the top of the slope com-
presses the rock at the bottom of the slope, resulting in the
fracture of the slope body, the rise of rock and soil, and the
displacement in the positive X direction. The displacement
in the Y direction is consistent with the movement in the
positive direction of the main axis because the terrain of
the slope is high in the east and low in the west. Taking
the highest ridge of the terrain as the displacement change
boundary, it gradually decreases to the west and the back-
up part is connected with the shear stress zone. Due to the

Block State
None
Shear-p

F1GURE 11: The cloud chart of maximum and minimum principal stress.

existence of tension cracks, local displacement relative to
the overall y-axis direction occurs, which is also consistent
with the actual situation on site. The displacement distribu-
tion in the Z direction is generally large at the top and small
at the bottom. This means that the vertical displacement of
the surface layer, especially at the north slope at the height
of the terrain, is the maximum and gradually decreases in
the downward and southward directions until it is consistent
with the displacement of the surrounding rock mass and
does not form a relative displacement (Figure 12).

It can be seen from the cloud chart of the plastic zone
that with the development of the random structural plane
on the surface of the slope, large and small shear plastic
zones are formed on the surface of the slope, especially at
the trailing edge of the slope, where a shear stress concentra-
tion zone is formed (Figure 13). When the shear strength of
the shear zone exceeds the ultimate shear strength of the
rock, the slope will become unstable. According to the cur-
rent calculation results and the actual situation on-site, there
is only one continuous shear zone that has not been pene-
trated, and this does not pose a serious threat to the stability
of the slope (Figure 14).

From the perspective of the entire slope, the deforma-
tion value of the section at X =350m is large. It can be
seen from the cloud chart that vertical displacement
occurs in the z-axis direction on the section and gradually
decreases from the slope top to the bottom. Due to the
compression of the slope into the pit, a large sliding trend
forms, resulting in tension failure of the pit’s bottom and
displacement along the positive direction of the z-axis.
Meanwhile, the tensile crack at the rear edge of the slope
decreases at the slope top, and the displacement gradually
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Contour of X-Displacement
Magfac= 0.000e+000
-7.4707e-004 to -6.0000e-004
-6.0000e-004 to -4.0000e-004
-4.0000e-004 to -2.0000e-004
-2.0000e-004 to 0.0000e+000
0.0000e+000 to  2.0000e-004
2.0000e-004 to  4.0000e-004
4.0000e-004 to  5.6091e-004

Interval = 2.0e-004

11

(a) The displacement cloud chart of the X direction

Contour of Y-Displacement
Magfac = 0.000e+000
-5.8724e-004 to -5.0000e-004
-5.0000e-004 to 0.0000e+000
0.0000e+000 to 5.0000e-004
5.0000e-004 to  1.0000e-003
1.0000e-003 to  1.5000e-003
1.5000e-003 to  2.0000e-003
2.0000e-003 to  2.4850e-003
Interval = 5.0e-004

(b) The displacement cloud chart of the Y direction

Contour of SMax

Magfac = 0.000e+000
Gradient Calculation
-1.2347e+006 to -1.2000e+006
-1.2000e+006 to -1.0000e+006
-1.0000e+006 to -8.0000e+005
-8.0000e+005 to -6.0000e+005
-6.0000e+005 to -4.0000e+005
-4.0000e+005 to -2.0000e+005
-2.0000e+005 to 0.0000e+000
0.0000e+000 to  1.6917e+005

Interval = 2.0e+005

(c) The displacement cloud chart of the Z direction

Contour of SMin

Magfac = 0.000e+000
Gradient calculation
-4.4719e+006 to -4.0000e+006
-4.0000e+006 to -3.5000e+006
-3.5000e+006 to -3.0000e+006
-3.0000e+006 to -2.5000e+006
-2.5000e+006 to -2.0000e+006
-2.0000e+006 to -1.5000e+006
-1.5000e+006 to -1.0000e+006
-1.0000e+006 to -5.0000e+ 005
-5.0000e+005 to  0.0000e+000
0.0000e+000 to  1.7382e+0051
Interval = 5.0e+005
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(d) The cloud diagram of the plastic belt

FIGURE 12: Displacement cloud chart and plastic zone of slope.

decreases. The displacement in the X direction of both
sides of the slope is small, and the displacement in the x
direction of the middle main slope is obviously less than
that in the Y direction; the displacement is mainly pro-
duced in the direction of the y-axis outside the north side
slope, which is consistent with the displacement of land-
slides along the main axis. Due to the extrusion of the

slope into the pit, the rock mass at the bottom of the pit
shows a large sliding trend, which causes the uplift of
the bottom of the pit to form tensile failure, and the trail-
ing edge of the slope pulls down cracks and generates pos-
itive displacement. The displacement distribution in the z
direction of the slope is generally consistent with the over-
all displacement distribution. The surface displacement
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Contour of SMin
Plane: on
Magfac = 0.000e+000
Gradient Calculation Contour of SMax
-4.9472e+006 to -4.5000e+006 Plane: on

-4.5000e+006 to -4.0000e+006
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F1Gure 14: Displacement cloud chart of x = 350 section of the slope.
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variation is the largest, and the downward displacement
value decreases gradually.

6. Conclusion

In this study, the rock slope of an open-pit mine was taken
as the research object. The physical parameters of each rock
layer were obtained by means of field geological exploration,
engineering drilling, geophysical exploration, and large-scale
direct shear tests. The seepage deformation and failure were
analyzed using GEOSLOPE, and a three-dimensional
numerical simulation of the slope was carried out using
FLAC’". The following conclusions are obtained:

(1) The 1~3 observation points have consistent slope
inclination values and a steep dip angle that is close
to the slope angle and slightly larger than the angle
of the slope toe of the dominant structural plane;
the intersection inclination of the two groups of
structural planes at observation point 4 is consistent
with the slope inclination. The angle between the
intersection inclination of the structural planes and
the slope inclination is less than 45°, and the inter-
section inclination angle is less than the slope incli-
nation angle, but the intersection inclination angle
is 10.3°, which is less than the joint fracture friction
angle of 16.3". The slope basically has a stable
structure

(2) The Janbu method was used to calculate and analyze
the seepage stability of the slope. Under the action of
rainfall seepage, the safety factor of the 1-1 section
decreases, but it is in a stable state. The safety factor
of the 4-4 section is less than the minimum safety
factor under three working conditions, making it a
dangerous area. There is a possibility of overall slid-
ing failure occurring on the slope platform

(3) The maximum principal stress area is mainly vertical
self-weight stress that is distributed in the lower part
of the slope, and the minimum principal stress area
corresponds to the free surface of the slope. Due to
the dense development of random structural sur-
faces, the local stress is released in the free direction,
and a reverse tensile stress area appears, which is
consistent with the failure phenomenon of the top-
pling tensile fracture caused by the development of
the random structural surface of the slope
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