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Abstract: Slope stability of open pit mines has been a hot issue of economic and safety concern. In order to
reduce the accidental casualties caused by slope instability, targeted reinforcement solutions should be pro-
posed for them. In this paper, GeoStudio and FLAC3D software were used to model the slope an open pit
mine. The safety factors of the slope under natural, rainfall and seismic conditions are analyzed in turn. Addi-
tionally, the safety factors derived from different algorithms are compared to mutually verify the reliability of
the slope stability analysis. Two sets of reinforcement design solutions — anchor rod and anti-slip pile — are
proposed. Then, the two solutions are optimized so that the safety factors of the slope under three conditions
reach 1.3, 1.2 and 1.1, respectively, and the optimal solution is selected from the two solutions by combining
the economic benefits. The results show that the optimized anchor and anti-slide pile reinforcement solutions
result in the safety factors of the slope under different conditions, reaching 1.441, 1.258, and 1.324 and 1.4,
1.238, and 1.23, respectively. The anti-slide pile reinforcement solution is more economical than the anchor
reinforcement solution, so it is recommended that the anti-slide pile reinforcement solution should be chosen
as the final solution.
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1. INTRODUCTION

In order to meet the growing energy demand of the country, a large number of coal
resources have been developed and utilized, and many large surface mines have
gradually entered the stage of deep recess mining or underground mining (Xiaoming
2010). Due to the complex geological conditions of the mine site, together with the
influence of engineering disturbances and environmental factors, the slope stability
problem has been restricting the economic development of the mine. From the per-
spective of profit maximization, the larger the slope angle of open pit mines and the
smaller the stripping ratio, the higher the economic benefits, but the steeper the slope,
which can directly cause loss of life and property (Verma et al. 2011). The problem
of slope stability has been addressed by scholars in various fields, and research
methods in this field have matured, coming to include the limit equilibrium method,
the numerical analysis method, and the limit analysis method (DENG 2021; Azmoon
etal. 2021).

On the basis of static equilibrium, the limit equilibrium method divides the rock
and soil masses into a number of slices, constructs a balance equation for each slice,
and then determines the balance relationship of the whole slope in order to derive the
safety factor (Kainthola et al. 2013). This family of methods includes the Fellenious
method (Deng et al. 2016), the Janbu method (Li et al. 2019), the Bishop method
(Alejano et al. 2011), the Spencer method (Harabinova 2017), the Sarma method
(Kalatehjari et al. 2013), Morgenstern and Price’s method (Kumar et al. 2021), etc.
Agam et al. (2016) applied Spencer’s method and the General Limit Equilibrium
method for slices using the Mohr—Coulomb failure criterion in order to perform the
comparative analysis of a slope in Kepong, Kuala Lumpur, with the aim of determin-
ing the influence of varying parameters values on changes in safety factor. Tutluoglu
et al. (2011) accurately determined the dynamic friction angle of a critical weak clay
layer beneath a lignite seam using a two-dimensional limit equilibrium method and
a three-dimensional finite-difference model.

Numerical analysis methods have become the principal direction of current research
by virtue of their speed, accuracy, and ability to simulate slope excavation and support,
including the finite element method (Bui et al. 2011; Li et al. 2016), the boundary element
method (Yang et al. 2016), the discrete unit method (Coetzee 2017), fast Lagrangian anal-
ysis (FLAC) (Fengshan et al. 2016), etc. Vyazmensky A et al. (2010) used finite element
and discrete element modeling methods to analyze the development process of block
cave-induced step damage in the slope of a large open pit mine. Nian et al. (2012) used an
elastoplastic finite element method using strength-reduction techniques to discuss the ef-
fects of curvature angle, slope gradient, and convex- and concave-shaped surface geome-
try on the stability and failure characteristics of slopes under various boundary conditions.
Wei et al. (2009) used the strength reduction and limit equilibrium methods to analyze
slopes, and found that both methods yielded better safety factors and damage models, but
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that the strength reduction method was more sensitive to convergence criteria, boundary
conditions, and grid design, making it difficult to determine the limit state. Vishal et al.
(2015) studied a surface coal mine slope in Jharia using numerical code Phase? based on
finite element method to study the stability of two types of slopes.

The soil is considered to be an ideal plastic body when using the limit analysis
method. The upper and lower limit theories have been used to derive the range of ulti-
mate bearing capacity and to subsequently conduct stability analysis (Tschuchnigg et al.
2015; Utili 2013). The upper limit theory requires the construction of a reasonable ve-
locity field, at which time the load is the upper load limit; the lower limit theory requires
the establishment of an appropriate stress field to ensure that all parts of the soil are able
to achieve stress equilibrium, at which time the load is the lower load limit (Leshchinsky
et al. 2015). Based on the kinematic theorem of limit analysis, Nadukuru et al. (2013)
analyzed the slopes in three dimensions and determined the displacement solutions for
slopes under seismic action, which were applied to the three-dimensional damage model
of slopes in order to propose a reasonable range of width and slope height ratios for
projects such as excavated slopes.

The limit equilibrium method can be used to estimate the safety factor of slopes
without considering the initial conditions, but the stress - strain relationship of the soil
is excluded. Neverthless, the strength reduction method can be used to obtain infor-
mation regarding soil stress, displacement, and pore pressure that cannot be obtained
using the limit equilibrium method (Faiz et al. 2020; Liu et al. 2015, ). The organic
combination of these two methods can make the study of slope stability more reliable.
However, there are few studies combining the two methods to analyze the stability of
open pit slopes in two and three dimensions and to design the slope reinforcement.
Therefore, in this study, GeoStudio software based on the limit equilibrium method and
FLAC3D software based on the strength reduction method are both used to simulate the
slope, analyze the stability of the slope under different conditions (natural, heavy rain-
fall, earthquake), and propose designs for reinforcement. The optimal reinforcement so-
lution can be obtained by comparing the safety coefficient, slope displacement and
stress conditions after reinforcement.

2. FIELD OVERVIEW

2.1. GEOLOGICAL AND ENVIRONMENTAL CONDITIONS

The exposed strata in the area where the slope of the open pit is located are mainly tuffs
of the Permian Upper Emeishan Basalt Group (P»f3), mudstones of the Devonian Middle
Haikou Group (D:h), and sandstones of the Triassic Upper Shezhi Group (T3s) underlain
by mudstones (D;h). Groundwater types can be divided into two categories: loose rock-
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like pore water and clastic rock-like fracture water. The bedrock mountain mostly forms
steep hills under the influence of tectonics. The mudstone and sandstone are easy to
form differential weathering , and the strong weathering zone is generally several meters
thick, resulting in the development of residual slope and colluvial slope.

2.2. PHYSICAL AND MECHANICAL PARAMETERS
OF THE GEOTECHNICAL BODY

All kinds of rock and soil mass were sampled and tested to determine the physical and
mechanical parameters of the geotechnical bodies, as shown in Table 1.

Table 1. Physical and mechanical parameters of rock and soil mass

Rock-soi | Gravity | Cohesion fricltr;:)en”;lwI le rrL%liJrI]Ss Poisson ratio
body  |[KN/mf]| [KPa] ] 9 [MPa]
Silty clay 19 135 115 25.1 0.3
Peblly soil 20 16 25 10.1 0.25
Gravelly soil 21 30.5 19.7 20 0.27
Sandstone 26.4 200 27 14500 0.2
Mudstone 26 3800 25 2000 0.3

2.3. WORKING CONDITION SETTING

Stability analysis of the slope was performed under different conditions, including
(1) natural conditions, (2) rainstorm conditions (93.77 mm/24 h), and (3) seismic
condition; according to the data, the earthquake intensity was 9 degrees and the ac-
celeration was 0.30 g.

3. NUMERICAL SIMULATION ANALYSIS
OF THE ORIGINAL SLOPE

3.1. ESTABLISHMENT OF THE MODEL

The profile was imported into GeoStudio software in order to establish a two-dimen-
sional model, and the mesh was divided using Rhino6 and imported into FLAC3D to
establish a three-dimensional model. The gravity, friction angle and cohesion of the soil
were input into the corresponding areas, so as to specify the materials in different areas.
The GeoStudio and FLAC3D models established on the basis of the physical and me-
chanical parameters of the geotechnical body are shown in Figs. 1 and 2.
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Fig. 1. GeoStudio model
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Fig. 2. FLAC3D model

3.2. ANALYSIS OF CALCULATION RESULTS

GeoStudio software, which uses the limit equilibrium method, is able to simulate the
slope using the Ordinary method, the Janbu method, the Bishop method, etc., for the
purposes of calculating the safety factor and critical slip surface. Meanwhile, the
FLAC3D algorithm is based on the strength reduction method, and simulates the slope
in three dimensions in order to obtain the safety factor and plastic zone distribution.
The two simulation results obtained under different conditions are summarized in
Table 2, for the purpose of comparing and analyzing the results obtained using differ-
ent methods.

Although FLAC3D and GeoStudio use different algorithms, the results of the two al-
gorithms are similar. The results obtained using the Morgenstern—Price method, the Spen-
cer method and the Bishop method are comparable, and are generally large, while the
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results obtained using the Janbu method and the Ordinary method are similar, and are,
overall, small. The calculation results obtained using the Morgenstern—Price method and
the Spencer method under natural and storm conditions are identical, and the results ob-
tained using the Spencer method are closer to the calculation results obtained using the
strength reduction method than those obtained using the Morgenstern—Price method under
seismic conditions. According to the provisions of the Landslide Prevention Engineering
Exploration Code, shown in Table 3, the safety coefficients of the slope under the three
working conditions are less than 1; therefore, the slope can be deemed to have been un-
stable under all three conditions.

Table 2. Summary of slope safety factors under different working conditions

Calculation Limit equilibrium method Strength

method | Morgenstern reduction
price | SPencer | Bishop | Janbu | Ordinary method

Natural 0.785 | 0.785 | 0.787 |0.735| 0.747 | 0.777

conditions

Rainstorm

conditions 0.635 0.635 | 0.636 | 0.594| 0.604 0.629

Seismic 0.724 | 0725 | 0.726 | 0.676| 0.686 | 0.736

conditions

Table 3. Scale of stability of landslide

Safety factor (Fs) [Fs<1.00{1.0<Fs<1.05|1.05<Fs<115|Fs<1.15
Stable state unstable less stable basically stable | stable

3.3. ANALYSIS OF SIMULATION RESULTS

3.3.1. SLIP SURFACE ANALYSIS

The simulation results of the slope under the three different conditions were roughly
similar, and the safety factor of slope under rainstorm conditions was the lowest, while
the risk was the highest. Therefore, the simulation results obtained for the slope under
rainstorm conditions were taken as an example for further analysis.

The slip surface simulated by GeoStudio is shown in Fig. 3, and is concentrated in
the middle and upper part of the original slope. The height and width of the sliding
surface are about 36m and 76m respectively. The distribution of the maximum shear
strain increment of the original slope is shown in Fig. 4. There is a plastic zone in the
middle and upper part of the slope, and the maximum shear strain increment of this part
is significantly larger than that of the surrounding soil. On the left side of the top of the
slope, the maximum shear strain increment reaches its maximum value. The slip surfaces
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simulated by the two software packages are roughly similar, and the slope is dominated
by circular and arc slip surfaces.

Hight

Fig. 3. GeoStudio simulation result

Plot Plot01

FLAC3D 6.00

©2018 Itasca Consulting Group, Inc.

Zone Maximum Shear Strain Inerement

Calculated by: Volumetric Averaging
3.4823E+00
3.2500E+00
3.0000E+00
2.7500E+00
2.5000E+00
2.2500E+00
2.0000E+00
1.7500E+00
1.5000E+00
1.2500E+00
1.0000E+00
7.5000E-01
5.0000E-01
2.5000E-01
2.7471E-06

Fig. 4. FLAC3D simulation result

3.3.2. CHARACTERISTICS OF DISPLACEMENT DISTRIBUTION

In order to perform the stability analysis of the slope in multiple respects, the compre-
hensive displacement of the original slope under rainstorm conditions was extracted,
as shown in Fig. 5. There is a sliding surface similar to a circular arc in the middle
and upper part of the slope, which is consistent with the simulation results obtained
for the plastic zone depicted in Fig. 4. The displacement above the arc is significantly
higher than that of the surrounding soil, and the maximum displacement reaches
24.1 m, which is located at the top of the slope.
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Fig. 5. Displacement distribution map of the original slope

3.3.3. CHARACTERISTICS OF STRESS DISTRIBUTION

The stress distribution in the horizontal direction of the slope under rainstorm conditions
is shown in Fig. 6. The horizontal stress mainly consists of compressive stress, which
grows with increasing slope depth, and the peak value is located at the bottom of the
right side of the slope, reaching 5.37 x 10° Pa.
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Fig. 6. Original horizontal stress cloud of slope

The vertical stress of the slope is shown in Fig. 7. The compressive stress of the
slope shows a hierarchical distribution, and its contour line is parallel to the slope
surface. The compressive stress increases with increasing slope depth, reaching
a maximum value of 0.68 x10° Pa at the bottom of slope.
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Fig. 2. Vertical stress cloud image of the original slope

The allocation of the maximum principal stress is shown in Fig. 8. The values of the
maximum principal stress are all negative, indicating that all parts of the slope are under
compressive stress. On the whole, the stress value increases with decreasing slope ele-
vation, reaching a maximum value of 4.21 x 105 Pa at the bottom of the slope, indicating
that the slope is mainly affected by stress in the vertical direction.
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Fig. 8. Original maximum principal stress distribution diagram of the slope

3.4. REINFORCEMENT REQUIREMENTS

On the basis of the analysis performed using the limit equilibrium method and the strength
reduction method, it can be seen that the slopes under the three different conditions face the
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risk of landslides caused by instability. So it is urgent to manage the slope. According to the
relevant requirements presented in the Landslide Prevention Engineering Exploration Code,
the hazard level of the open-pit mine slope is Grade I. The safety factor of the reinforced
slope should reach 1.30 under natural conditions, 1.20 under continuous rainfall conditions
and 1.10 under seismic conditions, as shown in Table 4.

Table 4. Requirements of landslide safety factor under different working conditions

No. Calculated conditions Safety factor of anti-slip stability
natural conditions 1.30
rainstorm conditions 1.20
3 reismic conditions 1.10

4. SLOPE REINFORCEMENT STUDY

According to the above simulation results, the original slope is unstable under the three
different conditions, among which the safety factor of the slope under rainstorm condi-
tions is the lowest, with these being the conditions under which the slope is the most un-
stable. If the safety factor of slope under storm conditions is able to meet the requirements,
the slope under natural and seismic conditions will also be able to reach a stable state.
Because of the high risk of open-pit mine slope, deep reinforcements such as anchor rein-
forcement and anti-slide pile reinforcement were adopted. Therefore, these two schemes
were studied below; the displacement of the slope was analyzed using numerical methods,
and the parameters were optimized. With the aim of ensuring that the safety factor of the
slope meets the requirements, the two optimized schemes were compared in order to select
the best solution (Yang et al. 2015).

4.1. ANCHOR REINFORCEMENT SCHEME STUDY

4.1.1. OPTIMIZATION OF ANCHOR LENGTH

The anchor rod length is critical to the reinforcement measures and depends mainly on
whether the end of the anchor rod crosses the slip surface. If the anchor rod is too short to
cross the slip surface, it cannot provide sufficient tensile strength and cannot achieve the
desired reinforcement effect; if the anchor rod is too long, it will be able to provide suffi-
cient tensile strength, but will also be economically wasteful. The safety factor of the slope
with anchor lengths between 18 m and 22 m was analyzed and the results compared. The
relationship between anchor length and safety factor is shown in Fig. 9. The safety factor
increases with increasing anchor length, and remains unchanged at lengths greater than
20 m. Therefore, in order to ensure the effectiveness of reinforcement measures and to not
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cause economic problems such as material waste, the optimal anchor length was deter-

mined to be 20 m.
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Fig. 9. Diagram of the relation between anchor length and safety factor

4.1.2. OPTIMIZATION OF ANCHORING ANGLE

The anchoring angle is a very important parameter in the design of anchor reinforcement.
If the anchorage angle is too wide, the horizontal component force will be too small to
achieve the expected reinforcement effect. Meanwhile, small anchoring angles can cause
engineering problems such as grouting body settlement. Different anchoring angles can
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Fig. 10. Diagram of the relation between safety factor and anchorage angle
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directly affect the slope support performance. The anchoring angle should not exceed 45°,
and the best effect is achieved when the anchoring angle is between 20° and 25° (Xinrong
2015; Dong et al. 2020; Li et al. 2012). Therefore, the safety factor of the slope with an-
chorage angles in the range of 20°—25° was simulated and calculated. As shown in Fig, 10,
the change characteristics of the safety factor of the slope under the three different condi-
tions are consistent. With increasing achoring angle, the safety factor decreases, so the
optimal angle was determined to be 20°.

4.1.3. OPTIMIZATION OF BOND LENGTH

Whether the anchor is effective also depends on the bond length of the anchor, so the
safety factor of the slope with bond length ranging from 5 m to 10 m was simulated and
studied. The results are shown in Fig. 11, where the safety factor increases continuously
with increasing bond length. When the bond length is 9 m, the safety factor under storm
conditions is 1.209, meeting the reinforcement requirements. The bond length of 10 m
also meets the reinforcement requirements, but uses more material than a bond length
of 9 m. In consideration of economic efficiency, the optimum bonding length of the
anchor should be set as 9 m.
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Fig. 11. Diagram of relation between safety factor and bond length

4.1.4. OPTIMIZATION OF ANCHOR SPACING

When designing an anchor reinforcement scheme, anchor spacing is an important ele-
ment to be considered in order to ensure both economic efficiency and the improvement
of safety factor. If the anchor rod spacing is too small, a group anchor effect will occur,
and the anchor rods will influence each other, thus affecting the reinforcement effect of
the anchor rods. If the anchor rod spacing is too wide, the pressure on individual anchor
rods will be too high, leading to the destruction of anchor rods. Therefore, anchor rod
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spacing should be reasonably determined, with the optimal anchor rod spacing being
within the range 2-5 m (Tao 2013). On the basis of simulation, it was found that the
safety factor of the slope under all conditions is able to meet the requirements when the
spacing is 2 m. However, when the spacing is greater than 2 m, the safety factor is too
low to meet the reinforcement requirements. Therefore, in this study, the anchor spacing
was set as 2 m.

4.1.5. OPTIMIZATION OF ANCHOR ROW SPACING

Following optimization, parameters such as the anchor length and anchorage angle
were determined. In addition, FLAC3D was then used to simulate the reinforced
slope in order to study the stability of the slope with row spacings of 2 m, 4 m, 6 m
and 8 m, respectively. The relationship between the row spacing and the safety factor
of the slope is presented in Fig. 12. The results show that the four reinforcement
schemes with different row spacings all result in a safety factor that meets the safety
requirements. Increasing the row spacing of the anchor can reduce the economic
cost, but with a consequent decrease in the safety factor and stability of the slope.
In consideration of the safety factor and economic cost, it is also necessary to pre-
vent the occurrence of excessive slope displacement and bolt failure. Therefore, it
is necessary to analyze the displacement of the slope and the bolt to determine the
optimal row spacing.

| ] B
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5 1351
s A
W S -
1.3F
* ...
1.95 1 1 1 1 77-.7.7\‘_77:77_’
2 3 4 5 6 7 8

Row spacing (m)
Fig. 12. Diagram of the relation between bolt row spacing and safety factor

The slope and anchor node displacement after reinforcement under the three working
conditions with different row spacings were roughly similar. Taking the slope under
continuous rainfall as an example, the slope and bolt displacement are shown in Fig. 13.
A circular surface appears at the top of the slope, and the displacement of the part above
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this surface is significantly larger than that of the surrounding soil, and the area of dis-
placement change is obviously decreased compared with that before reinforcement.

The closer the anchor is to the slope surface, the greater the displacement, indicating
that the load at the top of the anchor is greater than that at the bottom of the anchor. The
closer the same row of anchors is to the middle of the slope, the greater the amount of
displacement occurring, showing that the stress in the middle of the slope is greater than
that at other parts, and the anchor rods are subjected to a greater load force.
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Fig. 13. Displacement distribution diagram of the slope and the anchor bolt
The peak displacements of slope and anchor nodes under the natural, rainfall and

seismic conditions are summarized in Table 5, which shows that the peak displacements
of the slope and anchor nodes are the smallest when the row spacing is 6 m.

Table 5. Peak displacement of the slope and anchor nodes with different row spacings

R Peak displacement of slope [m] Peak displacement of anchor nodes [m]
spa(():\i,xg Natural Rainstorm Seismic Natural Rainstorm Seismic
conditions conditions conditions conditions conditions conditions
2m 6.04 5.84 7.52 4.48 4.33 5.26
4m 7.64 7.09 6.79 4,52 4.38 5.25
6m 5.08 522 7.12 441 4.28 5.18
8m 5.52 5.82 8.07 4.42 4.32 5.19

To ensure the stability of the slope, the safety factor should be increased as much as
possible, meanwhile, the displacement of the anchor rod should be minimized to ensure
that the anchor rod is not damaged. Considering the economic benefits, the row spacing
should be 6 m for anchor rod reinforcement, not only guaranteeing the slope stability
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and the effectiveness of the anchor rod, but also reducing the economic expenditure.
The longitudinal depth of the slope is 10 m, and two rows are set with a row spacing
of 6 m, with 16 anchors in each row and 32 anchors in total. The safety factor of the
reinforced slope under different conditions is shown in Table 6, and the values obtained
are able to meet the slope reinforcement design requirements.

Table 6. Safety factor of slope reinforced with anchor bolts with 6 m spacing

Conditions | Natural conditions | Rainstorm conditions | Seismic conditions
Safety factor 1.441 1.258 1.324

4.2. ANTI-SLIDE PILE REINFORCEMENT SCHEME STUDY

4.2.1. OPTIMIZATION OF THE NUMBER OF ANTI-SLIDE PILES

In the design of the anti-slide pile reinforcement scheme, the number of piles is one of
the factors that must be considered. The greater the number of piles, the better the rein-
forcement effect will be. However, too many piles will only increase the economic cost,
so the optimal number of anti-slide piles needs to be determined. Slopes with different
numbers of piles were simulated, and the results are shown in Fig. 14. The results show
that the safety factor of the slope under the three conditions showed an upward trend
with increasing numbers of piles. When the number of anti-slide piles is four, the safety
factor of the slope under the different working conditions is able to meet the reinforce-
ment requirements. To avoid material waste and reduce unnecessary economic cost, the
optimal number of anti-slide piles was determined to be four.
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Fig. 14. Diagram of the relationship between safety factor and number of anti-slide piles
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4.2.2. OPTIMIZATION OF THE SPACING OF ANTI-SLIDE PILES

After the determination of the number of anti-slide piles, the spacing of the anti-slide
piles is also a factor that is necessary to consider. Spacings of anti-slide piles that are
either too large or too small are not conducive to achieving the reinforcement effect.
Therefore, the safety factor of the slope under different working conditions with pile
spacings ranging from 15 m to 20 m was studied, and the simulation results are shown
in Fig. 15. When the pile spacing is less than 18 m, the variation trend of the safety
factor under different conditions is consistent, and increases with increasing pile spacing,
but does not meet the reinforcement requirements. When the pile spacing is greater than
18 m, the changes in the safety factor under the three conditions are different. The safety
factor under natural conditions first decreases and then increases; the safety factor under
storm conditions shows a trend of first increasing and then decreasing; and the safety
factor under seismic conditions shows a decreasing trend. According to the above sim-
ulation of the original slope, the safety factor under rainstorm conditions is the lowest,
and the slope is the most unstable. Therefore, the design should be based on rainstorm
conditions in order to maximize the safety factor of the slope under rainstorm conditions
following reinforcement. Finally, a pile spacing 19 m was selected.
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Fig. 15. Diagram of the relationship between pile spacing and safety factor

4.2.3. OPTIMIZATION OF THE ANTI-SLIDE PILE DIAMETER

In this study, cylindrical anti-slide piles were used for reinforcement, so the influence
of the diameter of the anti-slide pile on the stability of the slope should be considered.
If the diameter is too small, the safety factor will not be able to meet the requirements
or provide reinforcement, while if the diameter of the pile is too large, it will result in
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material waste and increased economic cost. The safety factor of the slope under differ-
ent pile diameter conditions — 0.2 m, 0.4 m, 0.6 m, 0.8 m, 1 m, 1.2 m and 1.4 m — was
calculated, and the results are presented in Fig. 16. The results show that the variation of the
slope safety factor under the three conditions is consistent, and generally shows a trend that
first increases and then slowly decreases. When the pile diameter is 0.4 m, the safety factor
of the slope under various working conditions meets the reinforcement requirements. If the
diameter continues to increase, this will only result in increased economic cost. Therefore,
the optimal pile diameter was finally determined to be 0.4 m.
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Fig. 16. Diagram of the relationship between pile diameter and safety factor

4.2.4. OPTIMIZATION OF ANCHORAGE DEPTH OF ANTI-SLIDE PILES

The depth of anti-slide piles in the subsurface is also one of the factors affecting
the reinforcement effect. If the anti-slide pile is too short and does not cross the slip
surface, it cannot perform its reinforcement role. If the anti-slide pile is too long, it will
result in material waste and increase the economic cost. The lowest point of the anti-
slide pile is determined on the same horizontal plane (i.e., the lowest elevation of each
row of anti-slide piles is identical), and the anchorage depth and length of anti-slide
piles are described by the lowest anchorage point elevation of anti-slide piles. The
smaller the anchorage point elevation, the greater the anchorage depth of the anti-slide
piles driven from the surface, and the longer the length of the anti-slide piles. The safety
factor of the slope was simulated using different anchorage point elevations, and the
results are shown in Fig. 17. The greater the anchorage point elevation, the smaller the
anchorage depth of the anti-slide pile and the lower the safety factor. When the anchorage
point elevation is greater than 38 m, the safety factor decreases to its minimum value and
does not change anymore. When the elevation of the anchorage point is lower than 38 m,
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the safety factor is able to meet the reinforcement requirements. Compared with 37 m,
in the 35 m and 36 m cases, the length of anti-slide pile is longer, and the economic cost
is higher. So the elevation of the anchorage point was determined to be 37 m.
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4.2.5. OPTIMIZATION OF ANTI-SLIDE PILE ROW SPACING

After the optimization of the anti-slip pile parameters, the simulation of the reinforced
slope needs to be continued using FLAC3D in order to study the effect of different row
spacings on the reinforcement effect of anti-slip piles, and the results are shown in Fig. 18.
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Fig. 18. Relation diagram of the distance between anti-slide pile rows and safety factor
With increasing row spacing distance, the safety factor shows a general decreasing trend.
In addition, the safety factor of the slope at a row spacing of 6 m and a row spacing
of 8 m does not meet the reinforcement requirements, so only row spacings of 2 m
and 4 m need to be studied further.

Under different row spacings, the degrees of displacement of the slope and anti-slide
pile nodes are roughly similar. The slope under continuous rainfall it taken as an exam-
ple, as shown in Fig. 19. The displacement peaks of the anti-slide piles are all located at
the top of the first row of anti-slip piles, and the displacement decreases from the top of
anti-slip piles to the bottom. Similar to the anchor reinforcement scheme, the area where
the peak displacement is concentrated is still the top of the slope, and the displacement
decreases from the top to the bottom of the slope. However, when anti-slide piles are
used for reinforcement, a new displacement change area appears in the middle of the
slope, but the displacement change in this area has little effect on the overall stability of
the slope.
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Fig. 19. Displacement distribution diagram of the slope and anti-slide piles

Table 7. Peak displacement of slope and anti-slide pile nodes with different row spacings

Peak displacement of slope [m] Peak displacement of pile nodes [m]
s;?:\i,:,]g Nat_u.ral Rain§t9rm Seisp_wic Nat}J_raI Rain§t9rm Seisrr_ﬂc
conditions conditions conditions conditions conditions conditions
2m 6.87 7.16 10.84 0.76 0.79 0.96
4m 21.92 20.42 29.43 2.99 3.42 6.61

The peak displacements of the slope and anti-slide piles under different working
conditions are shown in Table 7. The peak displacement with a row spacing of 2 m is
smaller than that with a row spacing of 4 m. The peak displacement of anti-slide piles
with a row spacing of 2 m is at the decimeter level, while the peak displacement of anti-
slip pile with a row spacing of 4 m is at the meter level, so the reinforcement effect is
better with a row spacing of 2 m.

To ensure the stability of the slope, the safety factor of the slope should be increased.
In addition, the displacement of the anti-slide piles should be reduced as much as pos-
sible in order to ensure that the anti-slide piles are not destroyed. Therefore, a row spac-
ing of 2 m should be set for anti-slide pile reinforcement. When the longitudinal depth
of the slope is 10 m and the row spacing is 2 m, five rows should be set with four anti-
slide piles in each row, amounting to a total of 20 anti-slide piles. The different safety
factors of the slope under different working conditions are shown in Table 8, where they
are shown to meet the requirements of slope reinforcement.
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Table 8. Safety factor of slope reinforced by 2 m row spacing anti-slide piles

Conditions | Natural conditions | Rainstorm conditions | Seismic conditions
Safety factor 1.4 1.238 1.23

4.3. COMPARISON OF THE REINFORCEMENT SCHEME
BETWEEN ANCHOR AND ANTI-SLIDE PILE

In accordance with the optimal reinforcement scheme determined on the basis of the
above simulation analysis, the anchor reinforcement scheme is more effective than the
anti-slide pile reinforcement scheme, and the safety factor of the slope is relatively high.
However, the safety factors of the slope under the two schemes are comparable, and
both of them are able to meet the reinforcement requirements. With respect to economic
considerations, 32 anchor rods are needed to implement the anchor reinforcement
scheme, but only 20 anti-slide piles are needed to implement the anti-slide pile rein-
forcement scheme. Therefore, the anti-slide pile reinforcement scheme is more econom-
ical for ensuring the stability of slope.

5. CONCLUSIONS

Utilizing the site data of an open-pit mine slope, GeoStudio and FLAC3D were used to
analyze the stability of the original slope and to propose a reinforcement plan; the fol-
lowing conclusions were drawn:

1. The GeoStudio and FLAC3D were used to simulate the original slope, and the
safety factors solved by the different algorithms were similar, indicating a certain
reliability. The results showed that the slope was in an unstable state under all
three working conditions.

2. On the basis of the optimization of the anchor parameters, an anchor length of 20 m,
an anchorage angle of 20°, a bond length of 9 m, an anchor spacing of 2 m, and
a row spacing of 6 m were obtained. A total of 32 anchor rods were employed.
The safety factors of the slope under the different working conditions were 1.441,
1.258 and 1.324, respectively.

3. On the basis of the optimization of the anti-slip pile parameters, an anti-slip pile
number of 4, a pile spacing of 19 m, a pile diameter of 0.4 m, an anchorage point
elevation of 37 m, and a row spacing of 2 m were obtained. A total of 20 anti-
slide piles were required. The safety factors of the slope under the different work-
ing conditions were 1.4, 1.238 and 1.23, respectively.

4. By comparing the two schemes, on the premise of ensuring the effectiveness of
slope reinforcement measures, combined with economic considerations, it is rec-
ommended to adopt the anti-slide pile reinforcement scheme.
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