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Abstract: Underground coal seam mining significantly reduces the stability of slopes, especially
soil slopes, and an accurate evaluation of the stability of soil slopes under underground mining
conditions is crucial for mining safety. In this study, the impact of coal seam mining is considered as
the additional horizontal and vertical stresses acting on the slope, and an equation for calculating the
safety factor of soil slopes under underground mining conditions is derived based on the rigorous
Janbu method. Then, the Improved Radial Movement Optimization (IRMO) algorithm is introduced
and combined with Lévy flight optimization to conduct global optimization searches, obtaining the
critical sliding surface and corresponding safety factor of the soil slope under underground coal
seam mining. Through comparisons with the numerical simulation results in three different case
studies, the feasibility of applying the IRMO algorithm with Lévy flight to analyze the stability of
soil slopes under underground mining is demonstrated. This ensures the accuracy and stability of
the calculation results while maintaining a high convergence efficiency. Furthermore, the effects of
the mining thickness and mining direction on slope stability are analyzed, and the results indicate
that a smaller mining thickness and mining along the slope are advantageous for slope stability. The
method proposed in this study provides valuable insights for preventing the slope instability hazards
caused by underground coal seam mining.

Keywords: improved radial movement optimization (IRMO) algorithm; Lévy flight; underground
coal seam mining; slope stability

MSC: 68120; 74L10

1. Introduction

China is a country with abundant coal resources, but there is very little coal suitable
for open-pit mining. A large amount of coal resources are deeply buried beneath mountains
and existing slopes [1,2]. Therefore, underground mining has become a new trend in coal
resource development. However, when mining coal seams under soil slopes, the goaf
formed by mining changes the original stress equilibrium state of the slope, leading to
phenomena such as slope collapse and landslides in mining areas [3,4]. These unstable
slopes not only pose a serious threat to the lives of residents but also damage farmland
vegetation, exacerbating soil erosion and desertification [5,6].

Therefore, conducting in-depth research on the stability of soil slopes under underground
coal seam mining is of great significance. In terms of the deformation and failure mechanisms of
soil slopes under underground mining, scholars have conducted research using similar model
tests and numerical simulations. Wang et al. [7], through similar simulation tests, summarized
that the deformation evolution of slopes under underground coal mining has three stages:
surface modification, structural modification, and time-dependent deformation. Ding et al. [8]
and Shi et al. [9], focusing on the Anjialing coal mine, established a FLAC3D numerical analysis

Mathematics 2024, 12, 1566. https:/ /doi.org/10.3390/math12101566

https://www.mdpi.com/journal /mathematics


https://doi.org/10.3390/math12101566
https://doi.org/10.3390/math12101566
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com
https://orcid.org/0000-0003-3109-1833
https://doi.org/10.3390/math12101566
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com/article/10.3390/math12101566?type=check_update&version=1

Mathematics 2024, 12, 1566

2 0f 23

model and a similar test model to investigate the mechanical behavior of overlying strata and
the deformation process of slopes during coal mining, respectively.

In addition to clarifying the deformation and failure mechanisms, a quantitative assess-
ment of the stability of slopes under underground coal seam mining is also essential. The slope
safety factor is an essential metric for assessing the stability of slopes. Scholars have studied
the computation and solution of the safety factor using the finite element and limit equilibrium
methods for slopes subjected to underground mining in great detail [10,11]. Leng et al. [12],
based on the Hoek-Brown strength criterion, calculated the safety factor of karst slopes in Pusa
after underground mining using FLAC3D, and obtained the changes in the stability of the
karst slope after mining. Zhang et al. [13], using FLAC3D, calculated the variation in the slope
safety factor caused by different mining conditions and determined that the influence level of
the goaf on slope stability is related to its scale and relative position to the slope. Xu et al. [14],
based on the mechanism of bedding plane landslides induced by underground coal mining
and the characteristics of mining-induced landslides, analyzed the influence of mining on
slopes from the perspective of changes in the sliding surface morphology. They derived a
calculation formula for the safety factor of slopes considering mining effects based on the limit
equilibrium theory. Shi et al. [15] combined the ant colony and genetic algorithms to search for
the sliding surface of slopes jointly. They used the vector sum method, considering the stress
field of slopes, to solve the safety factor of slopes under mining conditions. Zhang et al. [16]
studied the influence of the depth/thickness ratio on slope stability using the limit equilibrium
method, based on an analysis of the surface movements induced by underground coal mining
and additional stresses on the slope.

The key to using the limit equilibrium method to calculate the safety factor of soil
slopes under underground coal seam mining is to find the critical sliding surface corre-
sponding to the minimum safety factor from multiple potential sliding surfaces. Scholars
have used various optimization algorithms such as genetic algorithms [17,18], ant colony
algorithms [15,19], and particle swarm algorithms [20,21] to address this issue and have
achieved good results. As a new type of metaheuristic optimization algorithm, the IRMO
algorithm has a high convergence speed and excellent global search capabilities. It has
been widely applied in the field of slope stability analysis [22-24] and foundation bear-
ing capacity analysis [25], and has gained widespread recognition. Although the IRMO
algorithm has good performance compared to other algorithms, there is still the problem
of not being able to escape the local extremum when solving complex high-dimensional
nonlinear problems. Lévy flight is a type of random walk with a heavy-tailed distribution
of step length [26], and can be combined with the IRMO algorithm to avoid getting stuck
in local optima and improve the accuracy of the calculation results.

This study conducted a stability analysis of soil slopes under underground coal seam
mining using the IRMO algorithm with Lévy flight. Based on the rigorous Janbu method,
the additional horizontal and vertical stresses caused by mining were considered in force
and moment equilibrium, leading to the derivation of the calculation equation for the safety
factor of soil slopes under underground coal seam mining. This equation was then set as the
fitness function for the IRMO algorithm with Lévy flight to locate the critical sliding surface
and its corresponding minimum safety factor. The feasibility of the proposed method is
demonstrated through three different case studies, and the influence of different coal seam
mining thicknesses and mining directions on slope stability is studied.

2. Analysis of Soil Slope Stability under Underground Coal Seam Mining
2.1. Sliding Surface Model of Slopes under Underground Coal Seam Mining

Underground coal seam mining causes deformation that results in the production of
vertical cracks at the top of the slope, which significantly affects the shape of the sliding
surface of the slope. The lower limit of the depth /1 of these cracks can be calculated
according to Equation (1), and the upper limit does not exceed half of the slope height [27].
By considering the influence of vertical cracks and combining this with the non-circular
sliding surface construction method proposed by Zolfaghari [18], the sliding surface model
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of slopes under underground mining can be established, as shown in Figure 1. The
expression and constraints of the sliding surface are shown in Equation (2).

h— %tan(45° + g) (1)

where c is the cohesion of the soil, ¢ is the internal friction angle of the soil, and v is the
volumetric weight of the soil.

Xmin < X < Xmax

hmin <h< hmax (2)

10° < aq < 70°

0° < Aa; < 30°
where x is the starting position of the sliding surface, typically taken as xmin = 0, and xmax
is taken as half of the length of the slope model; /1 is the depth of the vertical crack, where
hmin is calculated according to Equation (1), and /max is taken as half of the slope height;
1 is the angle between the bottom surface of the first block and the vertical direction; and
Au; is the incremental angle of the subsequent block relative to the previous one.

yﬂ
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Figure 1. Sliding surface model of slopes under underground mining.

2.2. Calculation of Slope Safety Factor under Underground Coal Seam Mining
2.2.1. Additional Stress Caused by Underground Mining

Unlike slopes under common conditions, the goaf formed by underground mining
results in slopes with two free faces: the foot of the slope and the goaf, subjecting the slope
to the effects of mining subsidence and slope sliding simultaneously. Therefore, in addition
to its weight, the slope also experiences additional horizontal stress F, and vertical stress Fj
due to surface horizontal deformation, inclination, and subsidence. The specific calculation
formulas are as follows [16,28,29]:

E, = P,C;W; 3)
Fy = niW; + n;cl (4)
P, = IF tan B (5)

Ci = Me; +€) +&(i; + i) (6)

i = (Pww;)/(H— Hg) (7)

where Py, is the mining influence coefficient. C; is the coefficient for calculating additional
horizontal stress. W; is the weight of the i-th slice. #; is the coefficient for calculating
additional vertical stress. M is the mining thickness. H is the mean mining depth under
the slope. D is the mining width. F is the lithological coefficient, which can be selected
according to Table 1. B is the slope angle. i; and i;’ are, respectively, the static and dynamic
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inclination deformation of the top edge of the i-th slice; when the direction of inclination
deformation is the same as the inclination of the slope, take a positive value, and when
it is opposite, take a negative value. ¢; and ¢/ are, respectively, the static and dynamic
horizontal deformation of the top edge of the i-th slice, ¢; is positive for extension and
negative for compression, and ¢;’ is always positive and its value is about 60% of ¢;; this is
only considered when ¢; is negative and the slice is located above the goaf area. A is the
lateral pressure coefficient, A = u/(1 — u). p is Poisson’s ratio. w; is the subsidence of the
top edge of the i-th slice. ¢ = Hs/H, Hg is the height of the slope.

Table 1. Lithological coefficient.

Name of Rock and Name of Rock and

Earth Mass F Earth Mass F
Slope deposits and silty sand 1.0~1.2  Sandy shale (calcareous cementation)  1.8~2.0
. Medium hard
Silty clay and clay 1.2~14 sandstone and limestone 2.0~2.2
Mudstone and siltstone 1.4~1.6 Hard sandstone and limestone 2.2~25

Extremely hard limestone and

quartz sandstone 2.8-3.0

Sandy mudstone and muddy shale ~ 1.6~1.8

2.2.2. Calculation Method Based on Janbu Method

The Janbu method, as a type of limit equilibrium method, simultaneously considers
both force equilibrium and moment equilibrium. It is applicable to slip surfaces of any shape
and exhibits high accuracy. Therefore, this paper adopts the Janbu method, considering the
additional horizontal stress and additional vertical stress, to derive the calculation formula for
the slope safety factor under underground mining. As shown in Figure 2, a Janbu method
slice mechanical analysis model of slopes under underground mining is established. In
the model, E; and E;,; are the normal forces between slices. T; and T, are the tangential
forces between slices. W; is the weight of the i-th slice. F, is the additional horizontal stress
induced by underground mining on the i-th slice. Fj, is the additional vertical stress induced
by underground mining on the i-th slice. N; is the normal force on the bottom of the i-th slice.
S, is the tangential force on the bottom of the i-th slice. «; is the angle between the bottom of
the i-th slice and the horizontal direction. Ax; is the width of the i-th slice. y; and y;,1 are the
heights of tangential forces. p; is the vertical distance from the centroid of the slice to the center
O; of the sliding surface. /; is the bottom length of the i-th slice.

Ax;
E -
b
F Ei
, b R
Yi WrE, | Tia
iy ! Yis
'
~ 0,
S; d a,-, |
N \

Figure 2. Mechanical analysis model of slice i.

The specific derivation process is as follows:
From )_ F, = 0, the following can be derived:

AEi = Ei+1 - Ei = Ni sin N — Sl' cos &; + F, (8)
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From }_ F, = 0, the following can be derived:
Njcosa; =Ti11 —T; + Wy + F, — S;sina; = AT; + W; + F, — S;sina; 9)
Therefore:
Sil’l2 2%
AE; = —S;(cosa; + oS )+ (AT; + W; + F,) tana; + F, (10)
1
For the entire slice, there is Y AE; = 0:
sin? a;
Y AE; = —) _Si(cosa; + e )+ Y (AT, + Wi + F) tana; + F, = 0 (11)
1
Take the moment for point O;, from ) M = 0, the following can be derived:
Ax; Ax; Ax;
(T + Ti+1)71 + Ei(yi + 71 tana;) + Fap; = Eip1(Yig1 — Tl tana;) (12)
Equation (12) can be simplified as follows:
(T; + Tiy1) tan «; Yi pi Yir1 tana;
E; F =E; - 13
2 + l( 2 +A.x1)+ ani Z+1(Ax1’ 2 ) ( )

Substituting T; ;1 = T; + AT, into Equation (13) and neglecting higher-order terms, the
following can be derived:

Yi+1 tan «; Yi tan «;
T, = (E; + AE; _andiy g fang
1 ( l+ l)(A.xl 2 ) I(Axi + 2

According to the theory of shear strength, the limit equilibrium condition at the sliding
surface is as follows:

)~ F L (14)

Tl cil; tan ¢
S
S S S
where I; = Ax;/ cos a;j; by solving Equations (9) and (15) simultaneously, the following can
be concluded:

(15)

(ATi + W; + F,) tan @ + ciAx;

S — 16
! sina; tan ¢ + Fs cos &; (16)
Substituting Equation (16) into Equation (11), the following can be derived:
2.
Y {cilicosa; + (AT; + W; + F) tan <P}Hstf§7¢f‘a’mi
Fs = = (17)

Yy (ATZ' + W; + Pb) tana; + F,

Equation (17) is an implicit function for Fg, which needs to be solved by an iterative
method. The specific process is as follows:

1.  Initially assume AT; = 0, in which case Equation (17) only has Fs as an unknown quantity.

2. Use the Newton-Raphson iteration method to solve Equation (17), obtaining the first
safety factor Fg;.

3. Substitute Fs and AT; into Equation (16) to calculate S; for each slice. Then, substitute S;
into Equation (10) to obtain AE; for each slice. Substitute E; and AE; into Equation (14)
to obtain T; and AT;.

4.  Substitute the newly obtained AT; into Equation (17) to obtain a new safety factor Fg;.

5. Repeat steps 3 and 4 until Fs; — Fs;_1 < J, where J is the accuracy of a preset safety
factor, typically set to 6 = 0.005. The final obtained Fyg is the safety factor of slopes
under underground mining.

3. Improved Radial Movement Optimization
3.1. Concepts of IRMO

Rahmani and Yusof [30] proposed the Radial Movement Optimization (RMO) al-
gorithm in 2014. This algorithm is characterized by its simplicity, small storage space
requirement, rapid convergence, and resistance to premature convergence. However, when
applying this algorithm to calculate the slope safety factor and search for a critical sliding
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surface, it was found that the computed results failed to converge to the same sliding
surface, indicating instability. To address this issue, Pan et al. [24] improved the data
structure based on the RMO algorithm and proposed the IRMO algorithm. By considering
the self-feedback capability of particles, the IRMO algorithm enhances the accuracy and
stability of search results.

3.1.1. The Working Principle of IRMO

(1) Generate the initial particle group

Within the algorithm, define a matrix [X] of size nop x nod to store the position
information of nop particles in a nod-dimensional space. Randomly generate the initial
particle position X; according to Equations (18) and (19), and the range of values for each
particle in the j-th dimension is [minx;, maxx;](1 < j < nod). Calculate and compare the
fitness function value f(X;) of the initial particle group (1 < i < nop) and select the particle
with the minimum fitness function value in the initial particle group as the initial center
position Center!. And set this position as the current global best position Gbest'.

x;; = minx; + rand (0, 1) (maxx; — minx;) (18)

Xi=1[xi1 X2 - Xiuod] (19)

(2) Generate a new generation of the particle group

Considering the self-feedback capability of particles, generate the position of the new
generation of the particle group according to Equations (20) and (21). Then, calculate the
fitness function value f (Xf‘) of the new generation of each particle X;. Update the best
position Rbest* of this generation with the minimum value between the fitness function
values of the new and previous generation. If Rbest* is superior to the global best position
Gbestt, update Gbest* as well.

o Center}‘ + rand(—0.5,0.5)'(maxx]- — minx]-)-Wk, p < WTk 20)
ij = k=1~ Wk
xi/j /p - 2
‘ k
Wt=1- cP= rand(0,1) (21)

where k is the current number of iterations.

(3) Update central position

The new center position is influenced by both the best position of this generation Rbest®
and the global best position Gbest*, which can be calculated using Equation (22). In this
equation, C1 and C2 are scaling factors affecting the convergence speed and computational
accuracy. Their values range from 0.4 to 0.9 [30]. In this study, we take C1 = 0.4 and C2 = 0.5.

Center™ = Center* + C1(Gbest" — Center’) + C2(Rbest* — Center*) (22)

(4) Algorithm stop condition

If k has not reached the maximum number of iterations G, return to step (2) to continue
the calculation until the condition is met. At this point, the global best position Gbest*
represents the optimal optimization path, and the fitness function value of the best position
is the desired extremum of the multidimensional function.

3.1.2. The Particle Position Update Strategy Based on Lévy Flight

The IRMO algorithm sometimes encounters the issue of getting trapped in local optima
when generating new-generation particle positions. Lévy flight is a random walk process with
step lengths following a heavy-tailed distribution. Its movement pattern, characterized by
frequent short steps interspersed with occasional long steps, enables it to escape local optima
and exhibits good global search capabilities [31]. By utilizing Lévy flight for optimization
when generating new generations of particles, the algorithm can meet the requirements for
convergence accuracy while also having a certain probability of generating larger step lengths,
thereby escaping local optima and achieving the global optimum.
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—’ Determine the fitness function and variables

-

The step length S of Lévy flight can be calculated using the Mantegna method [32]:
u
where u and v are random numbers drawn from normal distributions, and u follows N(0,0?)
and v follows N(0,1), with § = 1.5.
o can be calculated using Equation (24):

) (24)

Therefore, the equation for updating the positions of new generations of particles in
the IRMO algorithm can be represented by Equation (25):

o Center}‘ + rand(—0.5,0.5)- (maxx; — minx]-)-Wk, p < WTk

= 25
& fo.‘,]fl + AGbest* + 0.01(Gbest* — xf]fl)S, p> WTk @)

where C = 2 x rand(0,1) x (1 — é), A= eGl%lG—k.
The flowchart of the IRMO algorithm with Lévy flight is shown in Figure 3.

|
|
ISet parameters and generate
: the initial particle group
|
|

Randomly generate nop initial generation of particles Xj; and fitness
value f(X;). Compare and set f(Gbest)=min f(X,), X, = Center' = Gbest'

position update strategy
based on Levy flight

.|Generate new particles Xf, ,» and|

|
|
|
I
o . | Yes No | . o | Generate a new generation of
x;, = Center; +rand(-0.5,0.5)* (max x, —minx, ) * W’ X, =Cx; ) +AGbest” +0.01(Gbest” —x;)S | particle group using the
I
I
I
|
|

" lcalculate each f(x*)

Yes S(X[)=£(X))
X = x}

Rbest = X}

|

|

|

|

|

|

|

| Update the central position
| of particle group
|

|

|

|

|

|

|

s |/ (Ghest)= f(X))
Ghest = X}

Update the center particle

Center'™' = Center* + C1(Gbest* — Center®)

+C2(Rbest* —Center")

Figure 3. The flowchart of the IRMO algorithm with Lévy flight.
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3.1.3. Simulation Case Analysis

To verify the superiority of the IRMO algorithm with Lévy flight, testing is conducted
using the Sphere function and Rastrigin function. The Sphere function is a unimodal
benchmark function with a unique global minimum value of 0, while the Rastrigin function
is a multimodal benchmark function with multiple local extrema and a global minimum
value of 0, as is shown in Table 2.

Table 2. Benchmark functions.

Name Expression Dimension Range
Sphere o) =¥ 22 30 x; € [—~100,100]
i=1
P n
Rastrigin f(x) = ¥ (22 —10cos(27x;) + 10) 30 x; € [-5.12,5.12]
i=1

The number of particles (nop) is set as 50. The maximum iteration number (G) is 1000.
The Sphere function and Rastrigin function are each tested 20 times using the IRMO
algorithm with Lévy flight and without Lévy flight.

Table 3 shows that the IRMO algorithm with Lévy flight achieves higher precision
in the search results. Although it requires slightly more search time, the trade-off is
acceptable. Lévy flight sacrifices a relatively small amount of computational efficiency
for higher computational accuracy, resulting in a superior search performance for the
IRMO algorithm.

Table 3. Results of benchmark functions.

The IRMO Algorithm without Lévy Flight The IRMO Algorithm with Lévy Flight

Function N .
Mean Value Mean Search Time Mean Value Mean Search Time
Sphere 5.7479 x 1078 0.1655 3.9515 x 10717 0.2729
Rastrigin 6.1 x 1073 0.1778 1.4588 x 1078 0.2912

3.2. Implementation of IRMO

In the IRMO algorithm, the nod-dimensional vectors representing particle positions
can correspond to the variable set [x, h, a1, Axy, Aag, -+ - - - , Awy] for constructing the slid-
ing surfaces of slope under underground mining. Thus, using nop particles to represent nop
sliding surfaces, a matrix can be constructed, as shown in Equation (26):

X100 hp  owz Dags o Dagueg
o1 hap a3 Aaps - Aag e
Xij = : : : : - : (26)
nop,1 nop, nop, nop4 T °° nop,no
Xnop1 Mnop2 ®nop3  Dlnop Dttyop,nod

After constructing the sliding surface of slopes under underground mining and divid-
ing it into slices, the calculation equation for the safety factor of slope under underground
coal seam mining (Equation (17)) is used as the fitness function of the IRMO algorithm with
Lévy flight. Subsequently, the algorithm is used to calculate and compare the safety factors
of each sliding surface. The movement of particles in the solution space is manifested as
the movement of sliding surfaces in the slope model. Ultimately, the sliding surface with
the minimum safety factor represents the critical sliding surface of the slope.

According to the above theory, a program for analyzing the stability of soil slopes
under underground coal seam mining based on the IRMO algorithm with Lévy flight
has been developed using QT Creator 4.12.2. In practical use, the user needs to input
parameters such as the soil material properties of the slope (cohesion ¢, internal friction
angle ¢, volumetric weight ), coal mining conditions (mining thickness M, mining depth H,
mining width D, lithology factor F), the subsidence and deformation of the slope (slope
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subsidence w, inclination deformation 7 and horizontal deformation ¢), and the parameters
of the IRMO algorithm (the number of particles nop, particles dimension nod, and maximum
iteration count G).

In the process of slope stability analysis, the correct selection of parameters such as
the soil material properties of the slope, coal mining conditions, and the subsidence and
deformation of the slope is crucial, as this determines the accuracy of the analysis results.
Therefore, the complexity of geological conditions and the errors in the surface displacement
monitoring system are issues that cannot be ignored. For the selection of soil and rock
material parameters, multiple samples should be taken within the mining area and the
average of the laboratory test results should be used. The selection of parameters for coal
seam mining conditions should be determined based on the distribution, the properties
of coal seams, and the actual mining situation in the mining area. For the selection of
parameters for the subsidence and deformation of the slope, the surface displacement
monitoring results and FLAC3D numerical simulation results can be comprehensively
considered to ensure the rationality of parameter selection.

The specific workflow for the stability analysis of soil slopes under underground coal
seam mining based on the IRMO algorithm with Lévy flight is illustrated in Figure 4.

Establish the slope slices Limit equilibrium analysis of
according to the non-circular slices based on the rigorous
sliding surface model Janbu method
v A 4
Variables of non-circular Fitness function of slope
sliding surface safety factor

y

IRMO algorithm with Lévy flight

y
Input parameters:
soil material properties of the slope (c, ¢, y), coal mining conditions (M,
H, D, F), the subsidence and deformation of the slope (w, i, €)

A 4

Output results:
Critical sliding surface and minimum slope safety factor

Figure 4. The flowchart of the stability analysis of soil slopes under underground coal seam mining.

4. Case Studies

To validate the feasibility of the stability analysis of soil slopes under underground
coal seam mining based on the IRMO algorithm with Lévy flight in this study, the following
cases will be analyzed and verified.

4.1. Case Study 1: Slope under Full Mining

Case study 1 refers to the literature of Zhao et al. [33]. The slope in this case is located
in the Ningtiaota coal mine in northern Shaanxi, China. The predominant soil strata
composition in this area is loess, while the rock strata mainly consist of sandstone. Figure 5
shows the model of the slope under underground coal mining in case study 1, and the
material parameters of each rock and soil strata are listed in Table 4.
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Figure 5. Slope model of case study 1.

Table 4. Material parameters of case study 1.

60

90

120

150

180 210 240 270 300 330 360 390
Horizontal distance (m)

Litholo Cohesion Internal Friction =~ Volumetric Weight Poisson’s  Elastic Modulus Tensile Strength
8y c/(kPa) Angle ¢/(°) ¥I(N/m3) Ratio u E/(GPa) o¢/(MPa)
Soil strata 6.95 27.5 17.4 0.25 0.12 0.02
Rock strata 4750 38 23.8 0.3 2.5
Coal 1620 22 13.3 0.38 0.5

Referring to the literature [33], the overlying rock strata thickness above the coal
seam in the model is 90 m. To ensure full mining, the mining width D of the coal seam
is set to 1.5 times the mining depth H. Additionally, the ratio of the overlying rock strata
thickness to soil strata thickness J; and the ratio of the rock strata thickness to mining
thickness J¢ are used as influencing parameters to categorize different mining conditions.
The IRMO algorithm with Lévy flight is used to calculate the slope safety factor under
different underground mining conditions, and compared with the results calculated by

FLAC3D in case study 1; the calculation results are listed in Table 5.

Table 5. Underground mining conditions and calculation results.

Mining Conditions

Mining Influence Coefficient P,,

Fs of Case Study 1 [33]

Fs of This Study

Jz Jc
1 30 1.0825 1.1615 1.1426
1 45 0.7216 1.2467 1.2022
2 30 1.0825 1.1832 1.1983
2 45 0.7216 1.2579 1.2398
3 30 1.0825 1.1946 1.2264
3 45 0.7216 1.2637 1.2572
4 30 1.0825 1.2022 1.2367
4 45 0.7216 1.2687 1.2663
Unexcavated — 1.3370 1.3412

Figure 6 shows the variation curve of the slope safety factor under different mining
conditions. It can be observed that the safety factor obtained from both studies exhibits the
same trend, increasing with the increase of Jz. Moreover, the slope safety factor calculated
using the IRMO algorithm with Lévy flight is very close to the results in the literature [33],
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with a maximum difference of only 0.0445, which is within an acceptable range. This indicates
that the calculation results of the method proposed in this study are highly accurate.

1.32 .
—&— J=30,This study
r--m--J=30,Case study 1

1.28 | —®—J~=45,This study
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112 , . | | | | |

1 : : 4
Jz

Figure 6. Slope safety factor under different mining conditions.

In addition to the accuracy of the calculation results, stability is also an important
indicator used to measure the feasibility of the algorithm. The IRMO algorithm with Lévy
flight and the RMO algorithm were utilized to perform 20 searches for four excavation
conditions, with J¢ set to 30, and Jz set to 1, 2, 3, and 4, respectively. The results of the slope
safety factor and critical sliding surfaces obtained from 20 consecutive runs are shown in
Figures 7 and 8, respectively.
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Figure 7. Search results of the slope safety factor.
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Figure 8. Search results of the critical sliding surfaces of the slope.

From Figure 7 and Table 6, it can be observed that compared to the RMO algorithm, the
slope safety factor calculated using the IRMO algorithm with Lévy flight for 20 consecutive
runs under different mining conditions has smaller average values and standard deviations,
with a maximum standard deviation of only 0.0012. These results for the IRMO algorithm
with Lévy flight show a better performance regarding stability.

Table 6. Comparison of stability between IRMO with Lévy flight and RMO after 20 runs.

The IRMO Algorithm with Lévy Flight The RMO Algorithm
Mining Condition
Average Fg Standard Deviation Average Fg Standard Deviation
Jc=30,]z=1 1.1426 0.0008 1.1543 0.0041
Jc=30,]z=2 1.1983 0.0012 1.2207 0.0075
Jc=30,]7=3 1.2264 0.0007 1.2363 0.0067
Jc=30,]z7=4 1.2367 0.0009 1.2615 0.0056
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In Figure 8, the black line represents the critical sliding surfaces obtained using the
IRMO algorithm with Lévy flight, while the red line represents the critical sliding sur-
faces obtained using the RMO algorithm. Figure 8 reveals that compared to the RMO
algorithm, the critical sliding surfaces obtained from 20 consecutive runs using the IRMO
algorithm with Lévy flight under the four different mining conditions all have higher
overlaps and smaller fluctuation ranges. These results from Figures 7 and 8 demon-
strate the high stability of the IRMO algorithm with Lévy flight when applied to calculat-
ing the slope safety factor and searching for the critical sliding surfaces of slopes under
underground mining.

Figure 9 shows the convergence of the slope safety factor with the number of iterations
under different mining conditions using the IRMO algorithm with Lévy flight and the
RMO algorithm, respectively. It can be observed that compared to the RMO algorithm, the
IRMO algorithm with Lévy flight has a faster convergence speed, and that the safety factor
of all four mining conditions reaches stability before the 45th iteration. This indicates that
the IRMO algorithm with Lévy flight possesses the advantages of a fast convergence and
high computational efficiency.

2.0 22
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Figure 9. The comparison of the convergence efficiency of algorithms under different mining conditions.

Figure 10 illustrates the variation in the critical sliding surfaces of the slope constructed
by the IRMO algorithm with Lévy flight, with Jc set to 30, and ]z set to 1, 2, 3, and 4,
respectively. As the soil thickness increases, the starting point of the critical sliding surface
moves further away from the slope crest, and the area of the critical sliding surface increases,
indicating that the slope is more disturbed by the goaf.
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Figure 10. The critical sliding surface of the slope under different mining conditions.

4.2. Case Study 2: Slope under Stepwise Mining

In reference to the case study by Ren Peng [34], the feasibility of applying the IRMO
algorithm with Lévy flight to the stability analysis of slope under underground mining
is further validated by comparing it with the results from FLAC3D. The studied slope
in case study 2 is located in the Antaibao coal mine in Shuozhou, China. The region is
characterized by loess hilly terrain, with a thick layer of clay covering the surface. The
specific model of the slope is depicted in Figure 11, and the material parameters of the
slope’s rock and soil strata are listed in Table 7.

250
Clay
200
Medium and coarse sandstone
g 150 |
g 4#Coal
% 100 |- Medium and coarse sandstone
" ——
50
Fine and silty sandstone
0 " ] . 1 , ] ] , ] . ] A
0 90 180 270 360 450 540 630
Horizontal distance (m)
Figure 11. Slope model of case study 2.
Table 7. Material parameters of case study 2.
Litholo Cohesion  Internal Friction = Volumetric Weight Poisson’s  Elastic Modulus Tensile Strength
8y c/(kPa) Angle ¢/(°) ¥/(kN/m3) Ratio u E/(GPa) o¢/(MPa)
Clay 23 27.5 19.5 0.25 0.12 0.02
Medium and 846 28 22.1 0.21 243 6.6
Coarse sandstone
Fine and Silty 889 29 24.8 0.23 239 7.1
sandstone
4#Coal 110 22 14.1 0.36 2.1 0.7
9#Coal 120 22 14.2 0.36 25 0.7
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Excavation of the 4# coal seam is carried out in steps, with each step advancing 10 m. The
mining thickness M is 10 m, and the mining depth H is 74 m. The safety factor of the clay slope
after each step of excavation is calculated using both the IRMO algorithm with Lévy flight and
FLAC3D. The specific excavation settings and calculation results are shown in Table 8.

Table 8. Stepwise excavation settings and calculation results.

Excavation The x-Coordinate of the Minin, Mining Influence .
Situation Excavation Area (m) Width (1%1) Coefgcient P,, Fs of FLAC3D  Fs of This Study

Unexcavated — — — 1.52 1.4912
First excavation 250~260 10 0.3378 1.49 1.4823
Second excavation 250~270 20 0.6757 1.45 1.4601
Third excavation 250~280 30 1.0135 1.41 1.4222
Fourth excavation 250~290 40 1.3514 1.36 1.3679
Fifth excavation 250~300 50 1.6892 1.31 1.3013
Sixth excavation 250~310 60 2.0271 1.24 1.2211
Seventh excavation 250~320 70 2.3649 1.14 1.0621

Figure 12 shows the contour map of the maximum shear strain increment obtained from
the FLAC3D simulation after stepwise excavation. The contour map of the maximum shear
strain increment reflects the evolution process of internal movement paths within the slope.
It can be observed that when excavation to 20 m is performed, the internal structure of the
slope remains stable without significant damage. Upon excavation to 40 m, shear strain
increments penetrate to the slope crest on the left side and to the slope toe on the right side of
the goaf, while a potential sliding surface emerges. With further excavation to 60 m, the shear
strain increment and the area of the potential sliding surface continue to increase, indicating a
significant decrease in slope stability and a higher risk of landslide instability.

(a)

1.0700x10°
9.4000x10*

Figure 12. Contour map of maximum shear strain increment. (a) Not excavated; (b) Excavated 20 m;
(c) Excavated 40 m; (d) Excavated 60 m.

To further investigate the accuracy of the IRMO algorithm with Lévy flight, the safety
factor and critical sliding surface of the clay slope under underground mining condi-
tions obtained using the IRMO algorithm with Lévy flight are compared with the results
from the FLAC3D numerical simulations. The specific comparison results are shown in
Figures 13 and 14, respectively.
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Figure 13. Comparison of slope safety factor.
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(a)Unexcavated (b)Mining width of 60 meters

Figure 14. Comparison of the critical sliding surface.

From Figure 13, it can be observed that the safety factor of the clay slope after stepwise
excavation obtained by both methods exhibits the same trend of decreasing with increasing
mining width, and the rate of decrease in the slope safety factor gradually accelerates.
Moreover, the safety factor obtained using the IRMO algorithm with Lévy flight is very
close to that obtained using FLAC3D numerical simulation, with a maximum difference
of only 7.1%. In Figure 14, the red solid line represents the critical sliding surface of the
slope constructed using the IRMO algorithm with Lévy flight, while the black dashed line
represents the slope sliding surface obtained by FLAC3D numerical simulation. It can be
noticed that the critical sliding surfaces obtained by both methods have a high degree of
overlap. Additionally, the critical sliding surface with tensile cracks constructed using the
IRMO algorithm with Lévy flight is closer to the top of the slope compared to the circular
sliding surface. The comparison with numerical simulation results fully demonstrates the
high feasibility of using the IRMO algorithm with Lévy flight to analyze the stability of
slopes under underground mining.

4.3. Case Study 3: Sliding Fissures of Slope

When the slope is located above the goaf, the coupling effect of surface fragmentation
and slope movement causes the formation of sliding fissures on the slope surface, signifi-
cantly reducing the stability of the slope. Reference [28] provides a predictive formula for
the development of sliding fissures, as shown in Equations (27)—(29). K represents the ratio
of the down-sliding force of each slice to the anti-sliding force. The maximum value of K
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corresponds to the least stable slope block, resulting in local failure and the formation of
sliding fissures.

T; = W;[(1 + ;) sina; + P, C; cos ;] (27)

R; = W;tan @;[(1 + ;) cos &; — Py, C; sina;] + ¢;l; (28)
n n

K=Y'T,/Y R (29)
=1 =

where T; is the down-sliding force of each slice, and R; is the anti-sliding force of each slice.

After determining the development position of the sliding fissure in the slope under
underground mining, the sliding fissure angle can be calculated according to Equation (30).
As shown in Figure 15, S is the development position of the sliding fissure, z is the vertical
distance from the sliding fissure to the goaf, d is the horizontal distance from the sliding
fissure to the boundary of the goaf, and ¢ is the sliding fissure angle.

= arctang (30)

o

Al

d

Figure 15. Profile of sliding fissure.

Referring to the case study of slope under underground coal seam mining in the literature
by Liu et al. [28], the critical sliding surface of the slope was determined using the IRMO
algorithm with Lévy flight, and the sliding fissure angle was calculated in this study. The
slope is situated in the Daliuta coal mine of the Shendong mining area in China, and the
geological structure of the area is simple, mainly composed of sandstone and fine sandstone.
The main component of the slope is clay, and the properties of the slope are adopted as follows:
¢ =26KPa, ¢ =24°, v = 189 kN/m°, u = 0.26 [28]. The slope model and the critical sliding
surface obtained by using the IRMO algorithm with Lévy flight are shown in Figure 16.

150
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~
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1 . \
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] . \
25 :

1 iGoaf 5/‘
OHI'I'I'I'I H
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Figure 16. Slope model of case study 3.
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After obtaining the division of slices on the sliding surface of the slope under underground

mining, the T; and R; of each slice are calculated according to Equations (27) and (28). Finally,
the value of K at each slice is calculated. The specific calculation results are listed in Table 9.

Table 9. Calculation results of each slice.

Slice n YTl (kN) Y iR/ (kN) K
1 1848.32 1101.16 1.678
2 5010.22 2728.37 1.836
3 9114.76 4714.88 1.933
4 12,977.07 7023.57 1.848
5 16,913.11 9465.49 1.787
6 20,294.02 12,057.51 1.683
7 22,845.88 14,634.72 1.561
8 24,605.19 16,985.94 1.449
9 25,456.52 18,869.64 1.349
10 25,465.75 19,927.12 1.278

From Table 9, it can be observed that the maximum value of K occurs at the third slice
of the slope, indicating the most likely location for the development of the sliding fissure.
From this, the sliding fissure angle is calculated to be § = 74.5°. As shown in Table 10,
the slope safety factor and sliding fissure angle obtained using the IRMO algorithm with
Lévy flight are in good agreement with the field-measured data. This indicates that the
application of the IRMO algorithm with Lévy flight for analyzing the stability of slopes

under underground mining is highly feasible.

Table 10. Comparison of calculation results.

Method of Calculation Slope Safety Factor Sliding Fissure Angle Error

Field measurement [28] instability 76.4° —
Liu’s study [28] 0.816 75.3° 1.44%
This study 0.783 74.5° 2.49%

5. The Influence of Different Underground Mining Conditions on Slope Stability

The stability of soil slopes under underground coal seam mining is not only related to
the geological conditions and hydrogeological conditions but also to the mining conditions,
such as the mining thickness and mining direction. In this section, the IRMO algorithm
with Lévy flight is used to analyze the stability of slopes under different mining conditions

from the perspective of the variation in the slope safety factor.

5.1. The Influence of Mining Thickness

To verify the influence of different mining thicknesses on slope stability, the slope
model from case study 2 is used. The 4 # coal seam is excavated in steps along the same
direction at a thickness of 6 m, 10 m, and 14 m from the same starting position, each with
a step length of 10 m. The safety factor Fs of the clay slope is calculated using the IRMO
algorithm with Lévy flight after each step of excavation. Table 11 shows the parameter

settings of different mining thicknesses.

Table 11. Parameter settings of mining thickness.

Mining Thickness M/(m)

Mining Depth H/(m) Starting Position (m) of Excavation (m)

6
10
14

74 250 10

The x-Coordinate of the Excavation The Length of Each Step
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According to the “Design Code for Open-pit Mine in Coal Industry” (GB50197-2015) [35],
the critical safety factor for non-working bench slopes with a service life of less than 10 years
should be 1.1-1.2, for a service life greater than 10 years but less than 20 years, it should be
1.2, and for a service life greater than 20 years, it should be 1.3. In case study 2, the design
service life of the mining area is greater than 10 years but less than 20 years, so the critical
slope safety factor chosen is 1.2.

As shown in Figure 17, when the mining thickness is 6 m, the slope safety factor
Fs decreases to 1.2104 after excavating 70 m, reaching the critical safety factor; when the
mining thickness is 10 m, Fs decreases to 1.2211 after excavating 60 m; and when the
mining thickness is 14 m, Fs decreases to 1.2021 after excavating only 50 m, reaching the
critical safety factor. It can be seen that the mining thickness has a significant impact on
the stability of the slope. Under the same conditions, the smaller the mining thickness, the
more stable the slope for the same mining width. From Figure 16, it can also be observed
that with a constant mining thickness, Fs decreases rapidly with the increase in the mining
width. When the slope is close to instability, Fs5 will decrease significantly. Taking a 10 m
mining thickness as an example, Fs is 1.3013 at a mining width of 50 m, and 1.2211 at a
mining width of 60 m, a decrease of 6.16%. If another 10 m of excavation is carried out, as
the mining width is 70 m, the slope safety factor Fg is only 1.06, a decrease of 13.19%. Thus,
when the slope safety factor reaches the critical safety factor, excavation should be stopped
immediately to avoid accidents.

—&— Mining thickness 6m

L5 —®— Mining thickness 10m

—A— Mining thickness 14m
14
1.3 F
Esvl.z =
1.1 |
1.0 |-
09 |-

| NI TR T AT ST ST ST NI ST T ST T NS S

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Mining width (m)

Figure 17. Slope safety factor under different mining thicknesses.

5.2. The Influence of Mining Direction

To analyze the influence of the mining direction on the stability of the slope, we
continue to use the model from case study 2. The 4# coal seam is excavated in different
directions from the same starting position, which is directly below the middle of the slope.
For every 10 m of excavation, the IRMO algorithm with Lévy flight is used to calculate the
safety factor Fs of the clay slope after excavation. Table 12 shows the parameter settings of
different mining directions.
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Table 12. Parameter settings of mining direction.
Minine Direction Mining Thickness =~ Mining Depth The x-Coordinate of the The Length of Each
8 M/(m) H/(m) Excavation Starting Position (m)  Step of Excavation (m)

Mining along the slope
Mining against the slope

10 74 250 10

From Figure 18, it can be observed that when the excavation starting position is below the
middle position of the slope, the safety factor Fs of mining along the slope is always greater
than that of mining against the slope, and the difference in the safety factor gradually increases
with the increase in the mining width. When mining along the slope, Fg reaches 1.2211 at
the mining width of 60 m, close to the critical safety factor of 1.2 specified in the regulations.
However, when mining against the slope, Fs decreases to 1.2103 at the mining width of 50 m,
already reaching the critical safety factor specified in the regulations. Continuing excavation to
70 m results in an Fs of only 0.91, indicating a significant risk of instability.

1.5 F —#— Mining along the slope
- ®- Mining against the slope

1.0 \

09 | .
| NI T I TN (NI [T ST T T ST ST T ST T "

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Mining width (m)

Figure 18. Slope safety factor under different mining directions.

6. Discussion

This study proposes a new method for analyzing the stability of soil slopes under
underground coal mining based on the IRMO algorithm with Lévy flight, which can quickly
and accurately evaluate the stability of slopes under the influence of coal seam mining.
This method can be used as a supplement to the mine slope safety warning system and
integrated with existing mining systems. By inputting parameters such as the soil material
properties of the slope, coal mining conditions, the subsidence and deformation of the slope,
and the parameters of the IRMO algorithm with Lévy flight, the safety factor of the slope
can be calculated to evaluate its stability. In the implementation process, the parameter
data play a decisive role in the accuracy of the results. If the data of the parameters used
differ significantly from the actual situation, the calculated results will lose their reference
significance. Therefore, the issue of data synchronization in the mining system deserves
attention. For example, the subsidence and deformation of the slope after coal mining is
a long-term process, and the data from the mining area displacement monitoring system
need to be updated promptly to ensure the accuracy of the data. The data on coal mining
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conditions are associated with the complexity of geological conditions and the management,
scheduling, and maintenance of mining equipment, which may result in discrepancies
between the planned mining thickness and depth and the actual mining thickness and
depth at different mining locations. Therefore, timely data synchronization is necessary.

The method proposed in this study can also provide references for optimizing mining
operations. By calculating the safety factor of slopes under different mining thicknesses
and mining directions in case study 2, the variation in the safety factor of slopes under
different mining conditions is studied. Smaller mining thicknesses result in higher safety
factors for slopes under the same mining width, which is more conducive to slope stability.
When the excavation starting position is below the middle position of the slope, the mining
direction of mining along the slope is more favorable for slope stability. Furthermore, after
determining the mining thickness and mining direction, this method can also be used to
determine the maximum allowable mining width of the coal seam, which corresponds
to the mining width when the safety factor of the slope reaches the critical safety factor
specified in the regulation.

On the other hand, this study still has certain limitations and shortcomings. For
instance, when selecting parameters, it did not consider factors such as the skill level of
workers and the communication and collaboration capabilities of the mining team, thus
overlooking the impact of human factors on slope stability [36]. Additionally, this study
did not account for the influence of rainfall. Rainfall infiltration can change the matric
suction of soil, reduce the soil shear strength, and significantly decrease slope stability [37].
Analyzing the stability of mining slopes under rainfall conditions can help prevent slope
instability and ensure the safety of mining areas [38]. Therefore, further research is needed
to address these aspects.

7. Conclusions

This study considered the impact of underground coal seam mining and conducted
a limit equilibrium analysis of the slope based on the rigorous Janbu method, and the
IRMO algorithm with Lévy flight was used to conduct global optimization to obtain the
critical sliding surface and the corresponding minimum safety factor of soil slopes under
underground coal mining conditions. The stability issues of soil slopes under underground
coal seam mining are investigated. The details are as follows:

1.  The simulation results of the benchmark functions show that combining the IRMO
algorithm and Lévy flight can significantly enhance the performance of solving non-
linear multi-dimensional optimization problems, preventing it from getting trapped
in local optima.

2. Through an analysis of three different case studies involving slope under full mining,
slope under stepwise mining, and the sliding fissures of slope, the feasibility of apply-
ing the IRMO algorithm with Lévy flight to a stability analysis of soil slopes under
underground coal seam mining is demonstrated. The algorithm exhibits excellent
performance in computing the convergence efficiency and ensuring the accuracy and
stability of the results.

3. By calculating the safety factors of soil slopes under different mining thicknesses and
mining directions, it was evident that both factors have a significant impact on the
stability of slopes. Smaller mining thicknesses result in a higher safety factor for slopes
under the same mining width, which is more favorable for slope stability. And mining
along the slope is more advantageous for slope stability compared to mining against
the slope when the excavation starting position is below the middle position of the
slope. In addition, when the safety factor of the slope decreases to the critical safety
factor specified in the regulation, continuing excavation will significantly reduce the
stability of the slope.
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