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Abstract: This study conducts a simulation analysis of the stability of tall and collapse-prone stopes at
the Dongguashan copper mine, using the FLAC3D-3.0 software to investigate the stress distribution
and deformation behavior of geological materials under different working conditions, providing an
effective means of addressing complex mechanical issues in geotechnical engineering. In this paper,
the stability of the tall stopes in the Dongguashan mining area was analyzed through numerical
simulations using the FLAC3D finite difference method. First, a three-dimensional numerical model of
the tall stopes was established based on the actual conditions of the mining area, simulating the mining
conditions and environment. Next, the stress distribution, displacement variation, and potential
instability zones under different mining schemes were studied, with a comparative analysis conducted
between traditional mining methods and optimized schemes to clarify their respective advantages
and disadvantages. Finally, based on the simulation results, the most suitable mining scheme for the
area was identified, aimed at reducing the risk of stope collapse and improving the overall stability
and safety of the mine. The findings provide technical support for the design and support of tall
stopes in deep deposits and offer important reference points for mine safety management.
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1. Introduction

As mineral resources are extracted at increasing depths, tall stopes in underground
mines face increasingly complex stress conditions and unstable rock mass structures. These
unfavorable factors significantly heighten the risk of stope collapse, posing serious safety
hazards to mining operations [1]. Particularly in deep shafts with high stress environ-
ments, the issue of stope stability becomes more prominent, severely threatening both the
safe production and resource development of mines [2,3]. Thus, effectively assessing and
enhancing the stability of tall stopes has become a critical topic in current mining engi-
neering. Researching the mechanisms of stope instability and optimizing mining schemes
not only helps reduce the risk of collapse and ensure operational safety, but also improves
mining efficiency and resource utilization, making this of both theoretical and practical
significance [4].

Currently, researchers both domestically and internationally have conducted extensive
studies on the instability mechanisms of high-stability mining faces. This instability is
influenced by various factors, including the mechanical properties of the surrounding rock,
mining methods, in situ stress conditions, and groundwater levels [5,6]. The interaction of
these factors complicates the evaluation of stope stability [7-10]. In response, researchers
have widely explored stope stability through theoretical models and numerical simulations,
yielding valuable results. The limit equilibrium theory was an important early tool for
studying the stability of tall stopes, evaluating the risk of stope failure by analyzing the
balance conditions of potential sliding surfaces and forces [11]. Block theory, by estab-
lishing a block model of the underground rock mass, analyzes the sliding and rotational
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instability of block structures, providing a theoretical foundation for studying structural
instability in stopes [12]. Fracture mechanics has been widely applied in instability studies
of underground stopes, especially in analyzing fracture propagation within rock masses
and its impact on stability [13]. In addition, models based on elastic theory [14], plastic
theory [15], and energy theory [16] have also been used.

Traditional methods of stope stability analysis primarily rely on theoretical models, but
these approaches often struggle to accurately reflect real-world conditions when dealing
with complex rock masses and uneven stress distributions. In recent years, the develop-
ment of numerical simulation technologies has provided new avenues for analyzing the
stability of underground stopes [17-20]. Numerical simulations can accurately replicate the
complex stress—strain states and failure processes of rock masses, offering critical insights
for engineering design and risk assessment. Various numerical methods have been applied
in underground stope studies [21], including the finite element method (FEM) [22], discrete
element method (DEM) [23], and finite difference method (FDM) [24], yielding numerous
research findings. The finite element method (FEM) is currently one of the most commonly
used numerical simulation techniques, typically suitable for handling deformation charac-
teristics and stability under complex geometries and boundary conditions. It can provide
high-accuracy results, especially excelling in static and quasi-static analyses. Peng et al. [25]
conducted a numerical simulation study using PLAXIS2D finite element analysis software
to investigate the structural parameter scheme of the mining area and the waste rock filling
scheme. By analyzing the displacement variation, surrounding rock stress distribution,
and plastic zone, they determined the optimal structural parameters for the mining area.
However, its computational cost is relatively high, and it requires significant computational
resources. The discrete element method (DEM) is widely used to simulate the movement
and interaction of particles or blocks within fractured rock masses [26]. The DEM can
capture local failure processes, such as crack propagation and block sliding within the rock
mass, which is particularly important for studying instability in complex underground
mining areas. However, this method may not perform as well as finite difference methods
when dealing with the stability analysis of continuous media. The finite difference method
(FDM) is another commonly used numerical simulation technique, especially suitable
for simulating deformation and fluid flow problems in continuous media [27,28]. This
method can effectively address nonlinear problems, performing particularly well in the
dynamic analysis of stress and deformation changes. Moreover, the FDM is relatively
straightforward to implement computationally, making it especially suitable for simulating
the stability of rock masses in deep, high-stress environments. At the same time, FLAC3D, a
commercial software based on the FDM, is commonly used for stope stability studies [29,30].
Ren et al. [31] used the FLAC3D finite difference analysis software to simulate the original
in situ stress distribution of a test stope, analyzing the effects of rectangular, elliptical, and
butterfly-arched stope cross sections on stope stability, ultimately identifying the optimal
stope shape. Idris et al. [32] conducted a series of numerical analyses using FLAC to study
the stability of open-pit stopes. In addition, An et al. [33] introduced the combined /hybrid
finite-discrete element method (FDEM) and validated its application for slope stability
analysis. The study primarily focused on the contact interactions of discrete bodies and the
transition between continuum and discontinuum.

With the improvements in computational power, three-dimensional numerical sim-
ulation techniques have become increasingly widespread in the stability analysis of un-
derground stopes [34,35]. Three-dimensional models can more accurately describe the
geometric shapes of stopes and the distribution of stress fields, overcoming the limitations
of two-dimensional simulations. Tao et al. [36] addressed the stability issues of caving
method stopes by using three-dimensional finite element methods to conduct numerical
simulations of various stope structural parameters. They primarily analyzed the displace-
ment of the roof and the principal stresses during the excavation and ore recovery processes,
concluding that larger structural parameters result in greater stability for the stope com-
pared to smaller parameters. By establishing a three-dimensional model and integrating
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the mechanical properties of the rock mass with the mining conditions, it is possible to
more precisely simulate the stress changes, deformation patterns, and potential failure
modes of the stope. This is especially important in the complex working environments of
underground mines, where numerical simulations can comprehensively consider multiple
factors, providing scientific foundations to guide engineering design and construction.

This study focuses on a copper mine in Anhui, systematically analyzing the stability
of tall, collapse-prone stopes in underground mines using the FLAC3D finite difference
method. By establishing a numerical model of the underground stope and integrating actual
working conditions, this study simulates the stress distribution, deformation characteristics,
and potential instability zones under various conditions. The findings not only provide
technical support for stope design and support systems but also serve as an important
reference material for mine safety management.

2. Engineering Background and Numerical Simulation Scheme
2.1. Engineering Background

The Dongguashan deposit is located in the deep part of the Shizishan mining area and
is a large skarn-type copper deposit. The main ore body extends 1810 m in length, with
an average width of 500 m, and is buried at depths ranging from —690 to —1000 m. The
copper metal reserves exceed 1 million tons, with a copper grade of 1.02% and a sulfur
content of 17.6%. The roof of the ore body is primarily composed of marble, while the floor
consists of sandstone and quartz diorite. The ore is mainly composed of copper skarn,
serpentine, and magnetite. The mining conditions of the deposit are unique, characterized
by deep shafts, high stress (30-38 MPa), high temperatures (30-39 °C), and a tendency for
rock bursts.

In response to these conditions, the Dongguashan deposit employs a staged mining
process involving the use of temporary isolation pillars, large panels, and high production
capacity with subsequent backfilling after void creation. Every 100 m along the ore body, a
panel is delineated, reserving an 18 m isolation pillar within each panel. The mining process
is conducted in three steps: the first step involves mining the ore room and performing full
tailings cemented backfill; the second step is the extraction of the isolation pillar, which
was initially planned to use full tailings non-cemented backfill but was later changed
to a low ash-to-sand ratio of cemented backfill; and the third step involves mining the
isolation pillar of the panel using full tailings sand or a low ash-to-sand ratio of cemented
backfill. The ore volumes extracted in each step account for 42%, 38%, and 20% of the total
reserves, respectively. Currently, the mine has entered the late stage of extraction, focusing
on mining the ore body and isolation pillars north of the 60 line. As the number of isolation
pillar stopes increases, the complexity and difficulty of mining have significantly risen,
leading to challenges in maintaining a stable and high production. Some pillar stopes have
experienced wall rock collapse and over-extraction due to the structural characteristics of
the ore body, secondary joints, fractures, faults, and blasting factors, resulting in remaining
pillar thicknesses of less than 10 m, which pose safety hazards and can even lead to resource
wastage due to the inability to extract. This is especially true for the third step involving
the isolation pillar stopes, which are surrounded on three sides by backfill. The ore body,
surrounding rock, and roof experience repeated disturbances from the blasting dynamic
loads, weakening the stability and increasing the difficulty of production, blasting, and
safety control. Therefore, the effective control of stability during the blasting process of
each step is crucial, directly impacting the safety and efficiency of the extraction, loss and
dilution rates, and the stability of the mine output and economic benefits. A stability
analysis and simulation of these tall, collapse-prone stopes are particularly necessary.

2.2. Numerical Simulation Scheme and Simulation Steps

The purpose of the stope stability analysis is to optimize the structural parameters
of the tall, collapse-prone stopes located north of the 60 line in the Dongguashan deposit.
Based on the profile of the stope at the 60 line, which mainly includes stopes 60-2# to 60-28#,
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this study uses the 61 line profile as a reference to establish a stope model that closely aligns
with the actual conditions for the theoretical and numerical simulation analyses. Given
that the Dongguashan ore body is buried at a considerable depth and that the structural
stress in the mining area is complex due to factors such as folding structures, an analysis
of the original rock stress testing was conducted prior to the numerical simulation. The
results of the original rock stress testing are presented in Table 1.

Table 1. Results of original rock stress testing.

Principal Stress/Mpa Inclination of Principal Stress/° Azimuth of Principal Stress/°
Middle Section/m

o1 o2 o3 al a2 a3 1 B2 B3

280 193 15.6 123 18.4 27.1 56.4 2473 147.6 73

26.08 9.92 9.72 6.13 5.2 81.81 2412 150.63 20.47

—460 22.44 1291 10.99 3.08 83.56 5.08 53.81 17217 3235
3275 1223 8.49 225 25.81 64.08 4831 317.22 142.95
—730 3433 16.47 13.84 6.37 4439 449 248.42 152.13 344.81

~910 38.1 33.1 31.1 27 19.9 59 249.6 150.9 237

The rock mass in the Dongguashan mining section is layered, and, to simplify the
model, the average mechanical parameters based on the properties of the layered sur-
rounding rock were calculated for the simulation data. Given the significant differences
between the engineering mechanical properties of the in situ rock mass and the results
from laboratory tests, it was necessary to apply a reduction process to the laboratory test
results before utilizing them in the numerical simulation.

This study is based on engineering geological surveys and the RQD values of the ore
body and roof rock. A specific reduction method was employed to calculate the reduced
mechanical parameters of the rock mass. According to the geological variations of the
rock mass at the 60 line of Dongguashan and field investigations, combined with rock
classification standards, the average joint spacing was determined to be between 0.6 and
2 m. The M. Georgi method was used for the reduction, resulting in a reduction factor
of 0.1 for the shear strength parameters (cohesion ¢ and internal friction angle ¢). The
deformation parameters of the rock mass include the elastic modulus and Poisson’s ratio,
with the Poisson’s ratio being used directly from the test values without reduction. For
the compressive and tensile strength of the rock mass, the literature recommends using
a cracking coefficient for reduction. This study did not conduct elastic wave testing, so
the cracking reduction coefficient was chosen based on empirical values. Given that the
integrity of the rock mass north of the 60 line in Dongguashan differs significantly from
earlier assessments, with some areas being more fractured and forming blocky rock masses,
a reduction coefficient of 0.45 was selected for the blocky and fractured rock masses.

After reducing the physical parameters, it was necessary to calculate the bulk modulus
and shear modulus. In FLAC3D, the deformation parameters no longer use the elastic
modulus E and Poisson’s ratio v but instead utilize the bulk modulus K and the shear
modulus G, which represent the material’s resistance to volumetric deformation and
shear deformation, respectively. In practical applications, the deformation parameters
typically provided are E and v, which can be converted to K and G using the formulas
K=E/3(1 — 2v) and G = E/2(1 + v). The stope in the Dongguashan mining section consists
of three extraction steps, with different fill material proportions used after each step. Based
on the actual filling conditions of the first and second steps, combined with the data on
the filling material’s mechanical parameters from domestic and international sources, the
parameters for the fill material selected for the numerical simulation were determined.
The final physical and mechanical parameters for the numerical simulation are presented
in Table 2.
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Table 2. Physical and mechanical parameters for numerical simulation of rock and fill material
in Dongguashan.

T Density p Cohesion ¢ Internal Friction = Tensile Strength Bulk Shear
ype (g/cm®) (MPa) Angle @ (°) (MPa) Modulus/GPa Modulus/GPa
Surrounding Rock 2.71 2.61 34.5 2.82 9.64 4.25
Copper Ore Body 3.97 3.89 411 3.62 13.2 6.72
Fill Material (1:6) 1.83 0.546 35.70 0.40 0.32 0.24
Fill Material (1:10) 1.74 0.189 27.27 0.10 0.08 0.06

This study uses the 61 line profile as a reference to establish a stope model that
closely matches the actual conditions of the mining area. The dimensions of the model
are X X Y X Z=900m x 400 m x 1000 m, with the length of the stope model set at 80 m,
the width at 18 m, and the height determined based on the thickness of the ore body. Since
Midas GTS employs finite element technology for mesh generation, the node and element
divisions are consistent with those in FLAC3D. The conversion program MidastoFlac3D.exe
facilitates the transformation of the GTS mesh model into a numerical model for FLAC3D.
The final numerical model of the surrounding rock of the ore body and the ore body model
for the 60 line stope are illustrated in Figure 1.
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Figure 1. Surrounding rock model and 60 line stope model.

The stability of rock masses is influenced by various factors, particularly in mines,
where the stability of the rock not only depends on its inherent characteristics but is also af-
fected by disturbances from surrounding stope extraction. Due to the significant differences
in rock stability in different areas north of the Dongguashan 60 line, a comprehensive and
uniform simulation analysis is challenging. Therefore, this analysis mainly focuses on the
following two aspects: through numerical simulation, the patterns of stress or displacement
changes during the extraction process are identified, thereby proposing solutions to the
problems encountered; and, by comparing stress and displacement, potential issues faced
by the stope are analyzed. For example, for adjacent stopes, if one remains stable after
extraction while the other collapses, it is possible to differentiate the stress or displacement
changes to determine the values that led to the collapse.

2.3. Step-by-Step Stope Structural Arrangement Method

The main mining method for the large stopes north of the Dongguashan 60 line
involves controlling the thickness of each blast in the stope direction, with the amount of
explosive used for each blast kept below 5 tons. During the step-by-step extraction process,
the volume of the mined-out area gradually increases until the entire stope is extracted,
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followed by filling. As shown in Figure 2a, the extraction sequence for the first step of
the 60 line stope advances gradually from the 62 line side to the 60 line. However, this
extraction method has led to severe collapses in the mined-out areas such as 60-24#, 60-8#,
and 60-12#, which affect the extraction of the adjacent second-step stopes. Although this
extraction method is the primary approach for the Dongguashan deposit, it does not meet
the current production demands for some tall and fragmented rock mass stopes, where the
collapse of mined-out areas is significant. Considering the extraction sequence within the
stope and structural factors, three optimization plans have been developed.
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Figure 2. Schematic diagram of the extraction methods for the step one stope. (a) Extraction from one
side of the stope to the other; (b) extraction from both sides to the middle; (c) extraction and filling
in the stepwise extraction plan; and (d) extraction plan with reduced dimensions in the middle of
the stope.

1. Plan One: Gradually Extracting from Both Sides of the Stope Towards the Center

This plan involves gradually extracting from the ends of the 60 and 62 lines towards
the center, with a specified thickness for each extraction. After the blasting is completed, the
ore is removed, followed by the next blasting cycle, ultimately leaving a certain thickness
of mineral pillar in the center of the stope for overall extraction. This plan requires the
construction of access tunnels in the two-step mineral pillars to facilitate entry and exit for
the staggered blasting operations. Since the central area of the stope is the most susceptible
to damage, extracting it last reduces the exposure time in this region, which is beneficial for
maintaining the stability of the ore body. However, the mineral pillar at the final extraction
stage has stope areas on both sides, necessitating assurances of the pillar’s safety thickness
to ensure the safety of blasting operations.

2. Plan Two: Extraction-Filling—Extraction

In response to the significant height of the stope north of the 60 line, this plan proposes
to first extract half of the stope, followed by filling, and finally extracting the remaining
ore body. This approach can reduce the exposure area and time of the stope, thereby
minimizing the risk of collapse in the central area of the ore body. However, due to the
extensive engineering requirements for sealing the stope and the need for at least two filling
operations, this plan increases production pressure on the mine, making it unsuitable for
large-scale implementation.
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3. Plan Three: Reduce the Middle Size of the First-Step Stope

Based on the collapse characteristics of the stope, this plan involves reducing the
extraction thickness in the middle of the first-step stope to control the collapse of the ore
body on both sides of the stope. This approach divides the original exposed surface into
two, forming a triangular mineral pillar that helps enhance the pillar’s strength. Even if the
ore body is fragmented, the primary damage location will be in the central area of the stope,
allowing for the retention of a certain thickness of ore, which is beneficial for effectively
protecting the second-step stope.

During the two-step extraction process, since both sides of the ore body are filled, any
scheme that involves extraction from both sides toward the center requires construction
within the fill body, which poses stability issues for the tunnels. Therefore, this option
is excluded. The cemented fill in the first-step stope has high strength, and, when the
second-step stope is extracted gradually from one side to the other, the filled body on
both sides of the void can maintain good stability, with no significant collapse phenomena
in the second-step void. Based on the existing extraction plans, further optimization
of the internal extraction sequence is conducted. There are three main schemes for the
second-step extraction:

1. Scheme One: Gradual Extraction from One Side of the Stope to the Other

This is the primary method for the second-step stope extraction in the Dongguashan
deposit, as shown in Figure 3a. Considering the current state of collapse in the second-step
void and the stability of the fill body, this scheme is highly feasible and has demonstrated
good results. To further compare the advantages and disadvantages of other schemes,
in-depth analysis of this scheme is required.
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Figure 3. Schematic diagram of two-step stope extraction methods. (a) Extraction from one side to
the other; (b) extraction from the middle to both sides; and (c) schematic diagram of the two-step
stope extraction followed by filling and then re-extraction.

2. Scheme Two: Gradual Extraction from the Middle of the Stope to Both Sides

Due to the good strength and stability of the fill body in the Dongguashan section, this
scheme ensures the safe extraction of the high stope. As illustrated in Figure 3b, during
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the extraction of part of the high stope on line 58, there was no significant collapse of the
fill body. Therefore, after the second-step extraction, the fill body on both sides remains
stable. Extracting from the middle toward both sides can reduce the exposure time of the
pillar rock on the side of the vein, which is beneficial for the effective protection of the
cross-cut tunnel.

3. Scheme Three: Extraction—Filling—Extraction

As shown in Figure 3¢, although the fill body has good strength, it is still relatively
weak compared to the original ore rock, and some of the high stope rock north of line
60 is quite fractured. During the gradual extraction process, the rock may continue to
collapse, impacting the safety of the stope extraction. With filled bodies on both sides of
the second-step stope, there is a certain degree of elasticity; after the second-step extraction,
the displacement of the roof will further increase. Implementing this scheme is beneficial
for roof stability and provides effective support to the adjacent fill body.

3. Numerical Simulation Analysis and Demonstration of Actual Extraction Sequence in
Large Stopes

3.1. Numerical Simulation Analysis of the Actual Step One Extraction Sequence in Large Stopes at
the 60 Line

In the process of gradual extraction in the large stope at the 60 line, issues such as a
severe collapse of the mined-out area, concentrated ground stress in the drilling chamber,
and damage to support structures have emerged. To gain a deeper understanding of the
stress causes behind these problems, this study conducted numerical simulations for all
stopes along the 60 line. Following the actual extraction sequence of the mine and based
on prior cause analysis, this study investigates the reasons for the collapse of the mined-
out areas and the concentration of ground stress. By analyzing the variations in stress,
displacement, and plastic zone distribution under different scenarios, the research provides
support for optimizing stope structures and extraction sequences.

To understand the patterns of displacement and stress during the step one extraction
process at the large stope on the 60 line, this study selected the stope sections between 60-4#
and 60-12# for the extraction simulations. As shown in Figure 4, after backfilling the 60-4#
stope, the simulation results for the extraction of the 60-8# stope indicate that the rock on
both sides of the mined-out area is not subjected to tensile stress. The cloud map of the
minimum principal stress (Figure 4b) reveals that, after the extraction of the 60-8# stope,
the maximum compressive stress occurs in the 60-6# stope, reaching 33.0 MPa, indicating
a stress concentration phenomenon. From the displacement cloud map (Figure 4c), the
maximum displacement is located at the roof of the 60-8# mined-out area, with a maximum
displacement of 6.3 cm. Additionally, the upper region on the side of the 60-8# mined-out
area, near the 9% stope, also experiences some displacement, with a maximum displacement
of 5 cm, although the affected area is relatively small. The plastic zone cloud map indicates
that the rock on both sides of the mined-out area is subjected to shear stress, while the
backfill of the 60-4# stope experiences compressive stress.

Analyzing the results from the detection of the mined-out areas, it is evident that the
60-4# stope exhibits a minimal collapse, while the 60-8# stope experiences a significant
collapse towards the 9# stope. Numerical simulations show that the displacement direction
of the 60-8# stope aligns with the actual direction of the collapse; however, the range of
displacement is much smaller compared to that of the 60-4# stope, indicating that the
primary reason for the collapse is the relatively poor stability of the rock in that region

According to the simulation results in Figure 5, after the mining of the 60-12# working
face, the distribution of the maximum principal stress indicates that the area surrounding
the 60-12# void was not subjected to tensile stress. The distribution of the minimum
principal stress shows that the maximum compressive stress increased to 33.8 MPa in the
60-6# working face between the 60-4# and 60-8# working faces, with a more pronounced
stress concentration. Additionally, the mining of the 60-12# working face exacerbated the
stress concentration in the 60-8# working face. In the 60-10# working face, located between
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the 60-8# and 60-12# faces, the maximum compressive stress reached 33.7 MPa, creating
a non-vertical inclined compressive stress range from the top of the 60-12# working face
to the bottom of the 60-8# working face. Displacement distribution indicated that due to
the significant height of the void in the 60-12# working face, the range of displacement
was large, with a maximum displacement of 7.45 cm, primarily located at the upper part
of the 60-12# working face near the 60-11# working face. There was also a certain degree
of displacement in the lower region near the 60-11# working face, but it was smaller in
extent. Plastic zone analysis revealed that the 60-12# working face was subjected to shear
stress, which had reached the yield surface, but later returned to an elastic state. Combining
this with the analysis of the void collapse, the 60-12# working face collapsed towards
the 60-11# working face; however, the displacement cloud showed that the upper region
close to the 60-11# working face had very little displacement, although serious collapse
actually occurred, indicating that the collapse was primarily due to the poor stability of the
rock mass.
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Figure 4. Simulation results after the mining of the 60-8# working face. (a) Maximum principal
stress contour map; (b) minimum principal stress contour map; (c) displacement contour map; and
(d) plastic zone contour map.

Field investigations indicated that the rock chamber of the 60-6# working face experi-
enced severe collapse and the crushing failure of the intermediate pillars, mainly due to the
more concentrated stress in the working face, which led to damage to the surrounding rock.
This is consistent with the numerical simulation results. The misalignment of the blast holes
in the 60-10# working face was analyzed through a numerical simulation, revealing a height
difference of 20 m between the 60-12# and 60-8# working faces after mining, resulting in
a non-vertical inclined compressive stress region that caused a significant misalignment
of the blast holes. In summary, the numerical simulation aligns with the actual situation,
indicating that poor rock stability is the main reason for the collapse of the void, while
stress concentration leads to damage in the rock chambers and intermediate pillars.



Appl. Sci. 2024, 14, 10608

10 of 29

FI AC3ID 3.00

FL AC3ID 3.00

Step 26528 Model Perspective Step 25528 Modal Perspective
08:43:41 Tue Jul 09 2015 08:44:33 Tue Jul 09 2019
tor: Rotation: Center: ion:
X: 6.13064002 X 0,000 X: 6.1300+002 X 0,000
1.9992+002 ¥: 0.000 ! i - 199904002 ¥: 0000
2. 28720+002 Z. 0.000 L] 7. 287204002 Z. 0.000
Dist: 351804003 Mag.: 596 ] Dist: 3561804003 Mag.: 596
Increments: : 22500 > increments Ang- 22500
1. - Move: 1.400e+002
Rot: 10.000 11 [ Rot: 10.000
Plane Origin: Plane Normal: T B Plane Origin: Plane tiomal
0.0002+000 X: 0. H .0000+000 ~0.0002+000
¥: 2.1000+002 Y — : 2.1006+002 ¥: 1.0002+000
Z:0.000e+000 2 6.123.017 ] 0.0000+000 Z 61230017
Contour of SMax
: Plane:
o,

Itasca Consulting Group, Inc.
Minneapolis. MN' USA

FI AC3ID 3.00

Step 25528 Model Perspective
08:45:09 Tue Jul 09 2019

Itasca Consulting Group, Inc.
Minneapolis. MN' USA

(a)

FIL AC3D 3.00
Step 25628 Model P i
08:45:46 Tue Jul 09 2019

Y1
Z: 61230017

T 1 T e

Contour of Displacement Mag.

Plane: on

Itasca Consulting Group, Inc.
Minneapolis. MN' USA

IS T LT

T ]

|

Itasca Consulting Group, Inc.
Minneapolis. MN' USA

(©)

(d)

Figure 5. Simulation results of the 60-12# working face mining. (a) Maximum principal stress contour
map; (b) minimum principal stress contour map; (c) displacement contour map; and (d) plastic zone
contour map.

3.2. Numerical Simulation Analysis of Stepwise Mining in the 60 Line High Mining Face

To understand the changes in displacement and stress during the stepwise mining
process of the high mining face on the 60 line, this study selected the stepwise mining face
between 60-3# and 60-13# for a simulation analysis.

From the minimum principal stress cloud map in Figure 6b, it can be observed that,
after the completion of the first-step mining, the compressive stress on the second-step
pillar is relatively low, generally ranging from 17.5 to 21.0 MPa. This represents a significant
reduction in compressive stress compared to the first-step mining, indicating that the stress
in the 60 line mining area is largely relieved after the first-step mining is completed. The
maximum principal stress cloud map in Figure 6¢ shows that the second-step mining area
and the filling body are generally not subjected to tensile stress. When combined with the
distribution of the plastic zone, it can be seen that the second-step pillar is mainly subjected
to shear stress, while the filling body experiences compressive stress.

For the second-step mining, the extraction is conducted sequentially according to the
actual mining sequence of “mining every third” at Dongguashan. Through a numerical
simulation, the changes in stress and displacement were analyzed to assess the stability of
the mined-out area after the second-step mining.

From Figure 7, after the extraction of the 60-3# working face, the maximum principal
stress cloud diagram (Figure 7a) shows that only the upper part of the void is subjected
to tensile stress, with a maximum tensile stress of only 0.21 MPa. The minimum principal
stress cloud diagram indicates that the maximum compressive stress in the 60-5# working
face is 25 MPa, which is an increase from 21 MPa prior to extraction; however, this maximum
compressive stress remains relatively low and has minimal impact on the surrounding rock.
In terms of the displacement of the void’s roof, the roof displacement is significant, reaching
a maximum of 13.8 cm, and there is a noticeable displacement in the upper part of the ore
body due to the first-stage extraction. Compared to the first stage, the roof displacement in
the second stage has significantly increased. On one side of the 60-3# working face, there is
filling material, while the other side consists of the original rock. The displacement from
both sides indicates that the displacement of the filling material is relatively small, with
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a maximum displacement of 4 cm, while the maximum displacement of the rock mass is
8.59 cm.
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Figure 6. Stress conditions before two-step mining. (a) Simulation range area; (b) minimum principal
stress cloud map; (¢) maximum principal stress cloud map; and (d) plastic zone distribution.
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Figure 7. Simulation results after the extraction of the 60-3# working face. (a) Maximum principal

stress contour map; (b) minimum principal stress contour map; (c) roof displacement contour map;
and (d) displacement contour map on both sides.
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From Figure 8, after the extraction of the 60-7# working face, the maximum principal
stress cloud diagram (Figure 8a) shows that the range of tensile stress in the void is small,
with the maximum tensile stress value increasing to 1.53 MPa. However, the small range of
tensile stress results in an overall minor impact. From the minimum principal stress cloud
diagram (Figure 8b), it can be observed that, after the extraction of the 60-7# working face,
the maximum compressive stress in the 60-5# working face remains at 25 MPa, which is
similar in range and magnitude to that observed after the extraction of the 60-3# working
face. The displacement cloud diagram indicates that the maximum displacement reached
16.3 cm. There are no significant changes in the displacement of the filling materials on
both sides of the 60-7# void, with the maximum displacement recorded at 6 cm.
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Figure 8. Simulation results after extraction of the 60-7# working face. (a) Maximum principal stress
contour map; (b) minimum principal stress contour map; (c) roof displacement contour map; and
(d) displacement contour map on both sides.

It is evident that, during the extraction process of the two-step working face, the stress
was released after the one-step extraction, resulting in lower compressive stress values that
were insufficient to compromise the integrity of the surrounding rock. In the “one-in-three”
extraction process of the two-step working face, the range of the maximum tensile stress is
small, and the maximum compressive stress does not vary significantly. The main change
observed is the increased displacement of the void, particularly in the roof of the void,
where the maximum displacement reaches 16 cm, while the filling materials on both sides
exhibit a displacement range of 46 cm.

Despite the substantial displacement of the roof in the two-step void, the earlier
detection results indicate that there has not been a significant collapse in the roof area,
suggesting that the roof of the two-step void is manageable.

4. Numerical Simulation Study of the Structural Layout Method for Stepwise Extraction
of Working Faces

4.1. Simulation Result Analysis of the One-Step High-Profile Working Face Extraction Process

This simulation takes the 60-10# working face as an example to analyze the stepwise
extraction process. Due to the uniform structure of the working faces in the Dongguashan
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mining area, the results of the 60-10# working face simulation can also be applied to
optimize the extraction sequence of other one-step working faces. The numerical simulation
results are analyzed through sectional views along the direction of the working face, with a
total of 10 extraction cycles carried out sequentially. The extraction results are shown in
Figures 9 and 10.
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Figure 9. Simulation results before the extraction of the 60-10# working face. (a) Minimum principal
stress cloud map; and (b) plastic zone cloud map.
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Figure 10. Numerical simulation results after the completion of all mining operations. (a) Maximum
principal stress contour map; (b) minimum principal stress contour map; (c) displacement cloud
diagram; and (d) plastic zone distribution.

Figure 9 shows the compressive stress cloud diagram and the plastic deformation cloud
diagram before mining. From the figure, it can be observed that there are large compressive
stress areas at both ends of the 60-10# mining area, with a maximum compressive stress of
35.5 MPa, indicating that the mining area is in a shear state. Through Figures 9 and 10, it
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can be seen that the empty area is not subjected to tensile stress; however, after the first
end of the mining area is excavated, the maximum compressive stress at the excavation
site is released, while the compressive stress at the other end of the mining area continues
to increase. The maximum displacement is mainly located at the top of the empty area,
and the maximum displacement value is also continuously increasing. The distribution
of the plastic zone in the empty area changes from shear-past at the initial excavation to
shear-past and shear-now after excavation, indicating that the empty area has previously
reached the yield surface but later returned to an elastic state, with some elements also
in a shear state. During the continuous excavation process, the main changes are in the
maximum compressive stress and maximum displacement values.

We calculated the maximum compressive stress and maximum displacement trend
during the stepwise mining process. It can be seen that, during the initial mining process,
the maximum compressive stress gradually increases, peaking after the eighth step of
mining, reaching a maximum of 39.1 MPa. By the ninth step of mining in the 60-10# panel,
the total thickness of the mined area reaches 72 m. In the final two steps of mining, the
maximum compressive stress decreases rapidly, indicating some release of stress. From
the displacement curve, it is observed that the displacement is relatively large in the early
stages of mining, but the trend of increasing displacement slows down during the stepwise
mining process, eventually stabilizing, without any sudden changes in displacement.

Overall, using this mining method may lead to a continuous increase in the maximum
compressive stress on the other side of the mining area, potentially causing crushing
damage to the surrounding rock in the mining chamber. The 60-6# and 60-10# panels at
Dongguashan have already suffered significant damage, and adopting this approach may
exacerbate the destruction of the surrounding rock in the mining chamber.

From Figures 11 and 12, it can be seen that the maximum principal stress cloud map in-
dicates that, as mining progresses gradually, the surrounding area of the mined-out section
is not subjected to tensile stress. In the early stages of mining, the maximum compressive
stress is mainly concentrated within the mining area, distributed near both sides of the
mined-out section, as shown in Figure 11b. As mining continues, the compressive stress
tends to concentrate toward the center of the mining area; however, there is no significant
increase in the maximum compressive stress, which stabilizes around 29.4 MPa. From the
displacement cloud map, it is evident that the displacement increases with the widening of
the mined area, and the maximum displacement continues to rise. The distribution of the
plastic zone shows that there are no significant changes surrounding the mined-out area.

In this scheme, the mined-out area is not subjected to tensile stress but is primarily
affected by compressive stress. The maximum compressive stress is concentrated in the
middle part of the mining area, showing a gradually decreasing trend, indicating that
the stress in the mining area is being continuously released. Even after mining to the
point where an 8 m thick pillar remains, there is no significant change in the maximum
compressive stress. Regarding the displacement of the pillar, as shown in Figure 13, the
maximum displacement of the 8 m thick pillar is only 0.84 cm, which is very small.

Based on the changes in the maximum compressive stress and the displacement of
the pillar in this scheme, the 8 m thick pillar remains in a relatively stable state. However,
considering the reasons such as rock fragmentation and the development of joint fissures
north of line 60, it is recommended that the thickness of the pillar left for safe extraction
be between 14 and 18 m, with the final extraction conducted in one go. Since the blasting
charge for each operation in Dongguashan is below 5 tons and the thickness of each blast
is limited, achieving a single extraction of a 14-18 m thickness is difficult due to the large
height of the mining area north of line 60. Therefore, this scheme is not recommended.
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Figure 11. Simulation results after four steps of mining. (a) Maximum principal stress cloud map;

(b) minimum principal stress cloud map; (c) displacement cloud map; and (d) plastic zone distribution.
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Figure 12. Simulation results after eight steps of mining. (a) Maximum principal stress cloud map;

(b) minimum principal stress cloud map; (c) displacement cloud map; and (d) plastic zone distribution.
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Figure 13. Displacement cloud map of the 8 m thick pillar.

From Figure 14, it can be seen that the maximum principal stress cloud (Figure 14a)
and the minimum principal stress cloud (Figure 14b) show that, after mining half of
the stope, there is basically no tensile stress acting on the area surrounding the empty
space, while the unmined material on the other side of the empty space is subjected to
significant compressive stress, with a maximum compressive stress of 37.3 MPa. Before
mining, the maximum compressive stress is mainly concentrated on both sides of the stope.
After adopting this mining scheme, the maximum compressive stress increases. From
the displacement of the roof of the empty space (Figure 14c) and the displacement of the
pillars on both sides of the empty space (Figure 14d), it can be observed that the maximum
displacement of the roof of the empty space is 8.83 cm, while the lateral displacement of
the pillar next to the empty space is 3 cm, which is much smaller than the displacement of
the roof of the empty space. Compared to the normal stope displacement, the displacement
values are all within a reasonable range.

After the filling of the empty space, as shown in Figure 15, some regions of the filling
body exhibit tensile stress, but both the maximum tensile stress value and its range are
relatively small. The maximum compressive stress remains at 37.3 MPa, consistent with
the maximum compressive stress before filling, indicating that the filling body does not
effectively transmit compressive stress. The maximum displacement of the roof after filling
is 8.86 cm, which is nearly the same as the displacement after filling. The maximum
displacement of the pillars on both sides of the filling body is 2.5 cm, a reduction of 0.5 cm
compared to before filling.

From Figure 16, after half of the stope is filled, mining is conducted on the other half
of the stope. The results show that there is no tensile stress acting on the empty space, and
the maximum compressive stress around the empty space decreases to 30 MPa. The roof
displacement of the empty space is 10.4 cm, with the maximum displacement of the filling
body in the empty space being 2 cm, and the maximum displacement of the rock mass
being 3 cm. Compared to full mining (10 cm), there is not a significant change in the roof
displacement of the empty space.

From the above analysis, it can be concluded that, after recovering half of the mining
area, the surrounding rock in the empty area is not affected by tensile stress, and the
displacement on both sides of the empty area is small, indicating good stability. After filling
and recovering the other half of the mining area, the displacement of the roof, the rock
on both sides, and the filling body are all within a reasonable range, and the maximum
compressive stress decreased. In summary, this method has been proven feasible through
a numerical simulation; however, the process on-site is complex and the pressure on
mining production tasks is significant, so it cannot be widely promoted, although it may be
considered for application in certain mining areas.
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(b)

(d)

Figure 14. Simulation results after half of the extraction. (a) Maximum principal stress cloud map;
(b) minimum principal stress cloud map; (c) displacement cloud map of the roof; and (d) displacement
cloud map of the pillars.
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Figure 15. Simulation results after half of the filling. (a) Maximum principal stress cloud map;
(b) minimum principal stress cloud map; (c) displacement cloud map of the roof; and (d) displacement
cloud map of the pillars.
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Figure 16. Simulation results after the recovery of the other half. (a) Maximum principal stress
cloud map; (b) minimum principal stress cloud map; (c) displacement cloud map of the roof; and
(d) displacement cloud map of the pillars.

From the previous simulation results, it is known that, after the two-step mining,
the filling body is relatively stable, and the stability of the filling body is an important
foundation for this plan. After reducing the dimensions in the middle of the one-step
mining area, the thickness of the filling body in the central area of the one-step mining
needs further numerical simulation calculations to determine whether it can meet the
stability requirements. Due to the change in the mining area dimensions, this numerical
simulation requires redesigning and recalculating for the model, as shown in Figure 17.
This simulation takes the 62 line mining area as a reference and focuses on the concentrated
high mining areas for the numerical simulation calculations, covering the range from the
62-1# to the 62-12# mining areas. The height of the model from the 60-4# to the 60-12#
mining areas is set at 125 m.

v, v )

(Y

Figure 17. Model of the 62-2# to 62-12# mining areas.



Appl. Sci. 2024, 14, 10608

19 of 29

(1) Determine the thickness of the retained rock mass on both sides of the middle section
of the mining area.

In this scheme, a certain thickness of rock mass is retained on both sides of the middle
section of the one-step mining area for the two-step mining. The thickness of the retained
rock mass needs to be confirmed through simulation calculations. This simulation involves
a numerical analysis of the triangular rock columns with thicknesses of 2 m, 4 m, and 6 m
retained on both sides of the mining area. The simulation results are as follows.

Figure 18 presents the simulation results of a single void after complete extraction
using the original mining method, compared with the new scheme. The results show that
the maximum tensile stress on both sides of the void is 1.42 MPa, with a small range, which
may lead to localized spalling; the maximum compressive stress is concentrated at the four
corners of the void, reaching 40.9 MPa. The maximum displacement of the roof is 6.04 cm,
while the displacement of the surrounding rock is 5.8 cm.
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Figure 18. Simulation results after the mining area is extracted according to the original min-
ing method. (a) Maximum principal stress cloud map; (b) minimum principal stress cloud map;
(c) displacement cloud map of the roof; and (d) displacement cloud map of the pillars.

Figure 19 shows the simulation results with 2 m thick pillars left on both sides of the
mining area. At this point, the maximum tensile stress on both sides of the void decreases
to 1.03 MPa, but the maximum compressive stress increases to 51.9 MPa. The maximum
displacement of the roof is 5.0 cm, and the displacement of the surrounding rock increases
to 6 cm. Compared to the original mining method, while leaving the pillars reduces tensile
stress, it increases displacement and compressive stress, which is not conducive to the
stability of the void.

Figure 20 shows the simulation results with a 4 m thick pillar left on both sides of the
mining site. The results indicate that the maximum tensile stress on both sides of the empty
area is 1.03 MPa, which is a decrease; the maximum compressive stress is concentrated
on the top and bottom plates, reaching 61.51 MPa, with a small range. The maximum
displacement of the top plate decreased to 3.96 cm, and the displacement of the surrounding
rock significantly reduced, forming two regions with a maximum displacement of only
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1.14 cm, which is a substantial decrease compared to 5.8 cm from the original mining
method, indicating a significant improvement in the stability of the pillars.

(b)
(d)

Figure 19. Simulation results with 2m thick pillars left on both sides of the mining area. (a) Maximum

(©)

principal stress cloud map; (b) minimum principal stress cloud map; (c) displacement cloud map of
the roof; and (d) displacement cloud map of the pillars.

(b)
(d

Figure 20. Simulation results with 4 m thick pillars left on both sides of the mining area. (a) Maximum
principal stress cloud map; (b) minimum principal stress cloud map; (c) displacement cloud map of

()

the roof; and (d) displacement cloud map of the pillars.
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Figure 21 shows the simulation results with a 6 m thick pillar left on both sides. The
results indicate that the maximum tensile stress is 1.46 MPa, which is similar to that of
the original mining method, but the range of tensile stress has increased. The maximum
compressive stress is mainly located on the top and bottom plates, reaching 49.9 MPa,
which is lower than in the previous two scenarios. The maximum displacement of the top
plate is 3.2 cm, and the displacement of the surrounding rock on both sides has returned to
a single region with a maximum displacement of 6.1 cm, indicating that the apex area is
prone to collapse.
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Figure 21. Simulation results with a 6 m thick pillar left on one side of the central area of the
mining site. (a) Maximum principal stress cloud map; (b) minimum principal stress cloud map;
(c) displacement cloud map of the roof; and (d) displacement cloud map of the pillars.

In summary, leaving a 4 m thick triangular pillar on both sides of the mining site
as part of the two-step mining scheme can significantly reduce the displacement of the
surrounding rock in the empty area, and the displacement of the top plate is also reduced.
Although the maximum compressive stress of this scheme is relatively high, its impact
range is small, so a pillar thickness of 4 m is recommended.

(2) Simulation Results after Applying This Scheme to Adjacent One-Step High Mining Sites

As the dimensions of the middle section of the one-step mining site are reduced, the
extraction range of the two-step mining site will increase, leading to a larger exposed area
of the empty zone. If this scheme is applied to adjacent one-step mining sites, the exposed
area of the top plate of the two-step empty zone will increase, and the thickness of the fill
on both sides of the empty zone will decrease, which necessitates further verification of
the stability of the empty zone. Therefore, this study compares and analyzes the changes
in stress and displacement after the extraction of the 60-7# two-step mining site following
the reduction of the middle section dimensions in the 60-6# and 60-8# mining sites. The
simulation results are as follows:

Figure 22 shows the simulation results after completing the two-step mining according
to the original mining method, mainly for comparison with this scheme. From the simula-
tion results, it can be seen that only a small portion of the fill material on both sides of the
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void is affected by tensile stress after mining, with a maximum tensile stress of 1.47 MPa,
which may lead to some falling of the fill material. From the minimum principal stress
cloud map (Figure 22b), it can be observed that there is no stress concentration around
the void, and the maximum compressive stress is located in the surrounding areas of the
one-step and two-step mining after extraction, which has little impact on the void. The
maximum displacement of the roof is 13.6 cm, while the maximum displacement of the fill
material on both sides of the void is 5.2 cm.
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Figure 22. Simulation calculation results of the original two-step mining method. (a) Maximum
principal stress cloud map; (b) minimum principal stress cloud map; (c) displacement cloud map of
the roof; and (d) displacement cloud map of the pillars.

After adopting the scheme of leaving a 4 m thick pillar in the middle of the mining
area, the two-step mining area is enlarged, increasing the exposed area of the void, and
the simulation results are shown in Figure 23. From the maximum principal stress cloud
map (Figure 23a), it can be seen that only a small portion of the fill material is subjected
to tensile stress, with a maximum tensile stress of 0.45 MPa. The maximum compressive
stress is located around the one-step mining area, and the stress in the two-step mining area
is basically released. The displacement of the void roof is 12.8 cm, and the displacement
of the fill material on both sides of the void is 7.2 cm, but the range is very small, with
the general displacement of the fill material being between 2 and 4 cm, which is sufficient
to maintain the stability of the fill material. When continuously applying this scheme for
extraction in the one-step mining area, compared to the original mining scheme, the tensile
stress is reduced, the roof displacement is lowered, and there are no significant changes in
the displacement of the fill material, with the only noticeable changes being in the range
and magnitude of the maximum compressive stress. Therefore, it is feasible to continue to
apply this scheme in the one-step mining area.
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Figure 23. Simulation calculation results of the two-step mining after applying this scheme.
(a) Maximum principal stress cloud map; (b) minimum principal stress cloud map; (c) displace-
ment cloud map of the roof; and (d) displacement cloud map of the pillars.

In summary, gradually mining from one side of the working area to the other can
lead to stress concentration at the opposite end, exacerbating damage to the chamber and
rendering it unsuitable for all mining areas. In the mining areas north of line 60 at Dong-
guashan, after adopting this mining sequence, some fragmented regions or large mining
areas experience severe damage in the void after extraction. Using the method of mining
from both sides toward the center, the maximum compressive stress gradually decreases,
and the stress concentration is released during the initial extraction, which is beneficial
for enhancing the stability of the chamber. However, this scheme requires retaining a
14-18 m thick pillar in the middle of the working area. Due to blasting restrictions and rock
fragmentation, it is challenging to blast the pillar all at once, making it prone to collapse and
affecting safe operations; therefore, it is not recommended. The “mining-filling-mining”
scheme can reduce the deformation of the roof and surrounding rock, but it involves
significant closure work, a complex filling process, and high organizational difficulties in
production, which reduces the production capacity of the working area and impacts the
completion of mining tasks. Hence, it is only suitable for localized applications and not
recommended for widespread promotion.

The plan to reduce the width of the one-step mining area, by dividing a larger exposed
surface into two surfaces to form triangular pillars, enhances the strength of the pillars.
The simulation results show that the displacement of the rock on both sides of the void is
significantly reduced, effectively protecting the pillars in the two-step mining area. Even
if the rock on both sides has developed joints and fractures, the scheme retains a certain
thickness of rock, providing adequate protection. When continuously applying this scheme
in adjacent one-step mining areas, although the exposed area of the two-step void increases,
there are no significant changes in the displacement of the fill material, roof displacement,
or tensile stress variation compared to the original scheme. Although the compressive
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stress increases, its range is small and has little impact. Therefore, it is recommended to
actively adopt this scheme for the extraction of large one-step mining areas.

4.2. Analysis of the Simulation Results of the Two-Step High Mining Area Extraction Process

During the recovery process in the two-step mining area, significant changes occur in
the surrounding rock mass, transforming from high-strength ore rock to lower strength
fill material. Additionally, during the recovery process, stress is further released, and the
areas where stress is concentrated shift significantly. Therefore, the analysis of the two-step
mining area focuses on the following two aspects: first, examining the changes in the maxi-
mum compressive stress through cross-sectional diagrams along the mining area, where
the patterns of changes in the maximum stress position can be easily identified; second,
observing the displacement changes of the fill material on both sides of the void from a
direction perpendicular to the mining area. This numerical simulation uses the 60-23#
mining area as a case study to conduct numerical calculations on the recovery sequence.

From the minimum principal stress cloud map before the recovery of the 60-23#
mining area, it can be seen that the maximum compressive stress has shifted to the bottom
area of the mining area where it intersects with the cross-cut passage. The compressive
stress values within the mining area are relatively low, ranging from 25 MPa to 30 MPa.
The maximum principal stress cloud map indicates that, after the initial excavation of the
mining area, the internal rock mass is subjected to tensile stress, which is relatively small,
and the range of tensile stress is also limited, essentially being insufficient to damage the
rock mass. The minimum principal stress cloud map shows that, during the recovery
process from one end of the mining area to the other, the bottom of the unmined end of
the mining area experiences significant compressive stress, and, as recovery continues, the
maximum compressive stress keeps changing.

From Figures 24 and 25, the maximum principal stress cloud diagram indicates that,
during the process of mining from the center towards both sides, both sides of the empty
area experience tensile stress within a certain range. However, the tensile stress is relatively
small, and its range is limited. As the mining progresses, the position of the tensile stress
gradually changes, and, upon nearing the completion of the mining, the roof of the empty
area experiences some tensile stress, albeit at a low level. The minimum principal stress
cloud diagram shows that the maximum compressive stress is primarily located at the
bottom of both sides of the mining area and at the intersection with the cross-cut tunnel.
The maximum compressive stress also varies continuously as the mining advances.

From Figure 26, it can be seen that, after half of the mining in the area is completed,
the tensile stress is very low, only 0.21 MPa. The maximum compressive stress is located
at the junction of the unmined area and the cross-cut passage, reaching 36.4 MPa, but the
range is not large. The maximum displacement of the roof in the void is 12.6 cm, while the
maximum displacement of the filling material on both sides of the void is 4 cm.

From Figure 27, it can be observed that, after the mining area is mined and backfilled
and additional mining is conducted, the area surrounding the void is basically not subjected
to tensile stress. The maximum compressive stress around the void decreases, with the
maximum displacement of the roof reaching 14.1 cm and the displacement of the filling
material on both sides being 2 m.

In the original mining method, the void is essentially not subjected to tensile stress,
and the maximum compressive stress decreases, with the maximum displacement of the
roof being 14.2 cm and the maximum displacement of the filling material being 2 cm.
Compared to this method, there is no significant difference. From the above analysis, it
can be concluded that the simulation calculation based on the filling scheme shows no
significant differences when compared to the original mining plan for the two-step method.
Additionally, this scheme requires two rounds of backfilling, which increases the amount
of sealing work and complicates the backfilling process. Therefore, it is not recommended
for widespread adoption.
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Based on the above extraction schemes, when adopting the approach of gradually
mining from the middle to both sides, the initial displacement of the roof and filling body is
relatively large, making the central area of the void prone to collapse; therefore, this scheme
is not recommended. Although the “Mining-Filling-Mining” scheme does not transfer
stress to the filling body;, it can effectively reduce the deformation of the roof and filling
body. Thus, from the perspective of protecting the void, it has a positive effect. However,
this scheme involves two filling processes, complicating the filling operation, increasing the
closure workload, and making the production organization more challenging. Therefore,
the “Mining-Filling-Mining” scheme is not recommended for widespread application,
but could be considered for some very tall mining areas. Combining the analysis of the
numerical simulation results, after the completion of the first-step mining, the stress has
been released. Based on the numerical simulation results of various schemes for the second-
step mining, it is recommended to adopt the scheme of gradually mining from one side of
the mining area to the other (the original mining sequence) for the second-step mining.
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Figure 24. Minimum principal stress cloud diagram before the mining of the 60-23# mining area.
(a) Profile cloud diagram along the mining area direction; and (b) profile cloud diagram perpendicular
to the mining area direction.
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Figure 25. Simulation calculation results after mining completion. (a) Maximum principal stress
cloud map; (b) minimum principal stress cloud map; (c) profile cloud diagram along the mining area
direction; and (d) profile cloud diagram perpendicular to the mining area direction.
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Figure 26. Numerical simulation results of stope 23# stope with first half stope. (a) Maximum
principal stress cloud map; (b) minimum principal stress cloud map; (c) profile cloud diagram along
the mining area direction; and (d) profile cloud diagram perpendicular to the mining area direction.
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Figure 27. Numerical simulation results after the second half of the 23# mining area is extracted.
(a) Maximum principal stress cloud map; (b) minimum principal stress cloud map; (c) profile cloud

diagram along the mining area direction; and (d) profile cloud diagram perpendicular to the mining
area direction.
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5. Conclusions

This study focuses on the large mining areas of the Dongguashan copper deposit, using
the geological conditions and mechanical parameters of the ore body as a basis. A three-
dimensional model of the mining area was established using FLAC3D numerical simulation
software, and a detailed analysis of the stress distribution and displacement changes under
different mining schemes was conducted. The following conclusions were drawn:

(1) Stress conditions: The filling body can improve the distribution of stress to some
extent; however, it cannot alter the overall trend of stress transfer. The filling body
itself cannot bear most of the transferred stress, which remains supported by the
surrounding rock with a higher strength. In the second-step mining area, the adjacent
filling body cannot bear the transferred stress, resulting in significantly higher max-
imum values of tensile, compressive, and shear stresses compared to the first-step
mining area.

(2) Displacement and plastic zone distribution: The displacement values and the dis-
tribution of plastic zones in the second-step mining area are notably higher than
those in the first-step mining area. The displacement distribution of the roof in the
second-step mining area shows relatively gentle numerical changes and uniform
subsidence. Although there are plastic zones in the roof, they do not penetrate the
entire roof. Considering the dynamic load caused by blasting vibrations, it is essential
to control the scale of the maximum amount of explosives during blasting in the
second-step mining area to minimize the impact of blasting on the mining area and
the surrounding filling body.

(8) Conventional mining methods are prone to stress concentration in the rock and in-
creased roof displacement, making them unsuitable for large mining areas in complex
geological conditions. Various optimized mining schemes were proposed and vali-
dated. The scheme of “reducing the intermediate dimensions of the first-step mining
area” significantly reduces the displacement of the rock on both sides of the void and
alleviates the stress concentration, effectively enhancing the stability of the void. The
second-step mining should adopt a gradual approach, progressively mining from one
side to the other, to minimize the stress concentration and displacement changes in
the mining area and ensure the stability of the void.
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