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Abstract: Underground mining in coal mines causes strong disturbance to geological structures and
releases a large amount of elastic strain energy. When the roof is a hard and thick rock layer, it is easy
to cause dynamic disasters such as rock burst. To analyze the impact of a deep thick and hard roof
fracture on the safe mining of thick coal seams, this paper studied the dynamic evolution process
of the stress field, displacement field, energy field, and plastic zone of the coal seam and overlying
strata during the mining process using FLAC3D numerical simulation. The results show that as the
working face continues to be mined, the concentrated stress in the overlying strata first increases and
then decreases, and the support pressure in front of the working face continues to increase. When
it advances to 100 m, collapse occurs, and the stress increases sharply; the bottom plate undergoes
plastic failure, resulting in floor heave. The overlying strata mass in the top plate exhibits downward
vertical displacement, while the rock mass in the bottom plate exhibits upward vertical displacement,
with a maximum subsidence of 4.51 m; energy concentration areas are generated around the working
face roadway, forming an inverted “U” shape. When collapse occurs, the energy density decreases
slightly; the direction of the plastic zone changes from “saddle shaped” to complete failure of the
upper rock layer, and the overlying strata is mainly shear failure, which expands with the increase
in mining distance. The research results have important practical significance for guiding the safe
mining of deep thick and hard roof working faces.

Keywords: impact pressure; deep thick hard top plate; mining disturbances; numerical simulation

1. Introduction

China has abundant coal resources and a wide distribution area. Coal occupies a
dominant position in the composition of disposable energy in China. With the rapid
development of the social economy and the improvement in people’s living standards, the
demand for raw coal is also increasing year by year [1,2]. In recent years, with the gradual
depletion in shallow mineral resources in mining areas in eastern China, deep mining has
become an inevitable trend for future development. Due to various factors such as tectonic
stress, self-weight of overlying load, and complex geological structure, there are significant
differences in the stress field of the original rock in deep coal seams compared to shallow
coal seams. The deep environment accumulates more elastic energy in the coal seam, roof,
and floor, and their combined structures during coal seam disturbance, resulting in high
energy in the deep and frequent occurrence of large-scale coal rock dynamic disasters [3–7].
Thick and hard roof slabs are distributed in more than half of China’s mining areas, and the
occurrence conditions of coal seams are relatively complex. Today, with the widespread use
of fully mechanized mining technology, nearly 40% of fully mechanized mining faces have
experienced the phenomenon of thick and hard roof falling violently for the first time [8–10].
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Therefore, it is particularly important to master the temporal and spatial evolution law of
overlying strata movement and energy under the condition of a deep thick and hard roof.

In recent years, many researchers at home and abroad have done a lot of work for
the mining of coal seams under thick and hard roof conditions [11–13]. Ma et al. [14]
used a variety of research methods to reveal the deformation and failure mechanism of
roadway-surrounding rock in a gently inclined soft coal seam under different factors under
the condition of a thick and hard roof, and put forward corresponding treatment plans.
Wang et al. [15] studied the ground pressure behavior law of a fully mechanized top coal
caving face under the condition of a shallow buried thick hard roof, and used fracturing
technology to pre-crack the thick hard roof of the face, and achieved good results. Tan
et al. [16] studied the mechanism of hard-roof-type rock burst, and the results showed
that the two characteristics of stress mutation and energy increase can serve as important
indicators of precursor information of rock burst. Zhang et al. [17] used a comprehensive
research method to study the distribution law of mining-induced stress during the mining
process of the working face. The results showed that the thick and hard roof overlying
the coal seam is the main influencing factor of mining-induced stress, and the closer
the coal seam is to the thick and hard roof, the more concentrated the mining-induced
stress is. Kang et al. [18] used a comprehensive research method to study the failure and
movement patterns of thick and hard roof structures, and obtained the deformation and
stress distribution patterns of the roof. Liang et al. [19] established a mechanical analysis
model to study the relationship between different influencing factors on the advanced
fracture position and initial fracture distance of a thick and hard roof, and compared
the analysis results with on-site monitoring data to verify the accuracy of the model. Li
et al. [20] used five working faces of Chenghe No.2 Coal Mine as an example to study the
failure mechanism of the roof and floor of the No.2 coal seam using a combination of on-site
testing and numerical simulation. They also analyzed the distribution patterns of stress
and displacement fields and plastic zone evolution characteristics of the roof and floor
with different degrees of advancement of the working face. Xiong et al. [21] established
a mechanical model for coal face failure under repeated mining conditions. Through
similar simulation experiments and numerical simulation methods, the development of
coal seam roof structure and surrounding rock fractures under repeated mining conditions
was studied. The results showed that under the same roof pressure, the development of
coal face fractures was more complete, the coal strength was lower, and the coal face was
more prone to failure. Yang et al. [22] constructed a 3D physical simulation test under
the condition of a thick and hard roof, and obtained the evolution law of the overburden
displacement field and the dynamic evolution characteristics of “three belts” during thick
seam mining. Bu et al. [23] constructed a mechanical model for the mining bearing capacity
of a thick and hard roof, and from the perspective of energy, analyzed the relationship
between the energy accumulated due to the fracture of the thick and hard roof in the
mining area and the strong dynamic pressure manifestation, revealing the characteristics
of the impact of the fracture instability of the thick and hard roof on the strong rock
pressure manifestation.

In summary, when researching the instability of a coal seam under the conditions of a
thick, hard roof, researchers both domestically and internationally primarily concentrate on
one or two of the stress field, displacement field, and energy field, ignoring the investigation
of the space–time evolution law of multiple fields. Numerical simulation techniques for
engineering geology are maturing and getting better with the broad usage of computer
technology. These techniques are also gradually being applied to solve engineering ge-
ological problems. The mutual verification between the results of numerical simulation
calculations, experimental findings, and engineering practice has expanded the scope of
problem solving in engineering geology, deepened the exploration of research topics, and
effectively advanced the quantitative advancement of the engineering geological disci-
pline [24–26]. Therefore, during the mining process of deep, thick, and hard roof working
faces, this research employs FLAC3D V4.0 numerical simulation software to simulate and
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examine the dynamic evolution process of the stress field, displacement field, energy field,
and plastic zone of the coal seam and overlaying strata. Additionally, the distribution
law and process of mining stress and thick hard impact roof impact on the alteration of
coal elastic energy under deep high-stress conditions were examined. Under the limit
conditions of gas containing coal failure and instability (outburst), obtain the dynamic
distribution state, dynamic transfer process, and superposition effect with the high-energy
elastic performance of the thick and hard roof. Then, analyze the spatial dynamic evolution
law of the stress field and energy field. The study’s findings can serve as a guide for safe
mining in comparable circumstances.

2. Three-Dimensional Numerical Model of Coal Seam in Deep Thick and Hard Roof
Working Face

A growing number of researchers are turning to numerical simulation techniques to
address engineering geology-related issues as the field’s numerical simulation technology
matures. Using three-dimensional rapid Lagrangian analysis technology, FLAC3D is a
numerical modeling tool that accurately models the behavior of materials in yield, plastic
flow, softening, and massive deformation. The program is extensively used because of its
strong functionality and good universality. Its distinctive advantages have been shown,
particularly in the research on major deformation, simulation of construction processes,
and material elasticity and plasticity analyses. Because of this reason, this study analyzes
the working face mining process using FLAC3D V4.0 software while a thick, hard ceiling
is present.

2.1. Selection of Constitutive Model

The rock mass in this simulation is mainly composed of sandstone and mudstone,
which exhibit obvious elastic–plastic deformation characteristics under different confining
pressures. The failure modes of the rock include plastic failure, tensile failure, and shear
failure. Therefore, a Mohr–Coulomb constitutive model can be used [27].

2.1.1. Mohr–Coulomb Incremental Elasticity Theory

The Mohr–Coulomb criterion in FLAC3D is represented by principal stress σ1, σ2, σ3
and strain increment ∆ε1, ∆ε2, ∆ε3, respectively. The incremental expression of Hooke’s
law in terms of generalized stress and stress has the following form:

∆σ1 = α1∆εe
1 + α2(∆εe

2 + ∆εe
3)

∆σ2 = α1∆εe
2 + α2(∆εe

1 + ∆εe
3)

∆σ3 = α1∆εe
3 + α2(∆εe

1 + ∆εe
2)

(1)

In the formula, ∆εe
i represents the increment of elastic strain; α1 and α2 are material

constants defined in terms of the shear modulus, G, and bulk modulus, K, as follows:

α1 = K + (4/3)G (2)

α2 = K − (2/3)G (3)

2.1.2. Mohr–Coulomb Yield Criterion

The failure envelope defined by the Mohr–Coulomb yield function from point A to
point B is

f s = σ1 − σ3Nφ + 2c
√

Nφ (4)

The yield function of tensile stress from point B to point C is defined as

f t = σt − σ3 (5)
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In the formula, φ is the friction angle, c is the cohesion force, and σt is the tensile
strength, and

Nφ =
1 + sin φ

1 − sin φ
(6)

As shown in Figure 1, when f s ≥ 0, the material will undergo shear failure. After
reaching the yield limit, the material undergoes plastic deformation at a constant stress
level [28]. In the state of tensile stress, if the tensile stress exceeds the tensile strength of
the material, the material will fail. And the strength of the material cannot exceed the σt

max
value defined below, namely

σt
max =

c
tan φ

(7)
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Figure 1. Mohr–Coulomb model of geotechnical materials and failure criteria.

2.1.3. Mohr–Coulomb Flow Criterion

The shear potential function gs corresponds to the non-correlated flow law, namely

gs = σ1 − σ3Nφ (8)

The potential function gt corresponds to the correlated flow law of tensile stress failure, namely

gt = −σ3 (9)

For the case of shear tensile stress near the boundary, the flow criterion of the Mohr–
Coulomb model can be used to calculate by defining a mixed yield function near the
boundary in a three-dimensional stress space. Define function h(σ1, σ3) = 0 to represent
the diagonal of the curves represented by f s = 0 and f t = 0 in the (σ1, σ3) plane. The
expression for this function is

h = σ3 − σt + αp(σ1 − σp) (10)

In the formula
αp =

√
1 + Nφ + Nφ (11)

σp = σtNφ − 2c
√

Nφ (12)

The form of damage is represented by Zone 1 or Zone 2 in the (σ1, σ3) plane in Figure 2.
If located in Zone 1, it is shear failure. Applying the flow criterion determined with
potential function gs, the stress points are regressed to the curve of f s = 0. If located in
Zone 2, it is tensile stress failure. Applying the flow criterion determined with potential
function gt, the stress points are regressed to the curve of f t = 0 [29].
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2.2. Establishment of a Three-Dimensional Numerical Model

The coal seam mined using a fully mechanized mining face in a certain coal mine
had a gentle attitude and well-developed fractures. The thickness of the coal seam was
3.1~5.7 m, with a local thickness of 6.2 m and an average coal thickness of 4 m. The structure
of the coal seam was relatively complex, containing 1~3 layers of gangue, and the lithology
of the gangue was mostly siltstone. The dip angle of the coal seam was 0~10◦, with an aver-
age of 4◦. It was a nearly horizontal coal seam. The length of the working face was 150 m,
and the burial depth of the working face was about 670 m. The roof of the coal seam was
mainly composed of sandy mudstone and mudstone, while the floor was mainly composed
of sandstone.

Taking the production geological conditions of the mining face as an example, a
FLAC3D numerical physical model was established, as shown in Figure 3. The model size
was 194 m × 150 m × 64 m, totally divided into five layers, of which the coal seam was
4 m thick. Because the coal seam was near horizontal, this simulation did not consider
the issue of dip angle, and the dip angle of the coal seam was 0◦. The number of zones
generated was 159,840, and the number of grid points was 173,600. The X-axis direction
of the model was defined as the inclination of the working face. The negative direction
of the Y-axis was defined as the strike of the working face. The direction of rock deposits
and reserves was defined as the Z-axis. A 10 m protective coal pillar was left in both the
inclined and strike directions. This simulation used the Mohr–Coulomb constitutive model
and activated the large deformation mode. Advance the mining along the Y-axis direction
(mining direction of the working face), with a starting line of Y = 10 m and a mining step
distance of 100 m. The mining was completed five times with a mining distance of 20 m.
The boundaries around the model restricted horizontal displacement, with a fixed bottom
and a free boundary at the top. A stress of 16 MPa was applied at the top to simulate the
self-weight of the overlying strata. The lateral pressure coefficient was 1.1. The average
unit weight of rock was 25 KN/m3. The gas pressure was taken as 0.5 MPa [30,31]. The
mechanical parameters used in the model are shown in Table 1.
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Table 1. Mechanical parameters of coal seam roof and floor.

Rock Strata Thickness/
(m)

Density/
(kg·m−3)

Friction
Angle/(◦)

Cohesion/
MPa

Bulk
Modulus/MPa

Shear
Modulus/MPa

Tensile
Strength/MPa

Overlying strata 20 1914 46.5 5.45 3.12 2.41 5.51
Sandy mudstone 10 2544.45 37.5 4.40 3.48 2.26 4.29

Coal seam 4 1625.75 24 3.30 1.52 0.81 1.25
Sandstone 10 2454 38.5 4.55 2.67 2.25 3.99

Downward strata 20 2314 46.5 5.45 2.41 2.41 5.41

3. Analysis of Numerical Simulation Results

This simulation studied the spatiotemporal evolution of the stress field, displacement
field, energy field, and plastic zone in the coal seam and overlying strata of the deep
thick and hard roof working face during the excavation process of the model Y = 10 m to
Y = 110 m, with a mining distance of 100 m. In order to better display the spatiotemporal
evolution laws of the stress field, displacement field, energy field, and plastic zone of the
coal seam and overlying strata during the mining period of the deep thick and hard roof
working face from multiple angles, a horizontal section is made for the overlying strata
above the parallel coal seam, a vertical section is made for the parallel advancing direction,
and monitoring lines are arranged at different distances from the bottom of the coal seam
to monitor the changes in stress, displacement, and energy of the coal seam and overlying
strata in real time every 20 m of advancing of the working face [32]. Three monitoring
lines are arranged at Y = 115 m, with distances of 2 m, 12 m, and 22 m from the bottom of
the coal seam, respectively; the total length of the monitoring line is 150 m, with a total of
16 monitoring points per layer, with a spacing of 10 m.

3.1. The Spatiotemporal Evolution Law of the Stress Field in the Coal Seam and Overlying Strata
during the Mining Period of the Working Face

During the mining process of the working face, the stress field distribution of the
overlying strata in the parallel and vertical directions of the working face is shown in
Figures 4 and 5, respectively. The stress distribution of the overlying strata at different
distances from the coal seam floor is shown in Figure 6.

As shown in Figures 4–6, as the working face continues to be mined, the support
pressure in front of the working face continues to increase, leading to a gradual expansion
of the scope of overlying strata failure; the farther away from the coal seam, the smaller the
changes in overlying strata stress and displacement due to mining disturbance. As shown
in Figure 4, as the working face advances, the stress concentration area of the overlying
strata continues to expand, and the concentrated stress shows a trend of first increasing
and then decreasing (it has increased from 25.7 MPa to 49.9 MPa and then decreased to
45.8 MPa). This is because collapse occurred when the excavation reached 100 m, resulting
in partial stress release and a small decrease in concentrated stress. The overlying strata
stress is mainly concentrated in the front of the working face and on both sides of the
roadway. The stress in the overlying strata at the goaf is relatively low, which is the result
of the movement of overlying strata during the extraction of coal seams. From Figure 4e,
it can be seen that the mining of coal forms a goaf, and the stress in the surrounding coal
and rock mass redistributes. The vertical stress around the mining face increases. As the
roof collapses, the interior of the goaf is filled until it returns to the original rock stress
state. From Figure 5, it can be seen that as the mining face continues to advance, the stress
in the overlying strata behind the face gradually decreases, and the stress reduction area
continues to expand. The overlying strata has a pressure relief zone, and the stress value
gradually decreases with the coal seam mining and develops upwards. When the working
face advances 100 m, collapse occurs and the stress increases sharply. As shown in Figure 6,
when the advancing distance of the working face reaches 60 m, the stress in the overlying
strata remains almost unchanged. When the advancing distance reaches 80 m, the stress
increases slightly. When the advancing distance reaches 100 m, the stress at 2 m and 12 m
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away from the coal seam floor increases significantly, and the stress in the overlying strata
at 22 m away from the coal seam floor changes sharply.
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Figure 5. Overlying stress cloud along the direction of face advancement during face remining:
(a) 20 m; (b) 40 m; (c) 60 m; (d) 80 m; (e) 100 m.
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Figure 6. Vertical stress evolution results of overlying strata at different distances from the bottom of
the coal seam during face remining: (a) 2 m; (b) 12 m; (c) 22 m.
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3.2. The Spatiotemporal Evolution Law of the Displacement Field of Coal Seams and Overlying
Strata during the Mining Period of the Working Face

During the mining process of the working face, the distribution of the displacement
field of the overlying strata in the parallel and vertical directions of the working face is
shown in Figures 7 and 8, and the distribution of the displacement curve of the overlying
strata at different distances from the coal seam floor is shown in Figure 9.
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Figure 7. Spatial distribution of overburden movement at 12 m from the coal seam floor at different
distances of the working face: (a) 20 m; (b) 40 m; (c) 60 m; (d) 80 m; (e) 100 m.
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From Figures 7 and 8, it can be seen that with the continuous mining of the working
face, the rock mass on the top and bottom of the coal seam exhibits obvious displace-
ment characteristics. The overlying strata mass in the working face roof mainly exhibits
downward vertical displacement, while the rock mass in the bottom plate mainly exhibits
upward vertical displacement. The displacement of the roof increases as the working face
advances. When the working face advances to 80 m, there is a significant collapse, and
when it advances to 100 m, there is a complete collapse with a maximum subsidence of
4.51 m. There was a significant upward displacement of the bottom plate at a distance
of 80 m, increasing from 4.4 mm to the final 7.8 mm. This indicates that as the working
face advances, the bottom plate undergoes plastic failure and produces a phenomenon of
floor heave. From Figure 9, it can be seen that when the working face advances to 60 m,
the displacement of the roof does not change significantly. When it advances to 80 m,
the displacement slightly increases, while when it advances to 100 m, the displacement
increases significantly. In addition, as the distance between the roof and the coal seam floor
increases, its displacement also increases.

3.3. The Spatiotemporal Evolution Law of the Energy Field of Coal Seams and Overlying Strata
during the Mining Period of the Working Face

During the mining process of this working face, the energy field distribution of the
overlying strata in the parallel and vertical directions of the working face is shown in
Figures 10 and 11, and the elastic energy distribution of the overlying strata at different
distances from the coal seam floor is shown in Figure 12. The formula for calculating the
elastic energy of the roof and coal seam is as follows:

U =
σ2

1 + σ2
2 + σ2

3 − 2ν(σ1σ2 + σ1σ3 + σ2σ3)

2E
(13)

Processes 2023, 11, x FOR PEER REVIEW 10 of 16 
 

 

Figures 10 and 11, and the elastic energy distribution of the overlying strata at different 

distances from the coal seam floor is shown in Figure 12. The formula for calculating the 

elastic energy of the roof and coal seam is as follows: 

2 2 2

1 2 3 1 2 1 3 2 32 ( )

2
U

E

         + + − + +
=  (13) 

 

   

(a) (b) (c) 

  

 

(d) (e)  

Figure 10. Energy distribution of overburden at 12 m from the bottom of the coal seam during the 

remining period of the working face: (a) 20 m; (b) 40 m; (c) 60 m; (d) 80 m; (e) 100 m. 

   

(a) (b) (c) 

  

 

(d) (e)  

Figure 11. Cloud map of overlying elastic energy along the direction of face advancement during 

face remining: (a) 20 m; (b) 40 m; (c) 60 m; (d) 80 m; (e) 100 m. 

Figure 10. Energy distribution of overburden at 12 m from the bottom of the coal seam during the
remining period of the working face: (a) 20 m; (b) 40 m; (c) 60 m; (d) 80 m; (e) 100 m.



Processes 2023, 11, 3173 10 of 15

Processes 2023, 11, x FOR PEER REVIEW 10 of 16 
 

 

Figures 10 and 11, and the elastic energy distribution of the overlying strata at different 
distances from the coal seam floor is shown in Figure 12. The formula for calculating the 
elastic energy of the roof and coal seam is as follows: 

2 2 2
1 2 3 1 2 1 3 2 32 ( )

2
U

E
σ σ σ ν σ σ σ σ σ σ+ + − + +

=  (13)

 

   
(a) (b) (c) 

  

 

(d) (e)  

Figure 10. Energy distribution of overburden at 12 m from the bottom of the coal seam during the 
remining period of the working face: (a) 20 m; (b) 40 m; (c) 60 m; (d) 80 m; (e) 100 m. 

   
(a) (b) (c) 

  

 

(d) (e)  

Figure 11. Cloud map of overlying elastic energy along the direction of face advancement during 
face remining: (a) 20 m; (b) 40 m; (c) 60 m; (d) 80 m; (e) 100 m. 
Figure 11. Cloud map of overlying elastic energy along the direction of face advancement during
face remining: (a) 20 m; (b) 40 m; (c) 60 m; (d) 80 m; (e) 100 m.

Processes 2023, 11, x FOR PEER REVIEW 11 of 16 
 

 

0 30 60 90 120 150 180
0

100

200

300

400

500

600

El
as

tic
 e

ne
rg

y/
K

J

Tendency coordinates/m

 85m
 65m
 45m
 25m
 5m

 
0 30 60 90 120 150 180

30

60

90

120

150

El
as

tic
 e

ne
rg

y/
K

J

Tendency coordinates/m

 85m
 65m
 45m
 25m
 5m

 
0 30 60 90 120 150 180

30

40

50

60

El
as

tic
 e

ne
rg

y/
K

J

Tendency coordinates/m

 85m
 65m
 45m
 25m
 5m

 
(a) (b) (c) 

Figure 12. Evolution of elastic energy of overlying strata at different distances from the bottom of 
the coal seam during the recovery of the working face: (a) 2 m; (b) 12 m; (c) 22 m. 

From Figures 10 and 11, it can be seen that the elastic energy after coal seam excava-
tion is mainly concentrated in the overlying strata behind the working face and on both 
sides of the tunnel. Due to the soft nature of the coal body, the elastic deformation gener-
ated with the force is relatively large, and the stored elastic energy is relatively high, with 
a high energy density. Once the overlying strata is broken, the large amount of elastic 
energy stored in the coal and rock mass due to self-weight will be suddenly released, 
causing dangerous accidents. It can be seen that with the continuous mining of the work-
ing face, there is a significant energy concentration area around the working face roadway. 
When the working face is mined to 60 m, energy is connected at both ends of the roadway 
and the roof, forming an inverted “U” shape. And during the continuous mining process, 
this area also expands accordingly, reaching its maximum value when the working face 
advances to 100 m, but collapse occurs at this time and the energy density decreases 
slightly. From Figure 12, it can be seen that the upper and lower end areas are affected by 
the concentrated lateral support pressure of the mining face, resulting in energy accumu-
lation. At a distance of 2 m and 12 m from the coal seam floor, a large amount of energy 
accumulation is generated in front of the working face due to mining disturbance, and the 
energy accumulation is relatively small at a distance of 22 m from the coal seam floor. 
Overall, the closer to the coal seam floor, the higher the accumulated elastic energy. 

3.4. Plastic Failure Characteristics of Overlying Strata during Mining 
From Figure 13, it can be seen that when the mining distance of the working face is 

short, the top and bottom rock layers undergo shear failure, a small portion undergoes 
tensile failure, and shear failure occurs in front of the coal wall and at the opening of the 
working face. As the working face continues to be mined, the height of plastic zone dam-
age gradually increases, and the scope of damage gradually expands; when the working 
face is mined to a depth of 20 m, shear failure occurs in the top and bottom rock layers of 
the goaf. When mined to a depth of 40 m, a small amount of tensile failure occurs in the 
overlying strata of the roof. As the working face continues to advance, the scope of tensile 
failure gradually expands; as shown in Figure 13c, when the working face is mined to 60 
m, the plastic zone of the overlying rock above the entire goaf presents a “saddle shaped” 
shape with high ends and a low middle, and the plastic zone is mainly characterized by 
shear failure. As shown in Figure 13d,e, with the mining of the working face, the plastic 
zone changes from “saddle shaped” to a direction where all the rock layers in the upper 
part of the goaf are destroyed. This is because when the mining reaches 80 m, the overly-
ing strata above the goaf undergoes significant subsidence, the stress balance of the sur-
rounding rock is disrupted, and the stress is redistributed, leading to further expansion of 
the height of the plastic zone on the roof until it penetrates. 

Figure 12. Evolution of elastic energy of overlying strata at different distances from the bottom of the
coal seam during the recovery of the working face: (a) 2 m; (b) 12 m; (c) 22 m.

From Figures 10 and 11, it can be seen that the elastic energy after coal seam excavation
is mainly concentrated in the overlying strata behind the working face and on both sides
of the tunnel. Due to the soft nature of the coal body, the elastic deformation generated
with the force is relatively large, and the stored elastic energy is relatively high, with a high
energy density. Once the overlying strata is broken, the large amount of elastic energy stored
in the coal and rock mass due to self-weight will be suddenly released, causing dangerous
accidents. It can be seen that with the continuous mining of the working face, there is a
significant energy concentration area around the working face roadway. When the working
face is mined to 60 m, energy is connected at both ends of the roadway and the roof, forming
an inverted “U” shape. And during the continuous mining process, this area also expands
accordingly, reaching its maximum value when the working face advances to 100 m, but
collapse occurs at this time and the energy density decreases slightly. From Figure 12, it can
be seen that the upper and lower end areas are affected by the concentrated lateral support
pressure of the mining face, resulting in energy accumulation. At a distance of 2 m and
12 m from the coal seam floor, a large amount of energy accumulation is generated in front
of the working face due to mining disturbance, and the energy accumulation is relatively
small at a distance of 22 m from the coal seam floor. Overall, the closer to the coal seam
floor, the higher the accumulated elastic energy.

3.4. Plastic Failure Characteristics of Overlying Strata during Mining

From Figure 13, it can be seen that when the mining distance of the working face is
short, the top and bottom rock layers undergo shear failure, a small portion undergoes
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tensile failure, and shear failure occurs in front of the coal wall and at the opening of the
working face. As the working face continues to be mined, the height of plastic zone damage
gradually increases, and the scope of damage gradually expands; when the working face is
mined to a depth of 20 m, shear failure occurs in the top and bottom rock layers of the goaf.
When mined to a depth of 40 m, a small amount of tensile failure occurs in the overlying
strata of the roof. As the working face continues to advance, the scope of tensile failure
gradually expands; as shown in Figure 13c, when the working face is mined to 60 m, the
plastic zone of the overlying rock above the entire goaf presents a “saddle shaped” shape
with high ends and a low middle, and the plastic zone is mainly characterized by shear
failure. As shown in Figure 13d,e, with the mining of the working face, the plastic zone
changes from “saddle shaped” to a direction where all the rock layers in the upper part of
the goaf are destroyed. This is because when the mining reaches 80 m, the overlying strata
above the goaf undergoes significant subsidence, the stress balance of the sur-rounding
rock is disrupted, and the stress is redistributed, leading to further expansion of the height
of the plastic zone on the roof until it penetrates.
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3.5. The Distribution Characteristics of Stress, Displacement, and Plastic Zone in the Coal Seam
and Overlying Strata in the Central Goaf

When the working face is mined to a depth of Y = 110 m, the vertical stress, dis-
placement, and plastic zone distribution of the overlying rock in the middle of the goaf at
Y = 60 m are shown in Figure 14.

From Figure 14a,b, it can be seen that in the middle of the working face, the overlying
strata completely collapses and its vertical stress and displacement reach their maximum,
decreasing towards both sides. From Figure 14c, it can be seen that the plastic zone exhibits
a typical symmetrical distribution pattern with a larger range of roof failure and smaller
two sides. The top plate undergoes tensile shear failure, the overlying strata undergoes
large-scale shear failure, and the bottom plate undergoes small-scale shear failure.
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and bottom slabs in the goaf area behind the working face: (a) Vertical stress diagram of overlying
strata in goaf; (b) Displacement map of overlying strata in goaf; (c) Distribution of plastic zone of
overlying strata in goaf.

4. Discussion

This study introduces the stress, displacement, and energy evolution characteristics of
coal seam mining under the condition of a thick and hard roof. FLAC3D, as a simulation
research tool, utilizes three-dimensional fast Lagrangian analysis technology and built-in
multiple rock mechanics models. It can simulate the mechanical behavior of different types
of rocks and soils, accurately simulating the behavior of materials in yield, plastic flow,
softening, and large deformation. Moreover, it provides an intuitive graphical user interface
that supports parallel computing, greatly improving work efficiency and demonstrating its
unique advantages. Therefore, this article systematically analyzes the dynamic evolution
process of the stress field, displacement field, energy field, and plastic zone of the coal
seam and overlying rock during the mining process of the working face using FLAC3D
V4.0 simulation software. The influence process and distribution law of mining stress
and thick hard roof fracture on the elastic energy change in coal under a deep high-
stress environment were studied, and the dynamic distribution state of high-energy elastic
performance accumulation in a thick hard roof under the condition of gas containing coal
instability and failure was obtained.

The rock deformation and fracture caused by coal mining may lead to the formation
of stress concentration areas and high-stress areas in specific areas, which may lead to rock
instability and other problems. Through simulation research, we can understand the stress
changes in coal seams and overlying strata during the mining process of deep thick and
hard roof working faces, which is of great significance for evaluating the possible stress
concentration areas, high-stress areas, and stress transmission mechanisms in coal mining.
At the same time, the study analyzed the change process and distribution law of a thick and
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hard roof on the elastic energy of coal, which helps to understand the impact of a thick and
hard roof on the safety of coal seam mining and provides a basis for designing reasonable
support methods and mining processes.

The underground mining activities in coal mines result in the accumulation of a
large amount of elastic strain energy in coal layers, especially when the top plate is a
hard and thick rock layer, which can easily cause dynamic disasters. Therefore, the safe
mining of coal seams under a thick and hard roof is of great significance, but there is
currently little research on the spatiotemporal evolution law of multiple fields, and a
systematic analysis of the dynamic evolution law of the stress field, displacement field,
energy field, and plastic zone during the mining process of deep thick and hard roof
working faces. In addition, although the numerical simulation research results are not as
accurate as the on-site measurement results, their general trend is the same. Compared to
the on-site measurement, the numerical simulation requires less manpower, energy, and
financial investment. The results can be mutually verified with the on-site measurement
results, providing scientific basis for safety management and coal mining technology in coal
mine production.

In this study, the working face is a nearly horizontal coal seam. Due to the simplifi-
cation of the model, the dip angle of the coal seam in the model is taken as 0◦. But even
in nearly horizontal coal seams, there may still be some slight tilting or non-uniformity in
actual situations. These small inclinations or non-uniformities may have a certain impact
on stress distribution, roof stability, and gas extraction. In terms of direction, the mesh
division of the model is not dense, and the height of the model is also simplified to a certain
extent, which has a certain impact on the analysis of the plastic zone.

5. Conclusions

Thick and hard roofs are widely distributed in more than half of China’s mining areas.
When the roof is a hard and thick rock layer, it is easy to accumulate a large amount of
elastic energy during coal seam mining, leading to dynamic disasters such as rock burst.
This study utilized FLAC3D V4.0 numerical simulation software to simulate the dynamic
evolution process of the stress field, displacement field, energy field, and plastic zone in
coal seams and overlying strata during the mining process of deep thick and hard roof
working faces, and analyzed the influence process and distribution law of mining stress
and a thick hard impact roof on the change in coal elastic energy under a deep high-stress
environment. The corresponding conclusions are as follows:

(1) With the continuous mining of the working face, the support pressure in front of
the working face continues to increase, the stress in the overlying strata behind the
working face continues to decrease, and the range of overlying strata failure continues
to expand; the farther away from the coal seam, the smaller the impact of overlying
strata stress due to mining disturbance.

(2) With the continuous mining of the working face, the rock mass on the top and bottom
of the coal seam shows obvious displacement characteristics: the overlying strata
mass inside the working face roof mainly shows downward vertical displacement,
and the rock mass inside the bottom plate produces floor heave, mainly showing
upward vertical displacement.

(3) With the continuous mining of the working face, there is a clear energy concentration
area around the working face roadway. When the working face is mined to 60 m,
the energy at both ends of the roadway intersects with the roof, forming an inverted
“U” shape. The area expands as the mining distance of the working face increases,
reaching its maximum at 100 m. At this point, collapse occurs and the energy density
decreases slightly.

(4) With the continuous mining of the working face, the damage range of the plastic
zone of the rock layer gradually expands. When the working face is mined to 60 m,
the plastic zone presents a “saddle shaped” distribution, mainly characterized by
shear failure. After mining to 80 m, the rock layer above the goaf shows significant



Processes 2023, 11, 3173 14 of 15

subsidence, and the surrounding rock stress is redistributed. The plastic zone is
divided into penetrating the top, and the tensile failure gradually increases.
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