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Abstract: Coal wall rib-spalling is regarded as a key technical problem influencing safe and efficient
mining of fully mechanized working face with great mining height (FGH) while the coal wall stability
is influenced by the strength of the coal body, of which the internal joint fissures have a crucial impact
on the strength of the coal body. This research attempted to explore how the coal wall stability of FGH
is influenced by the occurrence of joint fissures. This paper uses physical and numerical simulations
to systematically analyze the instability characteristics and displacement law of FGH. Research results
show that the form and scope of the instability of coal wall rib-spalling depend on the state of the
coal seam joint fissures development area, and the development state of coal seam joint fissures is
related to the combination of the coal seam joints; under the condition of hard coal, the coal wall
stability is better at the inclination angle of 90°, and less stable at 45° and 135°; under the condition
of medium-hard coal and joint surface inclination angle of 45° and 135°, the smaller the spacing of

check for joint surface, the larger the area of the working face rib-spalling, and the less stable the coal wall.
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In China, the conditions for coal seam occurrence are complex, and with the widespread
use of fully mechanized working face with great mining height (FGH), coal wall rib-spalling
influence on the coal wall stability of FGH has become a key technical problem influencing
Academic Editor: Sergey Zhironkin safe and efficient mining of FGH [1-11]. Coal wall stability is influenced by the main roof
movement of the working face, coal body strength, and support, among which the internal
joints fissures of the coal body have a crucial influence on the coal body strength.

The coal seam, as a geodetic medium, is formed during a long period of geological
history, and through complex geological action, weak surfaces such as joints, laminae, and
fissures of different genesis exist within it [12-17]. From the damage mechanics’ point
of view, a large number of intermittent joint fissures inside the coal body constitute the
initial damage of the coal body, so the coal body also belongs to a medium with initial
damage [18]. Therefore, during the retrieval process of FGH, the primary joint fissures
within the coal body and their extension evolution effect are to be paid great attention as
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far as the coal wall stability is concerned [19]. In addition, under the action of mining stress,
the extensional evolution effect of the joint fissures also controls the shape of the coal wall
rib-spalling to a certain extent.

This article is an open access article Currently, research on the coal wall stability control is focused on macroscopic aspects:
distributed under the terms and (1) the controlling action of great mining height supports on coal wall stability and the
conditions of the Creative Commons  effect of coal wall stability on the stability of the end face roof and supports [20-26];
Attribution (CC BY) license (https://  (2) making recommendations concerning the efficient mining parameters and methods for
creativecommons.org/licenses /by / rock pressure control [27]; (3) using the technique of force-pumping chemicals directly into
40/). the coal seam to increase the connection among the coal masses [28]. However, there are
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few studies on the action of coal wall stability control regarding the microscopic aspects.
The paper researches the connection between coal wall stability through the study of coal
wall microscopic fissures generation, expansion, penetration evolution patterns, and coal
wall instability characteristics.

As an important part of the wall rock of the great mining height stope, the coal wall’s
stability has an important impact on the safe and efficient mining of FGH. The coal wall
stability is mainly influenced by the strength of the coal body and the advanced abutment
pressure of the working face [29,30], while the strength of the coal body and the abutment
pressure within the limit equilibrium zone of the working face are related to the structural
surfaces such as the joint fissures within the coal body [31,32], so the joint fissures within
the coal body become a key factor affecting the coal wall stability [33—44]. Therefore, by
systematically researching the influence of coal wall joint fissures on coal wall stability in
FGH, physical and numerical simulation are used to analyze the instability characteristics
and displacement law of the coal wall stability, and then find the rules and adopt appropriate
methods to enhance the strength of coal bodies, so as to improve the coal wall stability,
reduce the coal wall rib-spalling, and finally achieve high production and high efficiency in
FGH. The study of the coal wall joint fissures in FGH has solved the problem of coal wall
rib-spalling from the microscopic point of view, and this study has important theoretical
significance and practical value for the safe and efficient mining of FGH.

2. Materials and Methods
2.1. Establish Physical Simulation Experiments

For the influence of different combinations of joints in the coal body on the coal
wall stability at the working face, similar material simulation experiments can be used to
qualitatively or even quantitatively analyze the generation, expansion, and penetration
of joint fissures in the coal body, the deformation and displacement law of the coal wall,
the macroscopic damage characteristics, spatial distribution, and the types of coal wall
instability. The experiments are based on a physical model laid out on the rock seam column
diagram of 4309 working face of a mine with an average coal seam thickness of 6.14 m
(Figure 1), medium-hard coal quality, and a burial depth of 357.62 m. Based on the first,
second, and third theorems of similarity and the research content, the geometric similarity
ratio of the model is determined to be a; = 17.5, the capacity similarity ratio is a., = 1.67, then
the strength similarity ratio is ay = &) X . =29.225, and the external force similarity ratio is
ap =, X a;> = 8950.15625. Since the experiment is dominated by gravity, the time similarity
ratio is a; = a;1/2 = 4.183 [45]. The experiment uses a two-dimensional planar stress model
with model dimensions of L x W x H=2.5m x 0.2 m x 2 m (Figure 2), and the similar
materials are mainly sand, calcium carbonate, gypsum, and water, supplemented by mica
powder, with sand as the aggregate, and calcium carbonate and gypsum are the cementing
materials, and mica powder used to simulate weak surfaces such as laminae and joints
fissure surfaces in coal rock seams. During the experiments, a screw jack is used to load
at a fixed point, and items such as iron plates are laid underneath the jack so that the
two adjacent main roof blocks are evenly stressed. The experiments attempted to study
and analyze the influence of different combinations of coal seam joint fissures on coal
wall stability and to make the study representative. It is necessary to determine the joints
spacing in the simulated research on coal seam to be 0.875 m based on the field measurement
results and also to refer to the previous physical experimental studies, and the coal seam
joints spacing in the physical model is 0.05 m based on the geometric similarity ratio [46].
Based on the thickness and mechanical parameters of the actual coal seam (Table 1) and
the similarity coefficient of the model, the thickness and mechanical parameters of the
model (Table 2) and the number of various materials used in the model (Table 3) can be
calculated [47].
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Cumulative Strata Stratigraphic |  Lithology
Thickness(m) | Thickness(m) | Column Description
318.50 18.50 .| | Fine sandstone
321.00 2.50 Siltstone
34.90 13.90 Sandy mudstone|
338.90 4.00 Siltstone
351.48 12.58 Sandy mudstone|
357.62 6.14 3#coal
363.76 13.18 Sandy mudstone|

Figure 1. Strata histogram of 4309 working face.

Figure 2. Experiment model of the two-dimensional plane stress.
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Table 1. Thickness and mechanical parameters of different strata.

Lithology Thickness (m) Density (kg/m3) Compressive Strength (MPa)  Tensile Strength (MPa)
Siltstone 4 2760 524 4.2
Sandy mudstone 12.58 2750 35.5 1.73
3# Coal 7 (4.5) 1400 20 3
Table 2. Thickness and mechanical parameters of physical model.
Lithology Thickness (mm) Density (kg/m3) Compressive Strength (MPa)  Tensile Strength (MPa)
Siltstone 230 1652.7 1.8 0.1
Sandy mudstone 700 1646.7 1.2 0.1
3# Coal 400 (250) 838.3 0.7 0.1
Table 3. Material ratio of physical model.
Thickness Stratification Calcium Gypsum
Rock stratum (mm) Quality (kg) Water (kg) Sand (kg) Carbonate (kg) (kg) Remarks
Main roof 230 209.1 209 167.3 105 10.5 Making
blocks
Immediate roof 700 634.0 63.4 513.5 171 39.9 Lavered
Medium hard coal 250 1153 115 93.4 5.2 5.2 layin
edium hard coa 400 184.4 18.4 149.4 8.3 8.3 ying

The thickness of the immediate roof in the experimental model is about 700 mm,
and to simulate the fracture rotation process of the main roof, the main roof is made into
prefabricated blocks, and the length of the main roof prefabricated blocks is determined to
be 500 mm (the actual length is 8.75 m); as the main roof prefabricated blocks are only used
to simulate the structure formed by the main roof, the height of the prefabricated blocks is
determined to be 100 mm, and the width of the prefabricated blocks is 200 mm of the width
of the experimental bench (Figure 3). To facilitate comparative analysis, the combined
form of three types of joint fissures is determined for each model laying according to the
combination mode of fractures. It attempts to eliminate the boundary effect of the model; a
500 mm boundary coal pillar is left at the left end of the model and a 200 mm boundary
coal pillar is left at the right end of the model (Figure 4).

100mm

SO(an

Figure 3. Precast block size of main roof.
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Figure 4. Sketch of physical model.

According to the distribution of the measured joint fissures in the field, it is determined
that two sets of joint fissures are set up in the physical simulation experiment, including a set
of main joint fissures at a certain angle to the direction of advancement and a set of horizontal
joint fissures. The angle between the main joint fissures and the direction of advancement is
set to 30°, 60°, 90°, 120°, and 150°, and a total of 5 coal seam main joint inclination angles are
set, of which 2 forms are set when the main joint inclination angle is 90°.

2.2. Establish Numerical Simulation Model

3DEC is a 3-dimensional computer numerical program based on the discrete model
display element method [48,49] and is based on the UDEC (Itasca) program. 3DEC is mostly
used to simulate the mechanical response of discrete media under static or dynamic loading.
When geological conditions are clear, 3DEC makes it easy to define joints and the program
can generate a jointed structure or a group of joints automatically or manually. 3DEC numer-
ical simulation software is used to establish the numerical model shown (Figure 5). Due to
the limited computer capability, the size of the model established is 200 m x 180 m x 100 m
(length x width x height), while considering the boundary effect, the working face length
direction and the advancing direction are left 50 m protective coal column, the working
face length is 100 m and the working face advancing length is 80 m. The maximum cycle
pressure step of the main roof of FHG is 43.3 m, the minimum cycle pressure step is 10.4 m,
the average is 20.1 m, the influence range of the cycle pressure period of the working face is
about 7.2 m, so the length of the main roof is set to 20 m when building the model.

The mohr-Coulomb plasticity model is used for the blocks in the model and the
Coulomb slip model is used for the joint surface. The mechanical parameters of the
joint surfaces in the coal seam can be seen in Table 4 and each rock layer’s physical
and mechanical parameters in the model in Table 5. According to the actual assignment
conditions of the working face, the stress boundary condition is set above the Z-direction of
the model, and the load distribution is simplified to a uniform load. Below the Z-direction
is simplified to a displacement boundary condition, and in the Z-direction is fixed-hinged
support, zvel = 0; the boundary conditions at both ends of the X and Y-directions are
simplified to a displacement boundary condition, and in the corresponding direction is
fixed-hinged support, respectively xvel = 0 and yvel = 0. In a mine, the cut-off depth of
the coal miner is 0.865 m, and each production shift can complete three production cycles,
with an advance spacing of about 2.4 m. Therefore, in the simulation process, the simulated
cycle excavation step is determined to be 2 m, with a total advance of 80 m.

Simulations are carried out to analyze coal wall stability under different occurrences
of joint surface. Under the condition of joint surface inclination, one set of coal seam joint
surfaces is determined under the condition of a hard coal and mining height of 6 m, and
three numerical calculation models are established (Table 6, Figure 6). Under the condition
of joint surface spacing, two sets of coal seam joint surfaces are determined under the
condition of a medium-hard coal and mining height of 6 m, and four numerical calculation
models are established (Table 7, Figure 7).
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Figure 5. 3DEC numerical simulation model.

Table 4. Mechanical parameters of coal seam joint surface.

Normal Stiffness Tangential Stiffness Cohesion Internal Friction Tensile Strength
(GPa) (GPa) (MPa) Angle (°) (MPa)
3.8 15 0~4 15 0

Table 5. Mechanical parameters of coal and rock.

Serial Litholo Bulk Density =~ Bulk Modulus Shear Internal Friction =~ Cohesion  Tensile Strength
Number 8y (kg-m—3) (GPa) Modulus (Pa) Angle (°) (MPa) (MPa)
1 fine sandstone 2750 19 17.4 45 40 15
2 siltstone 2750 214 19.6 30 30 24
3 sandy mudstone 2500 13.3 10 46 6.8 8
4 siltstone 2750 21.4 19.6 30 30 24
5 sandy mudstone 2500 13.3 10 46 6.8 8
6 3# coal 1400 5~16.7 23~7.7 30 1~8 2~4
7 sandy mudstone 2500 13.3 10 46 6.8 8

Table 6. Occurrences of joint surfaces with different inclination angles in hard coal seam.

Joint Parameters

Numbering Coal Body Properties Joint Properties — -
Inclination (°) Spacing (m)
1 45
2 hard coal main joint surface 90 5

3 135
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Figure 6. Model section of joint surfaces with different inclination angles in hard coal seam (the
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(d) The inclination angle of the sub-joint is 135°, and the spacing is 2 m

Figure 7. Model section of joint surfaces with different spacings in medium-hard coal seam.

Table 7. Occurrences of joint surfaces with different spacings in medium-hard coal seam.

Joint Parameters

Numbering Joint Properties
Inclination (°) Spacing (m)
1 main joint surface 90 5
sub-joint surface 45
5 main joint surface 90 2

sub-joint surface 45 1.41




Energies 2022, 15, 9059 8 of 22
Table 7. Cont.
Joint Parameters
Numbering Joint Properties
Inclination (°) Spacing (m)
3 main joint surface 90 ’
sub-joint surface 135
4 main joint surface 90 2
sub-joint surface 135 1.41

3. Results and Discussion
3.1. Analysis of Physical Simulation Results

When the inclination of the main joint surface of the coal seam is 30° (Figure 8), the
joint fissures within the coal seam gradually expand from top to bottom; with the increase in
the amount of roof subsidence, the expansion range of the joint fissures gradually increases
in the coal seam thickness direction and horizontal direction. The development of joint
fissures is positively inclined due to the influence of primary joint fissures in the coal seam.
When the expansion of the joint fissures in the coal seam tends to be stable, the development
range of the joint fissures in the upper part of the coal seam is about 200 mm, and the
development range of the joint fissures in the lower part of the coal seam is about 100 mm,
which is approximately trapezoidal in distribution, and the macroscopic expression is
that the displacement of the upper part of the coal wall is greater than that of the lower
part of the coal wall. As a result of the expansion and penetration of the joint fissures,
the coal wall is cut into a combination of several rhombic coal bodies, the deformation of
which shows that the horizontal displacement of the upper part is greater than that of the
lower part, while coal wall stability depends on the stability of the rhombic coal bodies.
At the macroscopic level, the shape of the coal wall rib-spalling is positively oblique and
linear, and the height and depth of the rib-spalling are consistent with the extension and
development range of the joint fissures.

Figure 8. Development of joint and instability form the coal wall rib-spalling (a = 30°).

When the inclination of the main joint surface of the coal seam is 60° (Figure 9), the
developed joint fissures are first produced in the upper part of the coal seam, and gradually
expand and penetrate in front of the coal wall; influenced by the primary joint fissures in
the coal seam, the developed joint fissures are positively inclined, and when the expansion
of the joint fissures in the coal seam becomes stable, the maximum width of the developed
joint fissures is about 250 mm in the upper part of the coal seam and about 200 mm in the
lower part of the coal seam. Macroscopically, the displacement of the upper part of the
coal wall is greater than that of the lower part of the coal wall. With the increase of the roof
slab sinking, the upper part of the coal seam is firstly destabilized by localized rib-spalling,
while the extension of the joint fissures gradually increases in the direction of coal seam
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thickness and horizontal direction. Under the influence of the expansion and penetration
of the joint fissures, the coal wall is cut into a combination of several rhombic coal bodies,
and its deformation shows that the horizontal displacement of the upper part is greater
than that of the lower part, while coal wall stability depends on the stability of the rhombic
coal bodies. The upper part of the coal seam is more broken and less stable; the coal wall
rib-spalling is positively oblique and linear, and the depth of the upper part of the coal wall
rib-spalling is larger, and the maximum depth of the rib-spalling is about 250 mm.

3

L& 00! coiine-
Lk o yut

Figure 9. Development of joint and instability form the coal wall rib-spalling (a = 60°).

When the main coal seam joints are vertical but not penetrating (Figure 10), the
deformation and damage of the coal wall is a macroscopic manifestation of the expansion
and evolution of the joint fissures along the non-penetrating joints. The expansion of the
joint fissures in the coal wall is along the primary joint surface, and its expansion evolution
increases with the increase of the roof slab subsidence and evolves from the upper, middle,
and the lower part of the coal wall, and the penetrating joints are mainly concentrated
near the coal wall, and the penetration range becomes larger with the increase of the roof
slab subsidence. In the horizontal direction, the extension of the joint fissures is mainly
concentrated in the middle and upper part of the seam, and the extension range increases
with the increase of the sinking of the roof; influenced by the incoherence of the joints,
the extension pattern of the joint fissures in the coal wall is irregular. The maximum
development width of the joint fissures in the middle and upper part of the coal seam is
about 200 mm, and the maximum development width of the joint fissures in the lower part
of the coal seam is about 100 mm.

When the main joint of the coal seam is vertical and through (Figure 11), the joint
fissures within the coal wall are created and gradually expanded from top to bottom; with
the increase of the roof slab sinking, the expansion range of the joint fissures increases in
the coal seam thickness direction and horizontal direction, and the displacement of the joint
surface near the coal wall increases, which is macroscopically manifested as the increase
of the horizontal displacement of the coal wall. The coal wall is cut into a combination
of several vertical strips by the influence of the primary joint fissures in the coal seam,
and its deformation is manifested as a horizontal displacement with a large middle and
upper part and a small lower part, while coal wall stability depends on the stability of the
combined strips. With the increase of the roof sinking, the expansion of the joint fissures in
the coal wall tends to be stable, with the width of development of the upper and middle
parts being 250 mm and the lower part being 200 mm, which is approximately rectangular
in distribution, while the height and depth of the rib-spalling of the coal wall are consistent
with the expansion development range of the joint fissures.
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Fissure

Figure 11. Development of joint and instability form the coal wall rib-spalling (o« = 90°, through seam).

When the inclination of the main joint surface of the coal seam is 120° (Figure 12), the
developed joint fissures are firstly produced in the upper part of the coal seam, and the
extension of the joint fissures in the thickness direction and horizontal direction of the coal
seam gradually increases with the increase of the sinking amount of the roof. When the
expansion of the joint fissures in the coal seam becomes stable, the maximum width of the
joint fissures in the lower part of the coal seam is about 300 mm and in the upper part of the
coal seam about 200 mm, which shows that the displacement of the lower part of the coal
wall is greater than that of the upper part of the coal wall. Influenced by the expansion and
penetration of the joint fissures, the coal wall is cut into a combination of several rhombic
coal bodies, and its deformation is manifested as the lower part is larger than the upper
flat displacement of the lower part, while coal wall stability depends on the stability of
the rhombic coal bodies. Under the influence of the expansion and penetration of the joint
fissures in the coal seam, the lower part of the coal seam is more broken and less stable; the
coal wall rib-spalling is in reverse diagonal shape, and the depth of the lower part of the
coal wall rib-spalling is larger; the maximum depth of the rib-spalling is about 300 mm.
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Figure 12. Development of joint and instability form the coal wall rib-spalling (o = 120°).

When the inclination of the main joint surface of the coal seam is 150° (Figure 13), the
developed joint fissures are firstly produced in the upper part of the coal seam, and with
the increase of the amount of the roof slab sinking, the expansion range of the joint fissures
in the thickness direction and horizontal direction of the coal seam gradually increases,
and the developed joint fissures destroy the integrity of the coal wall. When the extension
of the joint fissures in the coal seam stabilizes, the maximum width of the joint fissures
in the lower part of the coal seam is approximately 250 mm and in the upper part of the
coal seam is approximately 120 mm, with the displacement of the lower part of the coal
wall being greater than that of the upper part of the coal wall. The coal wall is cut into a
combination of several rhombic coal bodies by the expansion and penetration of the joint
fissures, and the deformation is manifested as the horizontal displacement of the lower part
is greater than that of the upper part, while coal wall stability depends on the stability of
the rhombic coal bodies. Under the influence of the expansion and penetration of the joint
fissures in the coal seam, the lower part of the coal seam is more broken and less stable;
the coal wall rib-spalling is reversed diagonally, and the depth of the lower part of the coal
wall rib-spalling is larger; the maximum depth of the rib-spalling is about 250 mm.

Figure 13. Development of joint and instability form the coal wall rib-spalling (e« = 150°).

Based on the above physical simulation analysis, it is clear that the form and extent of
coal wall rib-spalling instability depend on the state of the coal seam joint fissures develop-
ment area, and the development state of coal seam joint fissures is related to the combination
of the coal seam joints. As a result of the sinking of the roof slab and the coal wall rib-spalling,
the fissures in the roof slab at the end of the working face are gradually developed. The
rib-spalling of the coal wall makes the caving at the end of the working face more obvious
and the stability of the end face surrounding the rock is poor. The maximum height of the
caving is about 150 mm, and the maximum width of the caving is about 350 mm.
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3.2. Influence of Joint Inclination on the Coal Wall Displacement Law

In FHG, the displacement in the direction of advance is dominant in the case of rib-
spalling in the coal wall of the working face. In the numerical simulation process, the Y
direction is the direction of advance of the working face, so the magnitude of the Y direction
displacement can be used to characterize coal wall stability of the working face.

According to the occurrence of joint surface inclination (Table 6, Figure 6), the influence
law of joint surface inclination on coal wall stability is studied and analyzed.

Based on the above numerical simulation results, the relevant parameters of the
Y-directional displacement of the coal wall under different joint surface inclination condi-
tions (Table 8) are counted, and the influence law of joint surface inclination on coal wall
instability can be obtained.

Table 8. Coal wall Y-displacement at different joint inclination angles.

Joint Incoming Non-Incoming

Coal‘ Number of Surface Max (mm)  Min (mm) Average Pressure Pressure Difference
Properties Joint Surfaces (mm) Value
Parameters Average (mm) Average (mm)
A set of main a =45° 1310 89 424 526 380 38%
Hard coal joint surfaces, a =90° 52 24 11.03 17.6 8.23 114%
d=5m « =135° 928 98 440 619 363 70%

Under hard coal conditions, the Y-directional displacement of the coal wall is mini-
mized when the joint surface inclination is 90°, while the difference between the average
Y-directional displacement during incoming pressure from the working face and during
non-incoming pressure is the largest. This indicates that under the same mining technology
at the working face when the joint surface inclination is 90°, there is no intersection line
between the joint surface and the working face, coal wall stability is best and the incoming
pressure at the working face has the greatest effect on coal wall stability.

The maximum amount of Y-directional displacement of the coal wall at an inclination
of 45° is 41% greater than that at an inclination of 135°. At an inclination of 135°, the average
Y-directional displacement during incoming pressure from the working face is 18% greater
than that at an inclination of 45°, and the difference between the Y-directional displacement
during incoming pressure from the working face and that during non-incoming pressure is
also relatively large; the remaining parameters do not differ significantly. This indicates
that at an inclination of 45°, the coal wall is more severely destabilized by local rib-spalling;
at an inclination of 135°, the incoming pressure from the working face has a relatively
greater effect on the coal wall.

According to the above analysis, it can be seen that different clamping angles have
different effects on coal wall stability at the working face. When the working face’s advance
direction is orthogonal to the joint surface, the overall stability of the coal wall is the best,
and the pressure from the working face has the greatest influence on coal wall stability.
Under the condition that the working face advance direction and the joint surface are not
orthogonal when the angle is acute, the coal wall is more seriously destabilized by local
rib-spalling; whilst when the angle is obtuse, coal wall stability is relatively poor during
the incoming pressure from the working face.

The Y-directional displacement of the coal wall at the working face can be used to
define the area of the working face that is susceptible to rib-spalling [49]. The area with
the larger Y-directional displacement of the coal wall belongs to the area of the working
face that is susceptible to rib-spalling. Under the condition that the coal seam joint surface
is orthogonal to the working face when the joint surface inclination is 90°, there is no
intersection line between the joint surface and the working face. During the period when
the working face is incoming pressure, the Y-directional displacement of the coal wall in
the middle and upper part of the working face is the largest; at this time, the middle and
upper part of the easy working face is the rib-spalling area. During the period when the
working face is non-incoming pressure, the Y-directional displacement of the coal wall at
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both ends of the working face is the largest; at this time, the two ends of the easy working
face are the rib-spalling areas. During the non-incoming pressure period of the working
face, the Y-directional displacement of the coal wall at the two ends of the working face is
the largest, and the two ends of the easy working face are the rib-spalling area.

Under the condition that the direction of advance of the coal seam joint surface and
the working face are not orthogonal, when the inclination of the joint surface is 45°, the
Y-directional displacement of the coal wall above the intersection line of the joint surface
and the working face is larger (Figure 14). When the angle between the direction of advance
of the working face and the joint surface is acute, the easy working face rib-spalling
area is located above the intersection line of the joint surface and the working face. The
Y-directional displacement of the coal wall is larger (Figure 15). When the angle between
the working face advancement direction and the joint surface is obtuse, the easy working
face rib-spalling area is located below the joint surface, and the working face intersection
line (Figure 16).
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Figure 14. Y-displacement nephogram (« = 45°).
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From the point of view of controlling coal wall stability on-site, when the easy working
face rib-spalling area is located below the coal wall, it is conducive to the control of the
surrounding rock at the end of the working face, so when laying out the working face, you
should try to make the angle between the advancing direction and the coal seam joints
surface obtuse. If in the process of back mining of the working face, the angle between the
newly revealed joints fissures and the advancing direction of the working face cannot meet
the requirements, technical measures should be taken in advance to ensure the coal wall
stability. It is worth noting that when the angle between the working face advance direction
and the coal seam joints is obtuse, coal wall stability during the incoming pressure of the
working face is poor (Figure 17), so the prediction and forecast of the incoming pressure of
the working face should be strengthened, and the stability of the surrounding rock at the
end of the working face during the incoming pressure should be controlled promptly.
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Figure 17. Coal wall Y-displacement change law with the joint inclination angle.
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3.3. Influence of Joint Spacing on the Coal Wall Displacement Law

Based on the occurrence of the joint surface inclination (Table 7, Figure 7), the study
analyzes the law of the influence of the joint surface spacing on coal wall stability.

Based on the above numerical simulation results, the parameters related to the Y-
directional displacement of the coal wall when the spacing of the joint surface is different
under the condition that the inclination of the joint surface is 45° (Table 9) can be calculated,
and the influence law of the spacing of the joint surface on the instability of the coal wall
can be obtained.

Table 9. Coal wall Y-displacement in different joint spacings (x = 45°).

Coal
Properties

Number of Joint Surfaces

Incoming Non-Incoming Difference
Pressure Pressure Average Value
Average (mm) (mm)

Joint Surface Max Min Average
Parameters (mm) (mm) (mm)

Hard coal A set of main joint surfaces, d =5 m a =45° 1310 89 424 526 380 38%

A group of main joint surfaces and

o =45°,
d=141m 2376 412 1079 1219 1018 20%

Medium a group of secondary joint surfaces. a =45, 2318 261 962 1388 779 78%
hard coal Parameters of main joint surfaces: d=2m

x=90°d=2m

Under the condition that the inclination of the coal seam joint is 45°, the Y-directional
displacement of the coal wall is the smallest when the joint spacing is 5 m; when the joint
spacing is 2 m, the average amount of Y-directional displacement during the incoming
pressure of the working face is the largest. When the joint spacing is 1.41 m, the average
amount of Y-directional displacement during the advancing period of the working face
and the non-incoming pressure period is the largest, and the Y-directional displacement
of the coal wall during the incoming pressure of the working face and the non-incoming
pressure period is the smallest. The difference between the Y-directional displacement of
the coal wall during the incoming pressure period and the non-incoming pressure period is
the smallest. This indicates that the smaller the spacing of the joints, the less stable the coal
wall is and the less it is affected by the incoming pressure from the working face, given the
same mining technology at the working face.

In the simulation process, the area where the Y-directional displacement of the coal
wall is larger is defined as the area of easy working face rib-spalling. Under the condition
that the inclination of the joint surface is 45°, the Y-directional displacement of the coal
wall above the intersection line between the coal seam joint surface and the working face is
relatively large (Figures 14, 18 and 19). The area of easy working face rib-spalling is located
above the intersection line between the joint surface and the working face.
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Figure 19. Y-displacement nephogram (a,; = 45°, d =2 m).

When the spacing between the joints is 5 m, there is one intersection line between
the joints and the working face, and the position of the intersection line in the working
face changes continuously with the advance of the working face (Figure 14). When the
spacing between the joints is 2 m, there are two intersection lines between the joints and
the working face, and the position of the intersection line in the working face changes
continuously with the advance of the working face (Figure 19). When the spacing between
the joints is 1.41 m, there are two intersection lines between the joints and the working
face, and the position of the intersection line in the working face does not change with the
advance of the working face (Figure 18). This indicates that as the spacing between the
joints decreases, the area of the easy working face rib-spalling increases (Figure 20).
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Figure 20. Coal wall Y-displacement change law with joint spacing (« = 45°).

It is worth noting that the average displacement during incoming pressure from the
working face is greatest when the joint surfaces are spaced at 2 m apart, due to the relatively
small size of the coal masses cut by the joint surfaces in the upper part of the wall during
incoming pressure from the working face (Figure 7b), which also indicates from another
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perspective that the size of the coal masses cut by the joint surfaces at the working face is
an important factor affecting coal wall stability.

Based on the above numerical simulation results, the parameters related to the Y-
directional displacement of the coal wall when the spacing of the joint surface is different
under the condition of 135° inclination (Table 10) can be calculated, and the influence law
of the spacing of the joint surface on the instability of the coal wall can be obtained.

Table 10. Coal wall Y-displacement in different joint spacing (« = 135°).

Coal
Properties

Number of Joint Surfaces

Joint Surface Max Min Average Incoming Non-Incoming
Pressure Pressure Average
Parameters (mm) (mm) (mm)
Average (mm) (mm)

Difference
Value

Hard coal A set of main joint surfaces, d =5 m a =135° 928 98 440

A group of main joint surfaces and

619 363 70%

o= 1350, 0,
d=141m 2324 549 1125 1316 1043 26%

Medium a group of secondary joint surfaces. a=135°, 2915 386 1081 1422 935 52%
hard coal Parameters of main joint surfaces: d=2m

x=90°,d=2m

Under the condition that the coal seam joint surface is 135°when the joint surface
spacing is 5 m, the Y-directional displacement of the coal wall is the smallest, and the
difference between the Y-directional displacement of the coal wall during the incoming
pressure period and the non-incoming pressure period is also the largest. When the joint
surface spacing is 2 m, the average amount of the Y-directional displacement during the
incoming pressure period of the working face is the largest. When the joint surface spacing
is 1.41 m, the average amount of the Y-directional displacement during the advancing
period of the working face and the non-incoming pressure period is the largest. The mean
amount of Y-directional displacement during the advancing and non-pressure periods of
the face is the highest when the spacing between the joints is 1.41 m. This indicates that the
smaller the spacing of the joints, the less stable the coal wall is and the less it is affected by
the incoming pressure from the working face, given the same mining technology.

In the simulation process, the area where the Y-directional displacement of the coal
wall is larger is defined as the area of easy working face rib-spalling. Under the condition
that the inclination of the joint surface is 135°, the Y-directional displacement of the coal
wall above the intersection line between the joint surface and the working face is relatively
large (Figures 16, 21 and 22). The area of easy working face rib-spalling is located below
the intersection line between the joint surface and the working face at this time.
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Figure 21. Y-displacement nephogram (a,; = 135, d = 1.41 m).
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Figure 22. Y-displacement nephogram (a,; = 135°, d =2 m).

When the spacing between the joints is 5 m, there is one intersection line between the
joints and the working face, and the position of the intersection line in the working face
changes continuously as the working face advances (Figure 16); when the spacing between
the joints is 2 m, there are two intersection lines between the joints and the working face,
and the position of the intersection line in the working face changes continuously as the
working face advances (Figure 22). When the spacing between the joints is 1.41 m, there
are two intersection lines between the joints and the working face, and the position of
the intersection line in the working face does not change as the working face advances
(Figure 21). This indicates that as the spacing between the joint surfaces decreases, the area
of the coal wall easy working rib-spalling increases gradually.

It is worth noting that the average displacement during incoming pressure at the
working face is greatest at a joint surface spacing of 2 m. This is due to the relatively small
size of the coal masses cut at the lower part of the coal wall during incoming pressure at
the working face, due to the influence of the joint surface cutting (Figure 7d), which also
indicates from another perspective that the size of the coal masses cut at the working face
by the joint surface is an important factor affecting coal wall stability.

From the above analysis, it can be seen that under the condition of inclined coal seam
joints, the smaller the spacing between the joints, the less stable the coal wall is, and the
pressure from the working face has relatively less influence on coal wall stability (Figure 23).
From the perspective of coal wall stability control, technical measures such as overburden
grouting, supplementary wooden anchors, or FRP anchors should be taken to increase the
spacing of coal seam joints, to ensure coal wall stability.

3.4. Research Prospect

In this paper, using physical and numerical simulations to analyse the effect of the occur-
rence of joint surface on the coal wall stability in FGH and have gained some understanding
and experience of the effect of the occurrence of joint surface on the coal wall stability. Further
research is required on the following. The next step in the research is the filling characteristics
and mechanical properties of the joint surface within the coal body and the pattern of influence
of randomly distributed microscopic fissures on the coal wall stability.

The paper has only researched the influence of the dominant occurrence of pene-
trating joint fissures in hard and medium-hard coal seams on the coal wall stability in
FGH and the corresponding extension evolution law, but not the filling characteristics
and mechanical properties between joint fissures and the dynamic extension process of
randomly distributed microscopic fissures within the coal body when subjected to mining
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stress, and the influence law on coal body damage and coal wall stability. This issue still
needs further research in the future.
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Figure 23. Coal wall Y-displacement change law with joint spacing (x = 135°).

4. Conclusions

In this paper, physical and numerical simulations are used to analyze the influence
of the occurrence of joint surface in the coal seam on the expansion and evolution of the
joint fissures in the coal wall and the instability characteristics of the coal wall rib-spalling
in FGH, and we have researched the influence of the occurrence of joint surface of hard
and medium-hard coal seams on the displacement stope of the coal wall in FGH, and
revealed the spatial and temporal evolution of the distribution characteristics of coal wall
deformation and instability areas.

(1) The experiments are based on the physical model laid out on the 4309 working
faces of a mine, revealing the expansion and evolution law of the joint fissures and
the instability of the rib-spalling in FHG under different joint surface inclination
conditions. The form, size, and density of the expanding and penetrating joint
fissures in the coal seam are mainly influenced by the occurrence of the primary
joint surface, and the deformation and damage characteristics of the coal wall are the
macroscopic expression of the expanding and evolving joint fissures. As a result of the
expansion and penetration of the joint fissures, the coal wall is cut into a combination
of diamond-shaped or vertical strips, and coal wall stability depends on the stability
of these strips. At a macroscopic level, the morphology of the coal wall rib-spalling
in FHG is mainly influenced by the developed joint fissure surface, and the height
and depth of the rib-spalling are largely consistent with the extent of joint fissure
extension and development.

(2) Using the 3DEC numerical calculation method, we revealed the spatial and temporal
evolution laws of the distribution characteristics of coal wall displacement and de-
formation instability areas in FGH. Under hard coal conditions, when the inclination
angle of the joint surface is 90°, the coal wall stability is better, and the middle and up-
per part of the face and the two ends of the area of the easy working face rib-spalling
during the incoming pressure and non-incoming pressure periods, respectively. When
the angle between the working face and the joint surface is acute, the local displace-
ment of the coal wall is larger, and easy rib-spalling area of the working face is located
above the intersection line between the joint surface and the working face. When
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the angle is obtuse, the easy rib-spalling area of the working face is located below
the intersection line. Coal wall stability is worst when the hard coal and the angle of
inclination of joint surface is 45°.

(3) Under the conditions of medium-hard coal and joint surface inclination of 45° and
135°, the block size of the coal body at the working face cut by the joint surface is
an important factor affecting coal wall stability; the smaller the spacing of the joint
surface, the smaller the block size of the broken unit of the coal wall. The larger the
area of the easy working face rib-spalling area, the worse the coal wall stability.

(4) Under the condition of joint surface inclination on coal seam, the smaller the spacing
between the joint surface, the less stable the coal wall is, and the working face pressure
has relatively less influence on the coal wall stability. From the perspective of coal
wall stability control, coal wall reinforcement technical measures such as advanced
grouting, wood bolt, or FRP hollow grouting bolt should be considered to increase
the spacing of coal seam joint surface, so as to ensure the coal wall stability.
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