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Abstract: This research aimed to examine shortcomings such as low efficiency and unstable coal
release of 2313 large inclined-angle comprehensively released working faces in 230 mining areas
of a mine in Shandong. Through the study of the actual working conditions of the large inclined-
angle comprehensive release working face, it is concluded that the mining efficiency of the large
inclined-angle coal seam is mainly related to the sequence of coal release, the step distance of the coal
release, the distance between the end faces, the mining height, the working resistance of the hydraulic
bracket and other factors. Taking ZF5600/16.5/26 hydraulic support as an example, simulation
software was used to study the influencing factors of coal release efficiency, and the most efficient coal
release method was found through the control variable method, so as to improve the mining recovery
efficiency of the overall working face of the large inclined-angle coal seam, and after optimizing the
working conditions of the hydraulic support, the top coal recovery efficiency was increased by 14.3%
compared with the previous one after the actual statistics of the field situation.

Keywords: large-angle coal seam; hydraulic roof coal-placing support; coal-placing characteristics;
stability

1. Introduction

In recent years, many scholars have studied the coal release characteristics of hydraulic
support in the process of integrated mining.

Through numerical simulation of the comprehensive mining process, Vakili and N E [1]
classified the coal release characteristics using multi factor statistical methods. N. E. and
B U [2] conducted numerical simulations on the role of supports in the process of top
coal release, and it was found that the thickness of the top coal is one of the key factors
affecting the characteristics of coal release. Wei Weijie and Wang Jiachen [3] used the
PFC2D system to study the relationship between the hydraulic support structure of top
coal and the efficiency of top coal release. They systematically investigated the effects of
the inclination angle o of the shield beam, the length ratio RL of the shield beam to the
tail beam, and the rotation angle {3 of the tail beam on the top coal release rate, release
body, and top coal boundary. They found that the inclination angle of the shield beam and
the rotation angle of the tail beam have a significant impact on the efficiency of top coal
release, and the ideal inclination angle of the shield beam should be 55°. Jing Yi Cheng, Yi
Dong Zhang et al. [4] studied the load and operating characteristics of hydraulic supports
and found that the resistance of the supports is generally higher when the working face
propulsion speed is slow. They proposed techniques to control the stability of hydraulic
supports, such as appropriately increasing the propulsion speed, controlling the mining
height, and increasing the support resistance. Wang Shuai, Zhang Chunhua, and others [5]
used the top coal mining method to study the motion relationship between the top coal
and the roof. They established a numerical model of the top coal movement and coal rock
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interface development in longwall top coal mining faces using PFC2D, and found that
reasonable coal mining timing and step spacing are crucial for achieving high recovery rates.

The stress and migration laws of coal and rock masses in steeply inclined coal seams
are complex, and they are considered difficult to mine [6-9]. As the core equipment of the
fully mechanized mining face, hydraulic supports are affected by the inclination angle of
the working face in the application of large angle coal seams, resulting in low efficiency and
poor stability of the coal drawing equipment [10-12]. Large-angle thick coal seam caving
mining is an efficient coal mining method that improves the efficiency of coal seam mining
while reducing the amount of roadway excavation, greatly reducing the mining cost of
high-angle coal seams. In the process of using the top coal caving mining method in steeply
inclined coal seams, improving the efficiency of hydraulic support for coal extraction has
always been a research direction in the mining of steeply inclined coal seams. Research
has shown that the mining efficiency of steeply inclined coal seams is mainly related to
factors such as coal wall stability, coal discharge sequence, coal discharge step distance, end
face distance, hydraulic support working resistance, and mining height [13,14]. In order to
achieve more efficient mining and improve the coal mining efficiency of the working face,
simulation software is used to study the influencing factors of coal mining efficiency [15,16],
analyze and summarize the impact and laws of each factor on coal mining efficiency, and
find the most effective coal mining method by summarizing and analyzing the research
results, in order to improve the overall mining and extraction rate of large-angle coal
seams [17-20].

This paper takes the ZF5600/16.5/26 (Shandong Yankuang Group) low-level-roof
coal discharge hydraulic support as an example, improves the coal discharge efficiency of
the hydraulic support as the research goal, and adopts a method combining simulation
and field experiment to study the coal discharge characteristics of a large inclined-angle
comprehensive coal discharge working face.

2. Influence of Different Factors on the Coal Release Characteristics of a Large Inclined
Working Face

There are many factors affecting the coal-releasing efficiency of hydraulic support,
and the coal-releasing sequence of the working face, the coal-releasing step distance, end
face distance, the working resistance of hydraulic support and the mining height will
all affect the coal-releasing efficiency of the hydraulic support. In order to achieve more
efficient mining of coal seams in a large inclined-angle working face and to improve the
coal-releasing efficiency of hydraulic support, simulation software is used to study the
influencing factors of coal-releasing efficiency and to analyze and summarize the influence
of each factor on the mining efficiency of coal seams, as well as the role of the law. By
summarizing and analyzing the results of the study, the most efficient method for coal
release is found, and the optimal coal release process parameters of the large inclined-angle
working face under study are determined, so as to improve the mining and recovery
efficiency of the large inclined-angle coal seam working face as a whole.

2.1. Influence of the Sequence of Coal Release at the Working Face on the Effect of Coal Release
2.1.1. Simulation Analysis of Upward Coal Release on the Large Inclined-Angle Complex
Working Face

In order to ensure the accuracy and persuasiveness of the experiment, a wall model
of the large inclination working face with an inclination angle of 45° was constructed in
PFC2D (version 5.0) software and the contact intrinsic model was set up; the simulation
results of the upward coal release are shown in Figure 1.
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Figure 1. Simulation of upward coal release on the large inclined working face. (a) Coal preparation.
(b) Upstream coal discharge opening 1. (c) Upstream coal discharge opening 2. (d) Upstream coal
discharge opening 3. (e) Upstream coal discharge opening 4.

Upon examination of the figure, it is evident that the FISH function has been utilized
to statistically determine the top coal discharge rate and the gangue content within the coal
body. Calculations reveal that when employing the upward coal release method in the large
inclined-angle comprehensive discharge working face, the top coal release rate achieves
a notable 84.7%, while the gangue content rate within the coal body is a relatively low
2.38%. Observing the pattern of gangue accumulation illustrated in Figure 1, it becomes
apparent that the upward coal release method results in a more thorough fragmentation of
the top coal in the upper regions of the working face, leading to an increased rate of top
coal release. However, this method also predisposes the operation to the risk of top coal
leakage and compromises the stability of the overlying strata.
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2.1.2. Simulation Analysis of Downward Coal Release from Large Inclined Workings

The order of opening at the bottom edge of WALL was changed to simulate and
analyze the downward coal release from a large inclined working face.

Utilizing the FISH function for calculation, it was determined that when the large
inclination-angle comprehensive discharge working face employs the downward coal
discharge method, the top coal discharge rate reaches 80.5%, while the gangue content rate
within the coal body is 3.25%. As depicted in Figure 2, the pattern of gangue accumulation
indicates that when the downward coal discharge method is used, there is a preference for
discharging the top coal from the working face. This means that the gangue, situated in the
upper part of the working face, tends to move downward during the coal discharge process.
The downward movement of the gangue not only impedes the subsequent discharge of
the top coal but also contributes to an increased rate of gangue content within the coal
body. However, it is important to note that the downward coal release method enhances
the overall stability of the overlying coal rock across the working face.
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Figure 2. Simulation of downward coal release from large inclination working face. (a) Coal
preparation. (b) Downward coal discharge method opening 1. (c) Downward coal discharge method

opening 2. (d) Downward coal discharge method opening 3. (e) Downward coal discharge method
opening 4.
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The following can be seen from the above analysis:

(1) In terms of both the quantity and quality of coal released, the upward coal release
method achieves a top-coal release rate of 84.7%, with a coal body gangue content
rate of 2.38%. In contrast, the downward coal release method yields a top-coal release
rate of 80.5% and a coal body gangue content rate of 3.25%. This comparison reveals
that the upward coal release method surpasses the downward method by 4.2% in
terms of top-coal release rate, while also demonstrating a 0.87% reduction in the coal
body gangue content rate.

(2) Analyzing the movement of coal and rock bodies during the coal releasing process,
it is observed that the upward coal releasing method is prone to causing top coal
leakage, which consequently results in compromised stability of the overlying rock
strata. Conversely, the downward coal release method significantly enhances the
overall stability of the overlying coal rock across the entire working face.

2.2. Influence of Different Coal Releasing Steps on the Effect of Coal Releasing

Based on the specific physical parameters of coal rock shown in Table 1, a simulation
model was established to simulate the effect of different coal release step distances on coal
release efficiency. Rhino and 3DEC were used for joint simulation. Simulation analysis
and research were conducted on the coal release efficiency of hydraulic supports under
three different coal release step distances: one mining and one release (0.6 m), two mining
and one release (1.2 m), and three mining and one release (1.8 m). Among them, for a step
distance of 0.6 m, a smaller step distance can more evenly release the stress of the coal seam,
which is usually used for thinner coal seams or situations that require fine operation. For a
step spacing of 1.2 m, this is a common medium step spacing, suitable for most coal seams.
It strikes a balance between efficiency and stability. For a step distance of 1.8 m, a larger step
distance is suitable for thicker coal seams or high-yield operating environments. Although
it can improve production efficiency, it may increase the pressure and maintenance costs of
the bracket, and it is necessary to ensure that the support system can withstand this step
distance.

Table 1. Physical and mechanical parameters of the coal seam.

. . Shear Shear Modulus . . .
Serial Rock Formation Denm;y Modulus and Cohesive Tensile Friction
Number (kg/m>) (MPa) Force (MPa) Strength (MPa) Angle (deg)
1 Overburden 2420 2869 3.5 1.8 37
2 Main roof 2690 3876 29 2.89 35
3 Immediate roof 2630 1300 2.11 1.8 29
4 Coal seam 1360 537 1.3 0.6 329
5 Immediate floor 2520 1802 2.4 1.6 33
6 Basic bottom 2530 3816 4.5 1.7 20.4
7 Undercover rock layer 2690 2800 8.9 34 31

2.2.1. Experimental Model Establishment

Rhino was used to establish the equal scale ZF5600/16.5/26 low-level-roof coal hy-
draulic support and a scraper conveyor three-dimensional model and it was then imported
into 3DEC as shown in Figure 3, below.

In 3DEC (version 7.0) software, using command flow, a numerical model of the
working face is established based on the physical and mechanical parameters of the coal
and rock layers obtained from research, and according to the position and distribution of
the rock layers in the model. Based on the physical and mechanical properties of each coal
rock mass in the actual working face obtained from the research, values can be assigned to
the physical parameters of the coal rock mass according to the position and distribution of
the rock mass in the model. Model boundary conditions and gravity acceleration can be set
and equivalent stress applied above the model to simulate burial depth. After calculating
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the excavation range, the hydraulic support model can be imported to achieve coupling
between the hydraulic support and the coal rock mass. The coupling model between
hydraulic support and coal rock mass is shown in Figure 4. By modifying the code to
change the model structure, the coal discharge efficiency of hydraulic supports can be
analyzed and studied under different coal discharge step distances.

3DEC 7.00

©2020 tasca Consuting Group, Inc

Figure 3. Model of hydraulic support and scraper conveyor.

Figure 4. Coupling model between hydraulic support and coal rock mass.

2.2.2. Simulation Analysis of Coal Release Effect of One Mining and One Release

Keeping the distance between the end faces, mining height, and working resistance
constant, the coal discharge efficiency of hydraulic supports under different end face
distances is studied by controlling the hanging distance of the top coal. The coal discharge
effect of the hydraulic support is shown in Figure 5.

Figure 5. Hydraulic support for the one mining and one coal release effect.
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As illustrated in Figure 4, the limited overhang of the top coal results in a slower
collapse rate of the coal body under the influence of gravity, cohesion and friction. When
the coal release step distance is set at 0.6 m, the length of the hydraulic support’s cover
beam plays a significant role. Most of the top coal accumulates on top of the cover beam,
with only a minor fraction of the fragmented coal body falling onto the scraper conveyor.
This leads to a reduced top-coal recovery rate and a slower coal release process.

2.2.3. Simulation Analysis of the Coal Release Effect of Two Mining and One Release

The top coal suspension distance was expanded, and the effect of coal release with
hydraulic support when the step distance of the coal release is 1.2 m was simulated. The
effect of two mining and one coal release of hydraulic support is shown in Figure 6.

Figure 6. Hydraulic support for two mining and one coal release effect.

By implementing the two mining and one releasing approach, there is a notable
increase in the top coal suspension break, which in turn elevates the coal releasing rate com-
pared to the one mining and one releasing method. This technique results in the majority
of the top coal, which collapses under the influence of gravity, being concentrated directly
above the scraper conveyor. Consequently, this method achieves a higher top-coal recovery
rate, signifying its effectiveness in improving the efficiency of the coal extraction process.

2.2.4. Simulation Analysis of the Effect of Three Mining and One Discharging Coal

The effect of three mining and one coal release with hydraulic support is shown in
Figure 7.

Figure 7. Hydraulic support for three mining and one release coal release effect.

Utilizing the three mining and one releasing method accelerates the collapse of the
coal body due to the increased overhang of the top coal. This larger overhang results in
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the top coal sliding down along the hydraulic support cover beam as it falls. However,
the extended release step distance causes a significant portion of the dislodged top coal
to fall behind the scraper conveyor. This coal cannot be effectively transported out of the
working face, leading to a diminished top coal recovery rate and, ultimately, a waste of
valuable resources.

In conclusion, when evaluating the three distinct coal releasing steps for the ZF5600/16.5/26
large inclination hydraulic support, the two mining and one releasing method proves to be
the most effective. Specifically, with a coal releasing step of 1.2 m, this approach achieves
the highest top-coal recovery rate and the quickest coal releasing rate across the working
face. Thus, the adoption of the two mining and one releasing method is deemed the most
rational and efficient strategy for coal extraction in this context.

2.3. Influence of Different Release End-Face Distances on the Effect of Coal Release

In order to maintain the stability of the top plate of the hydraulic support working face,
the coal mining step distance, mining height, and working resistance remained unchanged,
and four different end-face distances of 0.25 m, 0.75 m, 1.25 m, and 1.5 m were taken to
study the influence of different end-face distances on the stability of the roof during the
coal discharge process of hydraulic supports, as shown in Figures 8-11.

Figure 8. Top plate condition at 0.25 m end-face distance.

Figure 9. Top plate condition at 0.75 m end-face distance.
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Figure 11. Top plate condition at 1.5 m end-face distance.

As illustrated in Figures 8-11, when the end face distance is maintained below 0.75 m,
the top coal situated in front of the hydraulic support roof beam benefits from the effects
of friction and cohesion. This results in enhanced stability under the hydraulic support,
effectively preventing any top coal from falling at the end face position. Consequently,
the overall stability of the working face is significantly strengthened. It is observed that
a smaller end-face distance correlates with improved top coal stability and a reduced
likelihood of falling incidents, thereby reinforcing the stability of the working environment.

At a face distance of 1.25 m, there is an observable increase in the roof overhang range.
This expansion leads to the coal body collapsing downward, primarily due to gravitational
forces, which in turn triggers the occurrence of top coal falling at the face. As the distance
between the end faces continues to increase, both the height and the extent of the fallen
material at the face also progressively increase.

When the face distance extends to 1.5 m, the severity of the falling phenomenon esca-
lates. The falling height can reach up to 5.6 m, significantly compromising the stability of
the roof plate. Under these conditions, the face becomes uncontrollable, posing potential
risks to the mining operation.

In summary, through comparative analysis, the stability of the roof plate in the process
of coal release under different end face distance can be obtained. When the end face
distance is less than 0.75 m, the hydraulic support of the large inclination comprehensive
release working face does not experience the top-coal falling phenomenon in the process of
coal release, and the stability of the working face is stronger. Therefore, in the process of
coal release, the end face distance should be controlled within 0.75 m.
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2.4. Influence of Different Mining Heights on the Effect of Coal Release

Based on the characteristics of the ZF5600/16.5/26 large inclination hydraulic support,
the coal discharge efficiency of the hydraulic support was studied at three different mining
heights of 1.9 m, 2.3 m, and 2.6 m, while keeping the coal mining step distance, end face
distance, and working resistance constant. In order to better compare and analyze the coal
release effect of hydraulic supports at different mining heights, the model’s operating steps
at three mining heights were controlled at 100,000 steps. The coal release effects at different
mining heights are shown in Figures 12-14.

Figure 14. The effect of hydraulic support coal release when the mining height is 2.6 m.

Figures 12-14 show a comparative analysis of the coal release characteristics of hy-
draulic support under different mining heights. From the effect of coal rock body collapse
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under different mining heights in the figure, it can be seen that with the increase in mining
height, the thickness of the top coal of the hydraulic support decreases, and the stability
of the overlying coal rock layer decreases, so the higher the mining height, the faster the
collapse rate of the overlying coal rock body of the hydraulic support. From the perspective
of coal release effect, the lower the mining height, the smaller the falling distance of the top
coal, and the collapsed coal body is more likely to fall above the scraper conveyor, which
leads to a higher recovery rate of the coal body. Considering the high stability requirements
of hydraulic support for a large inclination comprehensive discharge work face, the mining
height is too big to cause the center of gravity of hydraulic support to move up, reducing
the stability of hydraulic support, so the mining height of the work face should not be too
big. By comprehensively analyzing the coal release efficiency of the hydraulic support and
the recovery rate of the top coal, when the mining height is set at 2.3 m, the working face
can show a better comprehensive performance.

2.5. Simulation of the Effect of Different Working Resistances on the Effect of Coal Release

In the actual production operation of the comprehensive workface, the reasonableness
of the hydraulic support working resistance will directly determine the stability of the
roof-covering rock, which in turn determines the support effect of the whole workface.

Keeping the coal mining step distance, end face distance, and mining height un-
changed, the situation of the roof is shown in Figures 15 and 16 when the working resistance
is 3000 kN and 3300 kN.

Figure 16. Top plate condition at a working resistance of 3300 kN.

It can be seen from Figures 15 and 16, above, that when the hydraulic support working
resistance is 3000 kN, the top plate sinking amount is 21.3 cm, the top coal of the working
face falls seriously, and the stability of the working face is poor. When the working
resistance is increased to 3300 kN, the roof sinking amount is 15.4 cm, compared with the
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working resistance of 3000 kN, where the roof sinking amount is reduced, the end face
falling condition is eased, and the stability of the roof plate is improved with the increase
in working resistance. However, the overall view of the working resistance of 3300 kN
hydraulic support still cannot produce a good support effect, and the whole comprehensive
release working-face roof stability is poor.

We increased the working resistance to study the stability of the working face roof. As
shown in Figure 17, when the working resistance is increased to 3600 kN, the roof sinking
amount is reduced to 9.3 cm, and there is no top coal falling phenomenon at the end of
the working face, so the hydraulic support can have a good supporting effect on the roof.
Continuing to expand the working resistance, Figure 18 shows that when the working
resistance is increased to 3900 kN, the roof sinking amount is 8.75 cm; compared with
the working resistance of 3600 kN, the change is not big. When the working resistance is
increased to 4200 kN, as shown in Figure 19, there is still 8.51 cm of subsidence under the
top plate, and the end face of the working surface has good stability.

Figure 18. Top plate condition at a working resistance of 3900 kN.

To sum up, by analyzing the support effect of hydraulic support on the roof of the
working face under different working resistances, it can be concluded that the larger the
working resistance, the better the support effect of hydraulic support on the roof of the
working face. When the working resistance is less than 3600 kN, the stability of the working
face roof is poor, the phenomenon of top coal falling from the end of the working face
occurs, and the roof sinking amount is large; the roof sinking amount is 21.3 cm when the
working resistance is 3000 kN, and the roof sinking amount is 15.4 cm when the working
resistance is 3300 kN. When the working resistance is increased to 3600 kN, the stability of
the roof of the working face is greatly improved. At this time, the phenomenon of top coal
falling from the end face disappears, and the roof sinking amount is only 9.3 cm, which
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can be maintained at a low level. After increasing the working resistance to 3900 kN and
4200 kN, through the comparative analysis, it can be seen that when the working resistance
reaches 3600 kN and continue to increase, the stability of the working face top plate does
not change obviously, the top plate sinking amount is maintained at about 8.75 cm, and
there is no top-coal-falling phenomenon on the end face. Therefore, the hydraulic support
working resistance should be greater than 3600 kIN.

Figure 19. Top plate condition at a working resistance of 4200 kN.

3. Optimization of the Working Conditions of Hydraulic Supports

Through the above research on the coal-releasing characteristics of ZF5600/16.5/26
hydraulic support under different working conditions, the stability and coal releasing
efficiency of the hydraulic support in actual work can be improved by optimizing and im-
proving the hydraulic support and its working conditions, through the following methods:

(® Adopting the segmental coal releasing method for top coal recovery mining;
@ Selecting the coal releasing step distance of hydraulic support as 1.2 m;

(® Making the distance between ends less than 0.75 m;

(® Setting the mining height of hydraulic support to 2.3 m;

(® Making the working resistance of hydraulic support more than 3600 kN.

4. Field Experiment

The experimental site was selected as the 230 mining area of a mine in Shandong, and
the experimental working face was a 2313 working face, located in the western part of the
mining area; the average inclination angle of the coal seam is 45°. According to the above
research content, the hydraulic support adopts the two mining and one coal release method,
the step distance of coal release is 1.2 m, the distance between the control hydraulic support
and the end face of the working face is less than 0.75 m, the mining height of the hydraulic
support is set at 2.3 m, and the working resistance of the hydraulic support is more than
3600 kN. The working face adopts the segmented coal release method, and the coal release
starts when the working face advances for 10 m, and the process of coal release first adopts
the upward movement when the length of coal release reaches the working face. When
the length of coal release reaches 2/3 of the working face, the remaining part adopts the
downward coal release method, starting from the upper end of the working face, and the
transition brackets located at both ends are not involved in coal release. The underground
operation of hydraulic support is shown in Figure 20.
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Figure 20. Hydraulic bracket underground site map.

A 3-month tracking and research process was conducted on the actual operation of the
improved ZF5600/16.5/26 hydraulic support. By comparing the coal discharge amount
with the three months before optimization, the coal discharge amount was calculated and is
shown in Table 2. Feedback from the work shows that the mining operation on the working
face was stable, and there was no occurrence of hydraulic support tilting or sliding during
the mining process. The phenomenon of top-coal caving on the end face of the hydraulic
support on the working face was greatly reduced, and the overall efficiency of top coal
recovery increased by 14.3% compared to before.

Table 2. Comparison of coal discharge in March before and after optimization.

Optimize the Coal Discharge Volume within the First 3

Optimized Coal Release Volume within 3 Months/(10,000 tons)

Months/(10,000 tons)
The first month 21.34 The first month 24.39
The second month 20.56 The second month 23.50
The third month 21.10 The third month 24.12
Total 63.00 Total 72.01

5. Conclusions

This article studies the factors affecting the coal discharge efficiency of hydraulic
supports in large-angle fully mechanized mining faces. Using 3DEC to study the influence
of factors such as coal discharge step distance, end face distance and mining height on
the coal discharge efficiency of hydraulic supports in actual coal discharge processes, the
following conclusions have been drawn through analysis and practical application on site:

(1) By using the control variable method for research and analysis, it was found that
hydraulic supports have a higher top coal mining recovery rate and the best overall
stability of the working face when the coal release step distance is 1.2 m, the end
face distance is less than 0.75 m, the working resistance is 3600 kN, and the mining
height is set to 2.3 m. Finally, based on the research content, the working conditions
of the hydraulic support were optimized and improved to enhance the coal discharge
efficiency of the hydraulic support.

(2) Aninnovative segmented coal discharge method is proposed, which greatly enhances
the stability of the working face while improving the efficiency of coal discharge. The
improved ZF5600/16.5/26 hydraulic support, which combines simulation analysis
with practical application, has good stability and support effect in the actual applica-
tion process, and can better meet the support requirements of the 2313 working face.
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