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Abstract: In addressing the issue of a low drawing rate in a steeply inclined and extremely thick
coal seam, this study focused on the engineering background of the +575 horizontal working faces
in the Wudong Coal Mine. By utilizing physical similarity simulation experiments, research was
carried out on the top-coal-drawing rate and the gangue ratio at different coal-drawing intervals
in horizontal segment mining for steeply inclined and thick coal seams, in which the relationships
between the top-coal-drawing law and the drawing interval and technologies were revealed. The
discrete element method was used to establish a numerical simulation model for the horizontal
segment mining of steeply inclined and thick coal seams, and the roof-drawing law in the cases of the
three-interval-group-of-support and drawing-once-every-two-support methods were analyzed before
finally obtaining the optimal drawing technology. Through field practice, the coal-drawing effect of
the technology was verified. The results indicated that the logarithmic functional relationship between
the top-coal-drawing rate and the gangue ratio was established, and the optimal control indicator
for top coal drawing was reached when the gangue ratio reached from 13% to 18%. The top-coal-
drawing rate for the three-interval-group-of-support approach was higher than that of the method
for drawing once every two supports. It was determined that the optimal mining technology was
using a one-web-cutting-with-one-drawing approach for a three-interval-group-of-support method
at a top-coal-drawing rate of 69.14%, which was 10.86% higher than that of the original technology.
The research results further enriched the theory of top coal drawing in steeply inclined and extremely
thick coal seams, thereby providing a reference and guidance for such mining operations.

Keywords: steep incline; extremely thick coal seams; top-coal-drawing rate; optimization; coal-drawing
technology; coal-drawing control

1. Introduction

In China’s energy system, the status of coal as the main source of energy is stable
at present and will remain so for a long time to come [1-5]. The proposal to achieve
national “carbon peaking and carbon neutrality” has further promoted the high-quality
development of the coal industry [6-10]. Xinjiang is an important fulcrum for realizing
China’s “Belt and Road” strategy, and its steeply inclined coal seams are unique. In recent
years, in the practice for mining steeply inclined and thick coal seams, a series of mining
technologies has gradually been formed. However, the top-coal-drawing rate of the fully
mechanized drawing in a steeply inclined coal seam is generally low, which severely
restricts the efficient production of coal resources [11-15].

In view of the top-coal-drawing technology used in steeply inclined coal seams, a great
deal of research has been conducted by many scholars, and rich theoretical results have
been generated. The horizontal sublevel method for drawing mining is the most important
for steeply inclined coal seams. At present, research into the top-coal-drawing law is
mainly based on similar simulation experiments and numerical calculations [16,17]. PFCP
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numerical simulations were employed by Wang Jiachen et al. [18] to simulate different
top-coal-drawing methods, and it was revealed that the drawing body was similar to
an ellipsoid, the interface between the coal and gangue was a three-dimensional funnel
surface, and the extraction-drawing ratio and the drawing interval had a great influence
on the top coal recovery rate. The grouping method for interval drawing, the law of the
top coal movement, the interface characteristics of coal and rock, and the top-coal-drawing
rate under the mining conditions of the Tashan Mine were simulated and analyzed by
Wang Shen et al. [19] using CDEM discrete element software. Based on this, the impact
mechanism of the number of supports for the morphology of top-coal-drawing bodies was
revealed. Wei W. and Yang, L. et al. [20,21] analyzed the drawing mechanisms of the top
coal by considering the structure of the hydraulic support. The formation and evolution
characteristics of the ellipsoid structure of the overlying strata were obtained. At the same
time, owing to the existence of an arch structure, top coal drawing was hindered, thereby
resulting in a low recovery rate. Huo Y. et al. [22] researched the top coal migration law
via a numerical simulation. The movement law of the top coal in steeply inclined and
extremely thick coal seams, based on a numerical calculation, was studied by Zhang Yong
et al. [23]. They concluded that the two-wheel drawing method of “two web cuttings with
one drawing” could strengthen top coal drawing, reduce the degree of mixed gangue, and
improve the top coal recovery rate. The research results of many past scholars have laid a
foundation for top-coal-drawing mining in inclined and extremely thick coal seams, but
most of the research results have been aimed at achieving a dynamic evolution of the law
of coal and gangue in top-coal-drawing mining; as such, there are relatively few studies on
top-coal-drawing rates for different drawing methods.

We used +575 horizontal working faces on a 45# coal seam in the northern mining
area of the Wudong Coal Mine as the research background. A physical similarity sim-
ulation model for the steeply inclined and extremely thick coal seams was established,
and the top-coal-drawing laws in the initial drawing stage, periodic drawing stage, and
excessive drawing stage at different drawing intervals were analyzed. At the same time,
the coal-drawing rates of the three-interval-group-of-support and the drawing-once-every-
two-support methods were studied using PEC?P numerical simulations. The introduced
research ideas are shown in Table 1. The research results can guide the optimization of
coal-drawing technology parameters on the working face, which is important for enriching
the coal-drawing theory and for achieving the safe and efficient mining of steeply inclined
and extremely thick coal seams.

Table 1. Introduction to the research ideas.

Research

Research Methods Top-Coal-Drawing Methods Research Content
Procedures
One web cutting with one drawing o\ .
. o T b cutti ith drawi Initial coal drawing
1 Physical similarity WO web cuttings with one drawing Periodic coal drawing
simulation Three web cuttings with one drawing . .
- . . Excessive coal drawing
Four web cuttings with one drawing
L Top-coal-drawing rate
5 Numerical simulation Drawing 1F1terval of every three groups of supports Distribution of residual
Drawing-once-every-two-support method .
coal in the goaf
Top-coal-drawing rate of
. e One web cutting with one drawing and three interval the working face at an
3 On-site verification -
groups of supports elevation level of
+721-+575

2. Engineering Background

The mining area of the Wudong Coal Mine is about 19.94 km?, the design production
capacity is 6.00 Mt/a, and the design service life is 76.9 a. The northern area of the mine is
divided into a 45# coal seam and a 43# coal seam (according to the geological conditions of



Processes 2024, 12, 481

30f15

the coal seam). The 45# coal seam was the one that was mainly studied in this paper. The
dip angle of the 45# coal seam was 43-45°, and the average thickness of the coal seam was
30 m.

When the northern mining area of the Wudong Coal Mine was mined to the +575 level
of the 45# coal seam, the width of the working face was 30.6 m, the mining height was 3.0 m,
the height of the top coal was 22.0 m, the cutting depth was 0.8 m, the extraction—drawing
ratio was 1:7.33, and the designed strike length was 1234 m. The geological structure of the
working face was relatively simple, with local joints and fracture development zones, and
the coal seam was broken and prone to fall. The layout of a fully mechanized drawing face
in a horizontal section is shown in Figure 1. A fully mechanized drawing mining method
for a horizontal section was adopted on the working face, and the roof management was
carried out by all drawing. The whole process included mining and advanced pre-splitting,
which were relatively independent. In the past drawing process of the Wudong Coal Mine,
there were obvious cases of residual coal in the goaf and triangular coal in the roof and
floor, which caused a severe loss of top coal. Table 2 shows the mining situation of the 45#
coal seam in the northern mining area. It can be seen from the table that the drawing rate
of the 45# coal seam was generally low. However, with a gradual increase in mining depth,
the drawing rate showed a significant decreasing trend.

Gravel, sediment
oess and quicksand
w Gangue and quicksand

4] Coal and gangue

Figure 1. Layout of the drawing face in Wudong Coal Mine.

Table 2. Statistics of the 45# coal seam mining in the northern mining area of Wudong Coal Mine.

Width of Height of

Altitude Strike Workin Horizontal Top Coal Drawing Geological Drawing
Elevation Length/m F 8 . Height/m Ratio Reserves/Mt Rate/%
ace/m Section/m
+721 810 42 13.5 11 1:4.4 0.6716 86.34
+688 900 42 18.75 16.25 1:6.5 0.9834 72.01
+645 1628 41 25 22.5 1:9 1.67.824 61.05
+620 1135 27 25 22 1:7.3 0.93486 32.86
+575 1234 33 25 22.0 1:7.3 1.171 39.12

3. Physical Similarity Simulation of the Top-Coal-Drawing Law
3.1. Similarity Simulation Device and Experimental Steps

The physical similarity simulation experimental model of top coal drawing adopted
the special simulation experimental frame of top coal drawing in a steeply inclined coal
seam. The length x width x height of the experimental frame was 1710 mm x 500 mm
x 1050 mm. The two steel plates of the simulated roof and floor could be changed from
0° to 90° by adjusting the nut and the rod body to simulate different coal seam dip angles.
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The bottom of the two steel plates was equipped with pulleys fixed on the slide rail at the
bottom of the support, and the simulation of different widths was realized by adjusting the
pulley at the bottom of the steel plate. In the experiment, the acrylic plate was installed
before and after the model frame, which made observing the top coal drawing and taking
photos in real time convenient. There was a long strip at the bottom of the experimental
frame, and different coal-drawing processes were simulated by moving the steel pipe.
The whole experimental process mainly included the steps of instrument installation, coal
drawing, coal and gangue screening, weighing, photographing, and data recording and
analysis. When the gangue particles appeared continuously and the proportion of gangue
reached 30%, the coal-drawing process was ended, and the drawing rate and the gangue
ratio were calculated. The device and steps of a similar simulation experiment are shown
in Figure 2.

1Y

Regulating l
S

Coal- gangue | &
Goaf of uppe  boundary line
mslices=my \
]I_‘— w

egree of
propulsion
= 5ih

4— Tth
0 1 20 30
angue content /%
Data
analysis

‘Weighing
of coal and
gangue

.

ré‘wing rate/%a

D

Coal caving

supports Experimental box )

entity diagram

caving screening

Figure 2. Device and steps of a similar simulation experiment.

The optimal drawing-technology parameters were determined, and the coal-gangue-
drawing control technology was formulated in line with the actual production conditions of
the mine to study the top-coal-drawing pattern of the steeply inclined and extremely thick
coal seams for different coal-drawing technology parameters. This was performed to guide
the design and optimization of the coal-drawing technology and specific parameters of the
working face, as well as to achieve safe and efficient production. The specific experimental
process was as follows:

(1) The experimental box was filled with bulk particles according to the require-
ments. The ratio of mining to drawing was 1:7.33, and all kinds of required instruments
were installed;

(2) After the filling was complete, the gate for the coal drawing was opened. The coal
body was cleaned in time to ensure continuous drawing;

(3) During the coal-drawing process, the state of the coal-drawing gate was observed.
If the marker layer was observed as reaching the coal-drawing gate, the coal-drawing gate
was closed, and the coal drawing was suspended;

(4) The marker-layer particles were sorted out, the number of marker particles was
recorded, and all the drawing particles were weighed;

(5) Drawing continued until the next bit of the sign layer appeared. Step (4) was
repeated until the gangue layer reached the coal-drawing gate and then the gate was closed,
and the particle weight was recorded;

(6) Drawing continued. Then, when gangue accounted for 40% of the material after the
end of the coal drawing, the appearance and weight of the gangue particles were recorded.
After this, it was then time for excess coal drawing;

(7) Throughout the coal-drawing process, each time the coal drawing was stopped, a
camera was used to take pictures, and the flow state of the coal and gangue was recorded.
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The geometric similarity ratio of the experiment and the field-engineering practice
was determined to be 1:100. The height of the model was 400 mm, of which the height of
the top coal was 220 mm, the height of the gangue was 150 mm, the height of the support
was 30 mm, and the width of the support was 150 mm. The height of the simulated section
was 25 m, and the height of the overlying gangue was 15 m.

The initial layout of the model is shown in Figure 3. The coal-drawing area was
arranged in the middle of the coal seam to avoid the influence of the boundary conditions
during coal drawing. The monitoring area was larger than the coal-drawing area to achieve
a complete monitoring of the coal-drawing area. The red grid in the figure shown below
is 40 mm x 40 mm, and this was used to monitor the development of the coal-gangue
boundary and record the coordinates of the points on it. The whole experiment contained
four different coal-drawing intervals in the coal-gangue-drawing state, and each experi-
ment only simulated the drawing state of the top coal and gangue at one drawing interval.
The coal-drawing process at the four different drawing intervals was divided into the
initial drawing stage, the drawing stage, and then the excess drawing stage in turn, which
was convenient for the statistical analyses of the drawing rate and the gangue ratio. The
optimal drawing interval was derived under specific conditions by comparing the drawing
characteristics of the top coal and gangue at the four different drawing intervals. The
contents of the top coal per advancing degree were 294.90 g, 589.8 g, 884.7 g, and 1179.6 g.

Top coal

Coal drawing area

Figure 3. Initial layout of the model.

3.2. Experimental Result Analysis of the Physical Similarity Simulation
3.2.1. Results of the Initial Drawing Experiment

During the initial drawing experiment, the quality and weight of the top-coal drawn
at different mining degrees were statistically analyzed and compared. The statistics of the
coal and gangue drawings in the initial coal-drawing stage at different drawing intervals
were then obtained, as shown in Table 3.

Table 3. Amount of coal and gangue released in the initial coal-drawing stage.

Drawing Interval

Quality of Coal/g  Quality of Gangue/g Rate of Drawing/%  Rate of Gangue/%

One web cutting with one drawing 1372.5 7.5 465.41 0.54
Two web cuttings with one drawing 1436.0 8.2 243.47 0.57
Three web cuttings with one drawing 1417.7 7.8 160.25 0.55
Four web cuttings with one drawing 1396.5 9.5 118.39 0.68

As the similar simulation experiment of the top coal drawing could not be accurately
controlled for the operation of “stopping when gangue appears”, a small amount of gangue
would be released at the end of each advance of the coal drawing. To ensure the rigor
of the experiment, the quality of the pure coal and the gangue was counted together in



Processes 2024, 12, 481 6 of 15

the experiment. In the initial coal-drawing stage, the top coal was not disturbed, and
the arrangement was complete. During the coal drawing, a large area of top coal was
fully released. The gangue in the goaf was placed above the top coal, which gradually
sunk with the drawing of the top coal. We immediately sealed the opening when it was
observed that gangues were being discharged, thus resulting in the maximum drawing of
pure coal and a minimal admixture of gangue during the initial process. This stage had
the best coal-drawing effect. At this stage, the coal-drawing efficiency was at its highest.
The distributions of the coal and gangue at different coal-drawing intervals in the initial
drawing stage are illustrated in Figure 4. It could be seen from this that the distributions
between the coal and gangue were similar after the initial coal-drawing stage at different
drawing intervals, and they also were found to be unrelated to the drawing interval.

Central axis of Coal—gangue Moving boundary

_..coalcaving . boundaryline =TT T . .oftopcoal
Figure 4. Flow status of coal and gangue at different coal-drawing intervals in the initial stage.

Based on the above, it could be concluded that during the initial coal-drawing stage,
the quantity of the top coal that was released and the gangue ratio were not affected by
the drawing interval. In addition, the released pure coal mass far exceeded the top coal
content per advance. Owing to different drawing intervals, the top coal content varied
significantly with each advance, thereby resulting in a significant negative correlation
between the top-coal-drawing rate and the drawing interval during the initial stage.

3.2.2. Results of the Periodic-Coal-Drawing Experiment

The periodic-coal-drawing phase occupied a long period and was a relatively impor-
tant phase in the entire coal-drawing stage. To analyze the drawing pattern of the top coal
at different advances during the periodic coal drawing, the top-coal-drawing rate of each
advancing stage was compared with the gangue ratio, and a comparison curve was plotted,
as shown in Figure 5.

70 [0, o
o 3.5 A I 2 . oo s
2 60 - 3.0 { ° )
ED One web cutting 255 o8 One web cutting
z 50 with one drawing g« . ° ° with one drawing
g Two web cutting °20 va wo web cutting
= 40 with one drawing g~ 7 = ° with one drawing
3 Three web cutting 215 hree web cutting
= 30 with one drawing 2 with one drawing
o 1.0

Four web cutting

| | 1 1 | |
with one drawing 0.5

11 1 |
1 2 3 4 5 6 7 8 9 1011 12

Drawing stage

our web cutting
| N N N Y | with one drawing

1 -
1 2 3 4 5 6 7 8 9 10 11 12
Advancing stage

(a) (b)

Figure 5. Variations in the top-coal-drawing rate and the gangue ratio with the drawing stage: (a) vari-

8]
o

ations in the top-coal-drawing rate with the drawing stage; (b) variations in the gangue ratio with the
drawing stage.
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The top-coal-drawing rate and the gangue ratio were important indicators for evaluat-
ing the mining effectiveness of the top coal drawing. By comparative analysis, it could be
seen that the first advance of the periodic-coal-drawing stage was influenced by the bound-
ary between coal and gangue in the initial stage, and the amount of coal drawn decreased
sharply to the minimum. Afterward, the coal-gangue boundaries remained roughly the
same and tended to stabilize, thus causing the pure coal drawing to exhibit periodic fluctua-
tions. The drawing rate of the first advance was the lowest; after this, the top-coal-drawing
rate increased rapidly and fluctuated around the average value. During the coal-drawing
stage, the top-coal-drawing rate using the one-web-cutting-with-one-drawing method was
significantly higher than those using the other three methods. The top-coal-drawing rates
for the other three methods were fairly close to each other but, overall, lower. The variation
law of the gangue ratio was opposite to that of top-coal-drawing rate, i.e., it decreased
initially and then stabilized. The difference in the gangue ratio at different coal-drawing
intervals was not significant. Through calculations, it was determined that the amount
of pure coal drawn from the top coal in the initial stage was 5.18 times the amount of
the top coal drawn per advancing degree and 11.49 times the amount of coal drawn in
the periodic-coal-drawing phase, and the theoretical amount of the pure coal drawn per
advancing degree was found to be approximately 133.0 g.

3.2.3. Results of the Excessive-Coal-Drawing Experiment

The experiment demonstrated that a top-coal-drawing process that involves “stop-
ping when gangue appears” produces basically pure coal. Therefore, it was necessary to
explore the ways through which to increase the top-coal-drawing rate within a reason-
able coal-gangue-ratio range. In the experiment, the principle for excessive drawing was
adopted for the last three web cuttings of each drawing interval, and the mass of the gangue
that was released each time was recorded. The drawing rate of the top coal and the gangue
ratio were calculated. When the gangue ratio reached 30%, the coal drawing was stopped.
The flow of the coal and gangue when conducting excessive drawing for the last three web
cuttings at different coal-drawing intervals is shown in Figure 6.

Moving
boundary of
top coal

Moving Moving
boundary of " boundary
top coal "kt Yy - of top coal

Figure 6. Flow of the coal and gangue during excessive coal drawing at different intervals.

From Figure 6, it can be observed that during excessive coal drawing, the boundary
between the coal and gangue presented a “parabolic” shape that had an opening in the
direction of the advancement. Owing to excessive coal drawing, the curvature of the
boundary increased with the increase in the coal-drawing interval, which was mainly
manifested in the upper part of the top coal. In addition, the movement boundary of the
top coal gradually expanded, thus resulting in a more thorough drawing of the top coal.

By statistically analyzing the results of multiple coal-drawing operations for the last
three web cuttings, the mass of the pure coal and gangue released each time was obtained,
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and the drawing rate of the top coal and gangue after each coal-drawing operation within
a single advance was calculated. Based on the calculation results, the relationship curve for
the top-coal-drawing rate and the gangue ratio at different drawing intervals was plotted,
as shown in Figure 7.
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Figure 7. Relationship between the top-coal-drawing rate and the gangue ratio when conducting
excessive drawing: (a) one web cutting with one drawing; (b) two web cuttings with one drawing;
(c) three web cuttings with one drawing; (d) four web cuttings with one drawing.

From Figure 7, it could be observed that the top-coal-drawing rate generally increased
with the increase in the gangue ratio. The relationship curve for the top-coal-drawing
rate and the gangue ratio could be divided into three regions: The first region was the
pure-coal-drawing area, where the gangue ratio was always 0, the slope of the curve did
not exist, and the top-coal-drawing rate was generally low. The second region was the
rapid growth area of the top-coal-drawing rate, where the top-coal-drawing rate rapidly
increased with an increase in the gangue ratio, and the overall slope of the curve was steep.
According to the results of the single coal drawing, the quality of the pure coal was higher
than that of the gangue in this area. The third region was the slow growth area of the
top-coal-drawing rate. In this region, the top-coal-drawing rate increased slowly with an
increase in the gauge ratio until it no longer increased. The slope of the curve was gentle
overall. As ascertained via the results of the single coal drawing, the quality of the pure
coal that was released in this region was found to be lower than that of the gangue, and
there was a clear boundary between the second and third regions.

According to the experimental results, under the condition of one web cutting with one
drawing, when the gangue ratio rose to between 15% and 18%, the top-coal-drawing rate
reached around 80%, and it was also found that the coal drawing could be stopped at this
time. Under the condition of two web cuttings with one drawing, when the gangue ratio
rose to between 15% and 17%, the top-coal-drawing rate reached approximately 83%, and it
was also found that the coal drawing could be stopped at this time. Under the condition of
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three web cuttings with one drawing, when the gangue ratio rose to between 13% and 15%,
the top-coal-drawing rate reached approximately 85.5%, and it was also found that the
coal drawing could be stopped at this time. Under the condition of four web cuttings with
one drawing, when the gangue ratio rose to between 15% and 17%, the top-coal-drawing
rate reached approximately 79%, and it was also found that the coal drawing could be
stopped at this time.

The average drawing rate and gangue ratio were calculated at the end of each coal
drawing to further explore the specific relationship between the top-coal-drawing rate
and the gangue ratio at different coal-drawing intervals. The last three advancing steps
were averaged and fitted to obtain the specific relationship between the average top-coal-
drawing rate and the average gangue ratio at different coal-drawing intervals. It could be
seen that the average top-coal-drawing rate, 77, and the average gangue ratio, p, showed a
relationship of the natural logarithmic function. According to the fitting result, the specific
relationships between the average top-coal-drawing rate, 7, and the average gangue ratio,
p, at different coal-drawing intervals were obtained, as shown in Equations (1) to (4).

One web cutting with one drawing:

n = 13919 + 22.814Inp. 1)
Two web cuttings with one drawing;:

1 = 24.552 +20.086In p. (2)
Three web cuttings with one drawing:

1 = 36.554 +17.4151n p. 3)
Four web cuttings with one drawing;:

1 =31.398 4 17.377Inp. (4)

The goodness-of-fit values of the above equations were R% = 0.983, R% = 0.979,
R = 0.992, and R} = 0.985, respectively. It was indicated that there was a close rela-
tionship between the dependent variable (the average top-coal-drawing rate, 1) and the
independent variable (the average gangue ratio, p), and the fitting formulas were found to
be relatively accurate.

Through an analysis of the top-coal-drawing rate and the gangue ratio in the initial
coal-drawing stage, the periodic-coal-drawing stage, and the excessive-coal-drawing stage
at different coal-drawing intervals, the results showed that the maximum amounts of pure
coal released from the top coal during the initial coal-drawing stage were 4.65, 2.43, 1.60,
and 1.18 times the amount of top coal reserves per advance under the respective conditions,
and they were 10.07, 5.12, 3.23, and 2.43 times the mean value of the amounts of coal
released during the periodic-drawing stage, respectively. In the periodic-drawing stage,
the top-coal-drawing rate when using a one-web-cutting-with-one-drawing approach was
found to be the highest. At the same time, by analyzing the top-coal-drawing rate, 77, and
the gangue ratio, p, of the excessive coal drawing, the relationship of the natural logarithmic
function between the top-coal-drawing rate, 77, and the gangue ratio, p, was determined,
which led to the corresponding stopping conditions.

4. Numerical Simulation of the Top-Coal-Drawing Law
4.1. Numerical Simulation Design

PFC?P numerical software was used to establish a numerical calculation model that
was the same size as the actual working face (1:1 scale) with a +575 horizontal working
face on a 45# coal seam in the northern mining area of the Wudong Coal Mine as the actual
background. The roof-drawing patterns were simulated for the three drawing-interval
groups of supports and drawing-once-every-two-support group. The dimensions of the
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model were as follows: 77 m in length, 40 m in height, and 45° in inclination. FISH
programming was used to generate the marker layers at certain distances during the
modeling to facilitate the observation of the flow state of the roof, where the colors were
different from those of the other parameters, and ball elements were used to simulate
the coal and gangue. The simulation supports were established according to the on-site
supports, which were simulated by wall elements with a central distance of 1.5 m. The
opening and closing of the drawing gate and the advancing process of the supports were
controlled through FISH programming. The particle parameters of the coal, gangue, and
supports are shown in Tables 4 and 5.

Table 4. Particle parameters of the coal and gangue.

. Density Radius Normal Stiffness Tangential Stiffness . . .
Material pl(g/m?) Ri(m) k,/(N/m) k/(N/m) Coefficient of Friction
Coal 1312 0.05-0.15 2 x 108 2 x 108 04
Gangue 2500 0.15-0.25 4 x 108 4 x 108 0.4
Table 5. Parameters of the drawing support.
. . Dip Angle Normal Stiffness Tangential Stiffness . . A
Height/(m)  Central Distance/(m) 1) /(N/m) /(N/m) Coefficient of Friction
3.0 1.5 45 2 x 10° 2 x 10° 0.2

The initial conditions of the model were as follows: walls were used as the boundaries
of the model on all four sides with fixed velocities of 0; the initial velocities and displace-
ments of the particles were both 0, and they were only affected by gravity, i.e., g = 9.81 m/s%;
the contact between the particles (ball-ball) used the linearpbond model, and the contact
between the particles and the wall (ball-facet) used the linear model. The initial state of the
numerical model is shown in Figure 8.

Coal-gangue

boundary line 5m

Gangue in goaf

#  Guide bed

Figure 8. Initial state of numerical model.

4.2. Numerical Simulation Result Analysis
4.2.1. The Three Drawing-Interval Groups of Supports

Each group of supports consisted of two adjacent supports, and the size of the drawing
gate was 3 m. There was a total of 30 supports on the working face, and these were divided
into 15 groups. The drawing sequence was as follows: in the first stage, the gates of the first,
fifth, ninth, and thirteenth groups of supports were opened; in the second stage, the gates
of the third, seventh, and eleventh groups of supports were opened; and, in the third stage,
the gates of the remaining supports were opened, with the drawing gate and sequence
controlled with FISH programming. The “stopping when gangue appears” indicator served
as the stop signal for drawing.

The number of particles drawn by each set of supports was counted, and the variation
curve with the number of support groups was then plotted, as shown in Figure 9.
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Figure 9. Relationship between the number of drawn particles and the number of support groups
under the three interval groups of supports.

It can be observed from the above figure that the particle drawing from different
groups of supports exhibited periodic variation. During the initial stage of coal drawing in
the three interval groups of supports, the particle drawing was found to be significantly
higher than in the second and third stages. The mass of the drawing was the least during
the third stage, thereby indicating a periodic variation in the top-coal-drawing rate that
was above each group of supports.

The total number of roof coal particles In the numerical calculation model was 30,883,
and a total of 23,091 particles were released. The distribution of the unreleased roof coal is
shown in Figure 10.

Figure 10. Distribution of the coal loss with the three interval groups of supports: (a) process 1;
(b) process 2; (c) process 3; (d) process 4.

It is evident from the above figure that the coal loss was mainly divided into residual
coal at the goaf, top, and floor, and most of the coal loss came from the floor. Accord-
ing to our calculations, the total top-coal-drawing rate was 74.71% when drawing the
three interval groups of supports.

4.2.2. Drawing Once Every Two Supports

When a drawing-once-every-two-support approach was used, two adjacent supports
were taken as a group, and the coal-drawing gates of the two supports were opened at the
same time. The stop sign was “stopping when gangue appears”. The movement laws of the
top-coal-drawing rates, as well as the gangue ratio during different stages, were analyzed.
When a drawing-once-every-two-support approach was used, the initial drawing state was
the same as that in the drawing-three-interval-group-of-support approach.
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The number of particles that were released was statistically counted, and the variation
curve with the number of support groups was plotted, as shown in Figure 11.

9000
$ 8000 F

2000
1600
1200 |
800 | /H
400
0 | Lyl
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Number of support groups

The drawing number of particl

Figure 11. Relationship between the number of drawn particles and the number of support groups in
a drawing-once-every-two-support approach.

It can be observed from the above figure that the maximum pure coal outflow occurred
in the initial coal-drawing stage, and this exceeded the single outflow in the periodic-
drawing stage. Owing to the influence of the boundary between the coal and gangue
in the initial drawing stage, the outflow sharply decreased during the second drawing
(i.e., the first periodic drawing) stage, and the subsequent outflow of the pure coal gradually
increased and fluctuated. Owing to the presence of the coal seam’s inclination, the reserve
of the top coal on the roof side gradually decreased. When the drawing reached the
supports on the roof side, the overall outflow of the pure coal decreased gradually with the
drawing sequence, and this was found to be consistent with the similar simulation results.

In the numerical calculation model, the total number of top coal particles was 30,883,
and 21,985 of these were released. The distribution of the unreleased top coal is shown in
Figure 12.

Figure 12. Distribution of coal loss after each stage with a drawing-once-every-two-support ap-
proach: (a) process 1; (b) process 2; (c) process 3; (d) process 4.

The above figure indicates that the top coal loss mainly included the residual coal
in the goaf and the coal in the roof and floor, where most of the coal loss came from the
triangular coal on the floor. According to the calculations, the overall top-coal-drawing rate
for one coal drawing between two groups of supports was 71.19%, which was lower than
the total top-coal-drawing rate when the coal was released in a three-interval-group-of-
support approach. Therefore, a drawing-three-interval-group-of-support approach was
more reasonable compared to a drawing-once-every-two-support approach.
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5. On-Site Verification

By conducting similar simulation experiments and numerical calculations, as described
above, the analysis results indicated that for the steeply inclined and extremely thick coal
seams in the 45# coal seam of the northern mining area of the Wudong Coal Mine, the
optimal coal-drawing technology was as follows: For the drawing advance along the
strike direction, one web cutting with one drawing was selected as the best approach. The
drawing method used along the dip direction was adopting a drawing-three-interval-group-
of-support approach. Therefore, based on the original drawing technology, the optimized
technology of “one web cutting with one drawing and three interval groups of supports”
was adopted and applied on site. A comparative analysis of the top-coal-drawing rate
before and after optimization was conducted to verify the application effects.

Figure 13 represents the technology of the top-coal-drawing rate before and after
optimization. As shown in the figure, the top-coal-drawing rate of the working face at
an elevation level of +721-+575 was statistically analyzed using the original drawing
technology in the environment of the Wudong Coal Mine. The average top-coal-drawing
rate before optimization was 58.28%, and the top-coal-drawing rate showed an evident
decreasing trend with increases in the mining depth. When using the optimized technology,
a top-coal-drawing rate at an elevation level of +550—+450 was statistically analyzed. The
average top-coal-drawing rate before optimization was 69.14%, and the top-coal-drawing
rate remained basically stable with increases in the mining depth.

Altitude elevation of working face(optimized coal drawing process)
+550 +525 +500 +475 +450

[ Original coal drawing technology

80 - I 1 Optimized coal drawing technology
R — —
a0} — —
g
=
Eoof
<
]
Ssof
o
g
=40

30

+721 +688 +645 +620 +575

Altitude elevation of working face(original coal drawing process)

Figure 13. Top coal-drawing-rates before and after optimization.

6. Conclusions

(1) The functional relationship between the top-coal-drawing rate and the gangue ratio
was established via the top-coal-drawing experiment. In addition, the best control index
of the top coal drawing was determined, and it was also concluded that the coal-drawing
effect with a one-web-cutting-with-one-drawing approach was (relatively) the best;

(2) The numerical simulation results showed that the laws of the coal-drawing-
three-interval-group-of-support and drawing-once-every-two-support approaches were
generally similar. The top-coal-drawing rate of the three-interval-group-of-support ap-
proach was higher than that of the drawing-once-every-two-support method;

(3) The experiments and simulations helped to comprehensively determine the optimal
coal-drawing technology for the steeply inclined and extremely thick coal seams as the
one-web-cutting-with-one-drawing and the three-interval-group-of-support approaches,
respectively. Field application showed that the optimized top-coal-drawing rate was 10.86%
higher than that of the original technology.

7. Discussion

(1) The optimal drawing technology and its drawing rate derived in this paper were
validated at only one of the mining levels in the field. As for the relationship between
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the top-coal-drawing rate and the mining level for this technology, further field tests
are needed,;

(2) The drawing technology mentioned in this paper originated from special steeply
inclined and extremely thick coal seams. However, whether it is also applicable to other
coal seams under different mining conditions, such as near horizontal coal seams, requires
further experiments and on-site verification.
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