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Large coal pillars result in significant resource waste. The high stress
concentration within these pillars also creates safety hazards for the working face. To
address this, a cooperative mining method for section coal pillars is proposed. This
method is designed for seams with large inclination angles and that are extremely
close to overlying pillars. The technical principles are explained. First, FLAC3D
simulation software was used to investigate the effect of the spacing between the
lower roadway and the section coal pillar, which determined the optimal roadway
position. Then, a coupled FLAC-PFC method was employed to optimize the coal
drawing process parameters. The optimal scheme was analyzed to characterize roof
deformation, stress distribution, and hydraulic support loads. An engineering case
study demonstrates that a spacing greater than 18 m minimizes the influence of
concentrated stress, resulting in limited deformation and improved roadway stability.
The study investigates coal drawing under different sequences, port widths, and
methods. The optimal process was identified as downward drawing, with a 1.5 m
coal drawing port width and a two-wheel sequential method. This process achieves
a drawing rate of 85.62% and a gangue content of 4.61%. Analysis shows that during
the pillar drawing process, the concentrated stress on the roof plate is significantly
reduced, with a maximum stress decrease of 21.1 MPa, effectively alleviating stress
concentration. The total force on the section hydraulic support in fully mechanized
caving is 1.6x10* kN, while the force in the fully mechanized mining section is
1.4x10* kN.

1. Introduction

Coal is a primary energy source for China and
many other countries. Its core status in the energy
supply will remain stable for the foreseeable future.
In recent years, as shallow and easily accessible
coal resources in eastern China are gradually
depleted, the focus of coal development has shifted
westward. However, geological conditions in the
western regions are complex. These deposits often
feature large dip angles, thick or extra-thick seams,
and closely spaced seam groups, which
significantly increase the difficulty of extraction.
At the same time, continued mining operations
intensify rock mass disturbances, leading to severe
ground pressure phenomena that pose serious
challenges to mine safety. Leaving section pillars is
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a common technical method to address mining
under high stress, weak rock, and special
geological conditions. However, this practice not
only wastes significant coal resources but can also
leave behind safety hazards for future working
faces [1-5].

Researchers have extensively studied the issue
of coal pillar stability from multiple perspectives.
For example, using probabilistic methods such as
Monte Carlo simulation to assess the stability of
chain pillars has become an important approach
[6]. Ghasemi et al. have developed intelligent
methods to predict the size of pillars in room-and-
pillar mining and the overall stability of mines
[7,8], as well as techniques like stacked
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generalization to predict the stability status of hard
rock pillars [9]. The study of pillar failure
mechanisms is also in-depth, including the analysis
of the failure process of rock pillars containing
non-persistent joints or edge notches through
experiments and numerical simulations [10,11].
Furthermore, factors such as coalbed gas emissions
[12] and the adsorption of carbon dioxide and
methane on the mechanical properties of coal and
pillar stability have also received attention [13].
Meanwhile, new analytical methods, such as using
the Coulomb graphical method to analyze the
stability of chain pillars in longwall mining, are
continuously being proposed [14]. Compared to
single-seam mining, the roof structure evolution
and stress distribution in extremely close-
proximity seams are distinct, classifying them as
difficult-to-mine seams [15-19]. After the upper
seam is mined, the remaining section pillars form
intense stress concentration zones. These pillars are
also bounded by caved goaf on both sides, causing
the coal drawing law in such seams to differ
significantly from that in conventional thick seams.
Therefore, determining how to ensure safety and
efficiency while achieving a high recovery rate for
overlying pillars in steeply dipping, -close-
proximity seams has become a critical engineering
problem that needs to be solved.

To address key issues in top-coal caving, such
as improving recovery rate, understanding caving
body evolution, and controlling top-coal
movement, researchers have conducted extensive
studies. These studies have employed methods
including  numerical  simulation,  physical
modeling, and theoretical analysis, providing
important theoretical and practical support for
optimizing top-coal caving technology [20-24].
Wei et al. used field measurements to determine the
size distribution of coal in an extra-thick seam.
Based on this, they combined discrete element
numerical calculations and physical experiments to
reveal the mixed-motion mechanism of top coal
and gangue [25]. Yang et al. focused on the caving
mechanism, establishing theoretical models for the
drawing body and using PFC3D numerical
simulation software to study the caving process
under different top-coal caving techniques [26].
Huo et al. employed a coupled Finite Difference
Method-Discrete Element Method (FDM-DEM) to
simulate the complete caving process over 17
working faces, defining the dynamic evolution of
the drawing body (DB), loose body (LB), and top-
coal boundary (TCB) [27]. Zhu et al. used random
medium theory to derive equations for particle
motion and boundaries, creating a theoretical
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model for calculating top-coal recovery [28]. Sun
et al. utilized FLAC and PFC to study the influence
of the horizontal distance between the lower
roadway and the overlying coal pillar on roadway
stability [29]. Wang et al. combined theoretical
analysis, 3D physical modeling, and discrete
element numerical calculations to study the
influence of top-coal particle size distribution on
the drawing mechanism [30]. Zhang et al. used
experimental and numerical simulation methods to
study coal drawing in steeply dipping thick seams
[31]. However, a review of the existing literature
shows that research has not yet addressed top-coal
caving methods for overlying pillars in steeply
dipping, extremely close-proximity seams. A
systematic study of the drawing laws and the
optimization of key process parameters for these
specific conditions is still lacking.

This paper addresses the technical challenges of
mining steeply dipping, close-proximity seams
with an overlying section pillar. An innovative
cooperative mining method is proposed for these
conditions. First, the FLAC numerical software is
used to investigate the optimal horizontal distance
for the lower seam roadway. Then, a coupled finite
element-discrete element (FLAC-PFC) model is
built. This model optimizes the top-coal caving
parameters. The study considers the stress
evolution of the rock mass and the coal drawing
process. It systematically designs and investigates
the optimal drawing sequence, caving port width,
and recovery method. Finally, the roof
deformation, stress distribution, and support
loading during drawing are analyzed. The research
provides a new methodology for optimizing caving
parameters under similar conditions. From a
practical standpoint, this work has significant
value. It enables the full recovery of steeply
dipping, close-proximity coal resources, increases
top-coal recovery rates, and helps mitigate stress
concentration issues, providing technical support
for safe mine production.

2. The case study: mine overview

This study is based on an engineering project at
a coal mine in China. The main seams are #1 and
#2 coal. The dip angle of the working face ranges
from 34° to 45°, with an average of 40°. This
classifies it as a steeply dipping, difficult-to-mine
seam. The #1 coal is anthracite with high economic
value. Its thickness ranges from 3.6 to 4.3 m, with
an average of 4.0 m. Due to the seam's steep dip
and mining-induced disturbances, a 35 m wide
section pillar was left during previous operations.
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This resulted in a significant loss of coal resources.
The previously mined #1 coal working faces, 1921
and 1922, and the 35 m pillar between them form
the core area of this study. The 1921 and 1922 faces
had a strike length of approximately 900 m and a
dip length of 150 m. They were extracted using the
longwall fully mechanized mining method. The #2
coal seam has a thickness of 2.6 to 3.3 m, averaging
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3.0 m. The average mining depth is 300 m. This
paper focuses on the #2 coal working face 2911. It
has a strike length 0f 920 m and a dip length of 150
m. To recover the resources in the overlying #1 coal
pillar, a top-coal caving method is planned for this
face. Figure 1 shows the roadway layout and the
coal seam columnar section for the 2911 working
face.
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Figure 1. 2911 working face layout and bar chart

The geological characteristics of the #1 and #2
seams were determined from drillhole data,
including ZK801. The immediate roof of the #1
coal mainly consists of fine sandstone and siltstone,
with secondary layers of mudstone and coarse
sandstone. This roof rock is classified as weak and
prone to caving. The rock mass integrity is
moderate to fractured, with a poor to medium rock
mass quality rating. It is considered an unstable
roof. The interburden between the #1 and #2 seams
is mudstone. It is grayish-white with a slight
yellowish tint and has a typical argillaceous
structure. The rock has poor integrity and is easily
broken. The interburden thickness ranges from 0.6
to 1.3 m, with an average of 1.0 m. The immediate
floor of the #2 coal is mainly coarse sandstone. It
is grayish-white with a coarse-grained texture.
Deeper strata consist of mudstone, siltstone, and
fine sandstone.

3. Cooperative mining method and parameter
study for large inclination angle and extremely
close proximity section coal pillar

3.1. Technical Principle

The core of the cooperative mining method for
steeply dipping, close-proximity seams with an
overlying pillar is to recover the pillar using a top-
coal caving technique while mining the lower
seam. The technical principle and system layout are
shown in Figure 2.

The system layout features fully mechanized
caving supports on one side of the face (under the
pillar) and fully mechanized mining supports on
the other. This coordinated operation of the caving
and mining sections enables the simultaneous
extraction of the lower seam and recovery of the
overlying pillar. The working face is equipped with
a complete set of mining and caving equipment,
including a shearer, hydraulic supports, a front
armored face conveyor (AFC), a belt conveyor, a
stage loader, and a rear AFC for the caving section.
All equipment is selected and arranged according
to standard top-coal caving practices to minimize
interference between the cutting and drawing
cycles. To ensure the success of this cooperative
method, the mining and caving equipment must
operate in a highly coordinated manner,
minimizing operational delays. The specific
process flow is as follows: Mining Section: The
operation follows a cycle of “cut coal, advance
hydraulic supports, and advance the front AFC.”
Caving Section: The operation follows a cycle of
“cut coal, advance caving supports, advance the
front AFC, draw top coal (recovering the overlying
pillar), and pull the rear AFC.”

This cooperative mining method has strict
geological requirements: the interburden thickness
between the two seams should generally be less
than 1.5 m. This minimizes gangue dilution during
drawing and improves the recovery of the
overlying pillar. The geological conditions must be
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suitable for top-coal caving. The top coal must be
able to fracture sufficiently under mining-induced
stress. The recovery roadway alongside the pillar
must be located outside the pillar's stress
concentration zone. This ensures roadway stability
and reduces support costs. In steeply dipping
seams, the fractured top coal moves under the
combined influence of gravity and the seam
inclination. It not only flows toward the rear
canopy of the support but also slides down the dip
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of the face. This complex movement creates more
complicated loading states and stability challenges
for the supports. As a result, support stability
becomes a critical factor for ensuring safety.
Furthermore, the caving behavior of the pillar,
situated between two goaf areas, is more complex
than in conventional seams. Therefore, the
selection of the drawing method and parameters is
crucial for maximizing the final top-coal recovery
rate.

#1 coal goaf

4
| Interlayer

Coal seam

Figure 2. Schematic and system layout of the coordinated mining method for the extremely close-distance coal
seam with a steep dip and the overlying section coal pillar

3.2. Study of key Parameter

Based on the actual conditions of the 2911 fully
mechanized working face, a 2D numerical model
was created using FLAC3D software. The model
dimensions were 335 m (length) x 1 m (width) x
323 m (height), representing the actual engineering
conditions. The Mohr-Coulomb strength criterion
was used for the calculations. Based on in-situ
stress measurements, a uniform load of 6.25 MPa
was applied to the top of the model to simulate the
weight of the overlying strata. The major and minor
horizontal stresses were set to 1.3 and 0.72 times
the vertical stress, respectively, with the major
horizontal stress acting perpendicular to the
roadway axis. The model’s base was fixed against
vertical movement, and the sides were fixed against
horizontal movement. The model simulates the
prior mining of two 150 m long panels in the #1
coal seam, which created the 35 m wide section
pillar. The recovery roadway in the model was
designed with dimensions of 4 m wide by 3 m high,
matching the site parameters. To further minimize
edge effects, a 50 m wide boundary coal pillar was

included on all sides of the model area. The
primary goal of this model was to find the optimal
horizontal distance between the recovery roadway
and the overlying pillar. Several scenarios were
simulated with different spacing distances. The
stability of the roadway in each case was evaluated
by analyzing deformation, stress distribution, and
the extent of the plastic zone. The mechanical
properties for each rock layer in the model were
derived from field data and laboratory tests. The
GSI and Hoek-Brown criteria were used to scale
the laboratory-derived rock properties to the rock-
mass scale required for the simulation. The final
parameters used in the model are listed in Table 1.

The study investigated the influence of the
horizontal distance between the recovery roadway
and the section pillar on roadway stability. Four
simulation scenarios were designed with spacings
of 0 m, 6 m, 12 m, and 18 m. Displacement
monitoring lines were placed at locations of
maximum deformation in the roof and the pillar-
side rib. The simulation results are shown in Figure
3.
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Tablel. Physical and mechanical Parameter of the rock in each layer of the model
No. Name Thickn Densitgf Bulk modulus Shear modulus Cohesion/ Friction Tensile
ess/m /kg-m" /GPa /GPa MPa angle /° strength /MPa
1 Fine sandstone 26 2600 242 1.68 3.49 38 1.34
2 Coarse sandstone 15 2500 2.18 3.01 1.92 32 1.76
3 Mudstone 8 2460 1.12 0.77 1.60 31 0.65
4 Siltstone 10 2400 1.38 1.92 1.99 36 1.50
5 Fine sandstone 6 2600 242 1.68 3.49 38 1.34
6 # lcoal seam 4 1400 0.96 0.39 0.36 30 0.24
7 Mudstone 1 2460 1.12 0.77 1.60 31 0.65
8 #2 coal seam 3 1400 0.96 0.39 0.36 30 0.24
9 Coarse sandstone 5 2500 2.18 3.01 1.92 32 1.76
10 Mudstone 6 2460 1.12 0.77 1.60 31 0.65
11 Siltstone 18 2400 1.38 1.92 1.99 36 1.50
12 Fine sandstone 24 2600 242 1.68 3.49 38 1.34
13 Mudstone 32 2460 1.12 0.77 1.60 31 0.65

As shown in Figure 3, both vertical and
horizontal deformations decrease as the spacing
from the pillar increases. Vertical displacement:
The maximum vertical displacement decreases
from 0.082 m at 0 m spacing to 0.025 m at 6 m. It
further reduces to 0.015 m at 12 m and stabilizes at
0.013 m at 18 m spacing. Horizontal displacement:
The maximum horizontal displacement decreases
from 0.12 m at 0 m spacing to 0.05 m at 6 m. The
displacement then stabilizes at 0.02 m for both the
12 m and 18 m spacings. The stress cloud analysis
provides further insight. At a spacing of 6 m or less,
the roadway is located within the stress
concentration zone of the pillar. This high stress
causes significant roadway deformation. As the
spacing increases to between 12 m and 18 m, the
influence of the pillar's stress concentration is
reduced, and roadway deformation stabilizes.
When the spacing exceeds 18 m, the plastic zone
around the roadway is significantly smaller. This
greatly improves the overall stability of the
surrounding rock mass, which is beneficial for
long-term support and maintenance. A combined
analysis of displacement, stress distribution, and
plastic zone development indicates that a spacing
greater than 18 m is optimal. This distance
effectively removes the roadway from the pillar's
high-stress zone, minimizing deformation and
reducing support requirements and costs.
Therefore, the optimal horizontal spacing between
the recovery roadway and the section pillar was
determined to be 18 m.

4. Coal drawing law and parameter
optimization design of coal pillar cooperative
mining in extremely close section with large
inclination angle
4.1.  Simulation
establishment

The FLAC3D model, which simulated the

scheme and model

mining of the 1921 and 1922 faces, served as the
foundation for this analysis. A coupled finite
element-discrete element method was then used.
The interburden, the #1 coal pillar, and the
immediate roof were converted into a PFC particle
flow model. This approach allows for a detailed
study of top-coal caving behavior. The overall
model is shown in Figure 4. FLAC-PFC coupling
is a powerful hybrid computational method. FLAC
efficiently models large-scale, continuous rock
mass deformation and far-field stress. PFC is
embedded in the key area to simulate
discontinuous, granular flow. In this study, the key
area is the top-coal caving zone. The two codes
exchange data on stress, velocity, and displacement
at their shared boundary. This method is well-
suited for top-coal caving research.

First, the relevant FLAC model elements were
converted into PFC discrete particles. The PFC
model was then brought to an initial equilibrium
state under gravity and in-situ stress. The drawing
process was simulated dynamically. Wall elements
were used to simulate the opening and closing of a
drawing port. Deleting a wall element represents
opening a port, while creating one represents its
closure. The simulation adopted the "stop when
gangue is seen" principle, a common practice in the
field. A monitoring zone was established in the
model. When roof rock particles were detected in
this zone, the current drawing port was closed. The
next port in the sequence was then opened. This
cycle continued until all recoverable top coal was
drawn. A linear model was used for the particle
contact calculations. Density was based on
laboratory results. Normal and shear stiffness
values were determined from previous top-coal
caving studies [16]. Particle size was selected to
balance accuracy and computational cost. Since the
focus is on top-coal drawing, the #1 coal particles
were modeled with a smaller diameter. The
interburden and roof particles were made larger to
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improve computational efficiency. The specific micro-parameters are listed in Table 2.
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Figure 4. FLAC-PFC Coupled Model

Table 2. Basic Parameter of the coal and rock strata

Size/mm Porosity Density Friction Gravity
trat
Strata Minimum Maximum 1% /kg m factor K./Pa K/Pa acceleration/m s
Interlayer 100 200 0.40 2460 0.4 3x108 3x108 9.8
#1 coal pillar 80 160 0.35 1400 0.4 2x108 2x108 9.8
Roof 100 200 0.45 2600 0.4 4x10% 4108 9.8

The optimization study of the top-coal caving
process parameters was divided into three stages:
Stage 1: Determine the Optimal Drawing
Sequence. Two scenarios were designed: “upward
drawing” and “downward drawing.” To isolate this
variable, the port width was fixed at 1.75 m. The
drawing method for both was single-round
sequential drawing. The optimal sequence was
chosen based on coal recovery and gangue content.
Stage 2: Determine the Optimal Port Width. In this
stage, the optimal drawing sequence from Stage 1
was used as a fixed parameter. The primary focus
was to study the effect of port width on drawing
performance. Two additional port widths were
designed: 1.5 m and 2.0 m. The drawing method
remained single-round sequential. By monitoring
the coal recovery and gangue content for these new
widths and comparing them with the results from
the 1.75 m case in Stage 1, the optimal port width
was determined. Stage 3: Determine the Final
Caving Process Parameters. This stage integrated
the results from the first two stages. Based on these
findings, the drawing process was further refined to
determine the final top-coal caving parameters best
suited for the engineering conditions of the
working face.

4.2. Optimized design of coal drawing sequence

This study analyzes the particle displacement

fields of different drawing sequences to further
explain the laws of coal and rock movement.
Figures 5(a) and (d) show the displacement fields
of the top coal after every five draws for the two
sequences (upward and downward drawing). The
BBR system, based on the granular media flow
theory of top coal, provides the framework for this
analysis. The BBR system describes the
relationship between the coal-rock interface, the
top-coal caving body, and the recovery rate.
Studying this system clarifies the top-coal drawing
mechanism [20]. Therefore, this paper employs the
BBR system to investigate the morphology of the
coal-rock interface and the development of the
caving body. The ultimate goal is to “increase top-
coal recovery and reduce gangue content.” FISH
functions, a built-in feature of the PFC numerical
software, were used to handle complex simulation
tasks. To accurately capture the characteristics of
the caving body, a FISH function was used to
identify the particles drawn during the process and
record their trajectories. Particles were regrouped
at the beginning of the simulation. Their final
positions and shapes were used to map the
distribution of the caving body every five draws, as
shown in Figures 5(b) and (e). Additionally, to
thoroughly evaluate the effectiveness of the
drawing process, maps of the residual coal in the
goaf were also created. These results are shown in
Figures 5(c) and (f).
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Upward Drawing

Downward Drawing

Figure 5. Coal-Rock Movement Characteristics and Caving Body Distribution under different drawing
sequences: (a), (d) Displacement Field Distribution; (b), (¢) Caving Body Characteristics; (c), (f) Residual Coal
Distribution in Goaf

A detailed analysis of Figures 5 reveals the
following: Upward Drawing: The displacement
flowlines form a small angle with the vertical
direction. The distribution is noticeably
asymmetrical, centered on the drawing port.
Displacement is greater for particles on the right
side. The influence range of drawing is also wider.
After drawing at ports #5, #10, #15, and #20, the
top coal is mobilized at distances of approximately
10.1 m, 8.2 m, 6.9 m, and 5.1 m ahead of the
respective ports. The residual coal analysis shows
that coal loss is mainly concentrated at the two
upper corners of the pillar. Some coal is also lost
from the central top portion. Downward Drawing:
In contrast, the displacement flowlines are nearly
perpendicular to the drawing port. The overall
displacement is significantly less than in upward
drawing. The range of influence is also narrower.
After drawing at ports #20, #15, #10, and #5, the
advance mobilization distances are 8.5 m (#20,

#15), 6.3 m, and 3.9 m, respectively. These are
consistently less than the distances observed in
upward drawing. The drawing body analysis
indicates that downward drawing results in greater
coal loss at the upper corners of the pillar but less
loss from the central top portion.

Numerical simulation was employed to study
coal recovery and gangue content for both drawing
sequences. A FISH function was used to calculate
the mass of coal and gangue drawn at each stage.
This data was then used to determine the overall
recovery rate and gangue content for each
sequence. The results are presented in Figure 6. To
ensure clarity, the support numbering conventions
differ for each sequence: supports are numbered
from bottom to top for upward drawing, and from
top to bottom for downward drawing. This ensures
that the drawing port number always corresponds
to the correct support location. Table 3 provides a
summary of the key performance indicators.
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Table 3 Statistics of Recovery Rate and Gangue Mixing Ratio for Different Drawing Sequences

Coal drawing #1 coal pillar Total mass Drawing Amount of gangue Drawing Gangue
sequence total mass caving /k mass/kg mixed /kg ratio /% content /%
Upward Coal drawing 152836 125749 116889 8860 76.48 7.05
Downward Coal 152836 122832 118972 3860 77.84 3.14
drawing

As shown in Figure 6 and Table 3, in upward
drawing, there is less residual coal on the pillar
sides, but a significant amount remains in the
central upper region. The main residual coal zones
are above drawing ports #1, #2, #19, and #20. In
downward drawing, more residual coal remains on
the sides of the pillar, while the central upper region
is more effectively recovered. The main residual
coal zones are above ports #1, #2, #3, #19, and #20.
The volume of a single draw for both sequences
follows a similar pattern: a sharp increase occurs
during the second draw, reaching two to three times
the average volume. After the second draw, the
volume fluctuates but remains relatively stable.
From an efficiency and gangue control perspective,
upward drawing achieves a coal recovery rate of
76.48% with a gangue content of 7.05%.
Downward drawing increases the recovery rate to

77.84% and reduces the gangue content to 3.14%.
Based on residual coal distribution, recovery rate,
and gangue control, downward drawing is the
superior method and will serve as the basis for
subsequent optimization studies.

4.3. Optimized design of coal drawing opening
width

With the downward drawing sequence
established, this study further investigates the
effect of different port widths on drawing
performance. The simulation results are presented
in a series of figures. These figures show the
particle displacement field (Figures 7a, d), the
caving body shape (Figures 7b, e), and the
distribution of residual coal in the goaf (Figures 7c,

f).
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1.5 m Port Width

2.0 m Port Width

Figure 7. Coal and rock movement characteristics and distribution of drawing bodies for different port widths:
(a), (d) Displacement Field Distribution; (b), (¢) Caving Body Characteristics; (c), (f) Residual Coal Distribution

An analysis of Figures 7 shows that the
displacement field pattern is consistent for different
port widths under the downward drawing
sequence. The displacement flowlines are
approximately perpendicular to the drawing port.
Only during the final five drawing stages does a
local zone of increased displacement appear,
caused by particle inflow from the upper right of
the pillar. However, there is a significant difference
in the advance mobilization range of the top-coal
particles. 1.5 m Port Width: After drawing at ports
#6, #12, #18, and #23, top-coal particles were
mobilized at distances of approximately 6.4 m, 6.3
m, 5.5 m, and 5.2 m ahead of the respective ports.
2.0 m Port Width: After drawing at ports #4, #8,
#12, and #17, particles were mobilized at distances
of approximately 12.8 m, 6.7 m, 5.2 m, and 3.9 m
ahead. The overall results show a clear principle: a
wider port creates a larger average zone of
influence on the top coal during drawing.

Based on an analysis of the caving body shape,
the drawing process was divided into stages of 4 to
6 ports. It was found that, for all port widths, the

in Goaf
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volume drawn in each stage shows a sequentially
decreasing trend. The stage consisting of the first
five ports yields the highest total volume, while the
stage of the last five ports yields the lowest. The
distribution of residual coal in the goaf also varies
significantly with port width. With a 1.5 m width,
the most residual coal is in the upper-left corner of
the goaf. With a 1.75 m width, the amount of
residual coal is roughly balanced between the
upper-left and upper-right corners. With a 2.0 m
width, the most residual coal is in the upper-right
corner.

To quantify the effect of port width on drawing
performance, a numerical study was conducted on
the coal recovery rate and gangue content for 1.5 m
and 2.0 m port widths. It should be noted that the
number of drawing ports differs between the two
scenarios: the 1.5 m width simulation has 23 ports,
while the 2.0 m width has 17. Figure 8 shows the
cloud diagrams of the drawn coal and the total mass
recovered from each port for both widths. The total
recovery and gangue content for each scenario are
summarized in Table 4.
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Figure 8. Cloud diagram and bar chart of coal drawing results for different port widths: (a), (b) Cloud diagram;
(¢), (d) Coal mass drawn from each port

Table 4 Statistics of Recovery Rate and Gangue Mixing Ratio for different widths of coal drawing openings

Drawing opening #1 coal pillar Total mass Drawing Amount of gangue  Drawing Gangue
dimension total mass caving /k mass/kg mixed /kg ratio /%  content /%
1.5m 152836 124792 121212 3580 79.31 2.87
2.0m 152836 121124 117184 3940 76.67 3.36

With a 1.5 m width, more residual coal is left on
the left side of the pillar. The main zones of lost
coal are above ports #1, #2, #3, and #22. With a 2.0
m width, more residual coal is left on the right side
of the pillar. The main zones are located above
ports #1 and #17. The pattern of coal volume
drawn from a single port also differs significantly
between the two cases: with a 1.5 m width, the
volume drawn from each port is relatively uniform.
The maximum volume occurs during the second
draw. With a 2.0 m width, the maximum draw
volume occurs at the 14th draw. The final three
draws yield almost no coal, and the ratio of the
maximum to minimum draw volume is as high as
56.89. In conclusion, based on a combined
analysis of recovery rate and gangue content, the

11

1.5 m port width was selected as the basis for
subsequent optimization of the caving process
parameters.

4.4. Optimized design of coal drawing method

To further optimize the top-coal caving process,
this study compares the drawing effects of two
different drawing methods: single-round interval
drawing and two-round sequential drawing. The
particle displacement fields for each method are
shown in Figures 9(a) and (d). The caving body
morphology is presented in Figures 9(b) and (e),
and the distribution of residual coal in the goaf is
illustrated in Figures 9(c) and (f).
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single-round interval coal drawing

two rounds of sequential coal drawing

Figure 9. Characteristics of coal rock movement and distribution of drawing bodies for different drawing
methods: (a), (d) Displacement Field Distribution; (b), (¢) Caving Body Characteristics; (c), (f) Residual Coal
Distribution in Goaf

Analysis of Single-Round Interval Drawing:
During the first draw, there are noticeable
differences in displacement. Odd-numbered
drawing ports show greater particle displacement
than even-numbered ports. The cloud diagram of
the caving body shows an elliptical shape, with its
major axis forming an angle of approximately 50°
with the drawing port. A significant portion of the
coal is drawn during the first stage. However,
during the second draw, the ingress of roof gangue
limits the recovery to only a small part of the top
coal. This results in a substantial amount of residual
coal in the middle section of the npillar
Additionally, after the odd-numbered ports
complete drawing, the top coal above the even-
numbered ports is difficult to recover effectively.

In contrast to single-round interval drawing, the
two-round sequential drawing process exhibits
different characteristics and effects. During the
second round of drawing, the overall change in the
displacement field is less pronounced. This is
because the first round of drawing has already
caused roof caving. The resulting mixture of fallen
roof gangue and unrecovered coal restricts the
amount of coal that can be drawn in the second

12

round. Despite this limitation, the two-round
sequential drawing method achieves a significantly
higher total recovery rate. Furthermore, the gangue
content remains at a low level.

To quantitatively compare the drawing
effectiveness of single-round interval drawing and
two-round sequential drawing, a study was
conducted on the coal recovery rate and gangue
content for both methods. First, the specific
operating procedures for each method are defined:
Single-Round Interval Drawing: This method uses
a “first odds, then evens” sequence. Drawing
begins at port #23, then proceeds to #21, #19, and
so on. After all odd-numbered ports are drawn, the
process continues with the even-numbered ports:
#22, #20, #18, etc. Two-Round Sequential
Drawing: This method wuses a “two-round
continuous” approach. The first round of drawing
proceeds sequentially through all ports. A second
round of drawing then follows the same numerical
order. The cloud diagrams of the drawn coal and
the total mass recovered from each port are shown
in Figure 10. The total recovery and gangue content
for each method are summarized in Table 5.
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Table 4 Statistics of Recovery Rate and Gangue Mixing Ratio for different coal drawing methods

. #1 coal pillar Total mass Drawing Amount of gangue  Drawing Gangue
Coal drawing method total mass caving /k mass/kg mixed /kg ratio /% content /%
Single-wheel interval 152836 119906 116846 3060 76.45 2.55
coal drawing
Sequential coal drawing 152836 137182 130858 6324 85.62 4.61

with two wheels

From the residual coal analysis, the main zones
of lost coal in the single-round interval method are
above ports #1, #2, and #23. A review of the bar
chart in Figure 13 shows a significant imbalance in
the drawing volume for this method. The first
interval draw recovers a large portion of the coal,
accounting for 92.02% of the total. The second
interval draw yields a much smaller volume. The
coal recovery for this method is 76.45%, with a
gangue content of 2.55%. This recovery rate is
lower than that of the single-round sequential
method, indicating that while interval drawing
controls gangue content, it also limits overall
resource recovery.

In contrast, the residual coal in the two-round
sequential drawing method is mainly concentrated
above ports #1 and #22. A much larger portion of
the top coal from the middle section of the pillar is
recovered. The drawing volume is also
concentrated in the first round, which accounts for
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88.36% of the total. A comparison with the single-
round sequential drawing shows that more residual
coal is left in the upper-left corner of the pillar.
Therefore, in the second round of drawing, the
volumes recovered from ports #1 and #2 are the
highest. The coal recovery rate for two-round
sequential drawing reaches 85.62%, with a gangue
content of 4.61%. This recovery rate is
significantly higher than that of single-round
interval drawing, and the gangue content remains
below 5%. This method achieves a good balance
between “high recovery” and “low gangue
content.”

Based on a multi-dimensional comparison of
drawing sequence, port width, and drawing
method, the optimal top-coal caving process is
determined to be: choosing the downward coal
drawing sequence with a coal drawing opening
width of 1.5 m and two-round sequential drawing
as the optimal coal drawing method. This
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combination of parameters achieves a coal
recovery rate of 85.62% and a gangue content of
4.61%. While this optimized process meets the
engineering  requirements, the  numerical
simulation shows that a significant amount of
residual coal remains in the upper two corner areas
of the pillar. This issue could be addressed by
accepting a higher gangue content to recover the
corner coal. Methods such as multiple drawing
cycles at the end ports or modifying the “stop when
gangue is seen” rule could be used to recover the
top triangular coal wedges. However, these
methods were not investigated in this study.

5. Discussion

The first drawing round

Journal of Mining & Environment, Published online

Based on the optimized top-coal caving process,
further study was conducted on roof deformation
and stress distribution for the 1915 and 1916
working faces. The changes in stress and
displacement in the roof above both working faces
were monitored. Figure 11(a) and (c) show the
changes during the first round of drawing at ports
#0, #12, #18, and #23. Figure 11(b) and (d) show
the changes during the second round of drawing at
the same ports. It should be noted that the
displacement was zeroed after the initial
excavation of the 1915 and 1916 faces. Monitoring
began with the first draw of the pillar.

The second drawing round
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Figure 11. Deformation and stress distribution characteristics of the roof during pillar caving and drawing: (a),
(b) Roof stress change; (c), (d) Roof displacement change

Figure 11 shows that during the first round of
drawing, the concentrated stress in the roof
decreases as the pillar is gradually drawn. After the
6th, 12th, 18th, and 23rd draws, the maximum
concentrated stress in the roof above the pillar is
54.9 MPa, 46.7 MPa, 35.0 MPa, and 33.8 MPa,
respectively. This shows a significant reduction in
stress, with a maximum decrease of 21.1 MPa. This
effectively mitigates the high-stress concentration
and reduces the safety risks for the working face.
During the second round, because less coal is
drawn, the concentrated stress remains relatively
stable, with the maximum value around 34 MPa.
The roof displacement analysis shows that during
the first round of drawing, the roof subsidence
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increases significantly as the pillar is drawn. After
the 6th, 12th, 18th, and 23rd draws, the maximum
roof subsidence is 0.29m, 0.76 m, 1.13 m, and 1.27
m, respectively. During the second round, the roof
subsidence changes little. After the completion of
the second round, the maximum roof subsidence is
approximately 1.4 m.

Based on the optimized top-coal caving process,
the support loads during the drawing process on the
2911 working face were also studied. The face is
150 m long, with a total of 100 supports. Of these,
35 are fully mechanized caving supports, and 65
are fully mechanized mining supports. The changes
in support load during the first round of drawing at
ports #6, #12, #18, and #23 are shown in Figure 12.
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Figure 12 shows that during the first round of
drawing, the maximum total load on the caving
supports gradually decreases as the pillar is drawn.
After drawing at ports #6, #12, #18, and #23, the
maximum load on the supports is approximately
1.6x10* KN, 1.6x10* KN, 0.8x10* KN, and 100
KN, respectively. After the first round, the roof has
not completely caved, so the load on the caving
section supports is relatively low. The maximum
load on the fully mechanized mining supports is
approximately 1.4x10* KN. This load is located on
the side near the pillar. The total load on the other
mining supports is relatively stable, with a
maximum of only 8000 KN. This analysis of
support load changes can provide a reference for
support selection.

6. Conclusions

(1) A cooperative mining method was proposed for
steeply dipping, closely spaced seams with an
overlying section pillar, employing a top-coal caving
technique to recover the pillar while mining the
lower seam. Numerical simulations were conducted
to analyze the effect of the roadway-pillar distance
on roadway stability. The results indicate that as the
distance increases from 0 m to 18 m, roadway
stability —improves, with maximum vertical
displacement decreasing and horizontal
displacement being reduced by 0.1 m. At 18 m, the
roadway is effectively outside the pillar's stress
concentration zone, which mitigates high-stress
effects, minimizes the surrounding plastic zone, and
reduces the difficulty and cost of support. Therefore,
18 m was determined to be the optimal distance
between the roadway and the pillar.

(2) A coupled FLAC-PFC numerical simulation was
used to optimize the top-coal caving process
parameters. For the drawing sequence, downward
drawing proved superior to upward drawing,
increasing the recovery rate to 77.84% and reducing
gangue content to 3.14%. Based on this, a port width
of 1.5 m was found to be optimal, achieving a
79.31% recovery rate and 2.87% gangue content,

15

outperforming the 2.0 m width. Finally, two-round
sequential drawing significantly increased the
recovery rate to 85.62% with a gangue content of
4.61%, proving more effective than single-round
interval drawing. A comprehensive analysis
identified the optimal process: a downward drawing
sequence, a 1.5 m port width, and two-round
sequential drawing.

(3) Based on the optimized process, the roof behavior
and support loading during pillar caving were
analyzed. Roof Stress Evolution: The first drawing
round  significantly = reduced  roof  stress
concentration, with a maximum decrease of 21.1
MPa, effectively mitigating high stress. During the
second round, as only residual coal was recovered,
roof stress remained stable at approximately 34 MPa.
This demonstrates that drawing the pillar effectively
reduces roof stress and associated safety risks. Roof
Deformation: The maximum roof subsidence
reached 1.27 m after the first round. The process
concluded with a total maximum subsidence of
approximately 1.4 m, an increase of only 0.13 m
during the second round. This indicates the
optimized process effectively controls final roof
deformation. Support Loading: The maximum total
loads on the caving and mining supports were
recorded as 1.6X10* kN and 1.4X10* kN,
respectively, providing a crucial reference for
support selection and design.

(4) Limitations and Practical Implications: While this
technology shows promise for high resource
recovery and stress mitigation, it has specific
limitations. It requires strict geological conditions,
such as an interburden thickness of less than 1.5 m,
to control gangue content. Furthermore, ensuring
support stability in steeply dipping seams is a major
challenge, demanding robust equipment and support
systems. The recovery of residual coal in the upper
triangular sections of the pillar also requires further
optimization. Despite these challenges, the
technology's practical implications are substantial. It
effectively addresses resource waste and stress
concentration caused by leaving large pillars. By
increasing coal recovery and mitigating roof stress,
it offers a feasible technical path and theoretical
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support for efficient and safe extraction under similar
complex geological conditions.
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