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Abstract

This study employs similar simulation testing and discrete element simulation coupling to analyze the failure and deformation
processes of a model coal seam's roof. The caving area of the overburden rock is divided into three zones: the delamination
fracture zone, broken fracture zone, and compaction zone. The caving and fracture zones' heights are approximately 110 m
above the coal seam, with a maximum subsidence of 11 m. The delamination fracture zone's porosity range is between
0.2 and 0.3, while the remainder of the roof predominantly exhibits a porosity of less than 0.1. In addition, the numerical
model's stress analysis revealed that the overburden rock's displacement zone forms an 'arch-beam' structure starting from
160 m, with the maximum and minimum stress values decreasing as the distance of advancement increases. In the stress
beam interval of the overburden rock, the maximum value changes periodically as the advancement distance increases.
Based on a comparative analysis between observable data from on-site work and numerical simulation results, the stress
data from the numerical simulation are essentially consistent with the actual results detected on-site, indicating the validity

of the numerical simulation results.

Keywords Fracture development characteristics - Similar simulation experiment - Layer porosity - Discrete element

numerical simulation

1 Introduction

There are many investigations that focuses on solid mechan-
ics of fractures in different mining cases (Zou et al.2022;
Hannah et al. 2022; Li et al. 2022) Various mathemati-
cal methods have been proposed to simulate the height
of the pressure relief zone based on the geometric form
of mining disc-shaped roof strata, including five novel
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methods introduced by Abbas et al. (2012). Guo et al. (2009)
employed a combination of similar and numerical simula-
tions to determine that the failure modes of overburden strata
in coal mining are primarily bending, fracture, and separa-
tion. Similarly, Ye et al. (2018) conducted similar simulation
experiments to discover that cracks frequently occur at both
ends of the goaf and are distributed in a trapezoidal pat-
tern under the influence of coal-rock mining effects. Chen
et al. (2022) indicated that the dynamic load can connect the
goaf and the separation layer by studying the dynamic load
caused by the separation layer. Ma et al. (2019) reported
that during the mining process, the overlying strata exhib-
ited characteristics of periodic collapse, and the separation
cracks also underwent a cycle of 'generation-development-
expansion-continuous-disappearance-compaction'.

Guo et al. (2021) established two corresponding mechani-
cal models for overlying strata deformation and obtained
the maximum settlement equation of overlying strata bend-
ing basin. Jia et al. (2022) found through similar simula-
tion experiments that the subsidence of overburden rock is
nonlinear, and the form of subsidence is asymmetric. Zhang
et al. (2010) discovered that the "arch-beam" structure
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formed by surrounding rock cracks is the main factor caus-
ing damage and instability, leading to roof collapse. Ren
et al. (2013) found through similar simulation experiments
that in the mining process of shallow-buried longwall work-
ing faces, the fracture of the main roof can easily extend the
fracture zone to the surface. Liu (2011) observed that in
the coal seam mining process, the overlying strata collapse
begins from the immediate roof and gradually expands to
the loose layer.

Zhang et al. (2014) demonstrated that the numerical sim-
ulation method can be effectively applied to study the rock
fracture migration law. Xiao et al. (2022) determined that
after a limited number of periodic weightings, the height of
the fault zone no longer changes vertically but only horizon-
tally with mining. Liu et al. (2022) analyzed the subsidence
of overburden rock, noting that the overall subsidence trend
features significant subsidence in the middle and upper parts
and minor subsidence in the lower part, with an asymmetric
arch collapse shape.

Based on similarity simulation theory and displacement
sensing technology, Zhao et al. (2018) captured the entire
process from the gradual development of the abscission layer
to catastrophic evolution. Li et al. (2005) determined that the
limit span of the roof is 110 m by combining numerical and
similar simulations. Zhang et al. (2014) proved the reliabil-
ity and complementarity between similar simulation experi-
ments and field detection studies. Li et al. (2018) derived the
fracture evolution law of floor strata under the influence of
coal seam mining through similar simulation experiments.
Yang et al. (2009) analyzed the mechanical characteristics
of rock strata with different mining thicknesses using simi-
lar simulations and determined the displacement change of
overburden rock and the distribution law of collapsed rock.

Through the verification of field monitoring data, Cog-
gan John et al. (2012) demonstrated that numerical simula-
tion can provide valuable insights into the behavior of coal
mine working face roofs and related reinforcement designs.
They also suggested that simulation can confirm the adverse
effects of unfavorable geostress direction. Ma et al. (2021)
identified the failure characteristics and fracture evolution
patterns of overburden rock during the mining process by
combining numerical simulation with similar experimen-
tal methods. Cai et al. (2007) established the effectiveness
of PFC and FLAC software and their coupling method in
engineering analysis. Yang et al. (2006) discovered that in
PFC2D, the stress—strain relationship of the model is pri-
marily influenced by the elastic modulus and is minimally
affected by particle size. Yasitli et al. (2005) reported that
coal above the fracture zone cannot be completely shattered
or broken into large blocks through numerical simulation
and field observation.

This study analyzes the failure mechanisms of strata in
the working face by examining the development trends of
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overburden fractures and the displacement of survey lines
and validating the experimental results through numerical
simulation. It also investigates the subsequent mining pro-
cess, which is challenging to achieve in actual experiments.
In addition, this research emphasizes conducting specific
investigations based on the local conditions of different
geological occurrences. It explores the overburden failure
of the 40204 working face in a Chinese coal mine, using
similar simulation experiments and the discrete element
simulation technique. It focuses on the rock mass's failure
characteristics by analyzing the roof’s stress distribution and
fracture development characteristics during deformation and
failure. The findings provide insights for identifying air leak-
age positions in the goaf and predicting subsequent pressure
build-ups.

2 Coal mine working face background

The fully mechanized caving face, 40204, of a coal mine
in China, examined in this study, is part of the fourth coal
seam. The 40204 working face is the second fully mecha-
nized caving face situated in the southern wing of the 402
mining area. It boasts a strike length of 1871 m, a dip length
of 220 m, a recoverable length of 1721 m, and is buried at a
depth of approximately 590 m. The average thickness of the
coal seam is 11.6 m, with a recoverable thickness of 10.0 m.
This working face is configured with one access point and
three slopes for transportation, return air, and drainage. To
the east of the 40204 working face lies the 40202 goaf, with
the goaf of the Jiangjiahe mine field to the south, solid coal
to the west, and the protective coal pillar of the fourth coal
roadway to the north. The geological cross-section of the
40204 working face is depicted in Fig. 1.

The study considers the lithology, thickness, and mechan-
ical characteristics within 50 m above the fourth coal seam
through the physical and mechanical properties of the stra-
tum analogous to that of the 40204 working faces found in
the mine's geological data, as listed in Table 1.

3 Similar simulation experiment
3.1 Laying experimental model

Based on the principles of similarity theory, accurate experi-
mental results reflecting the actual conditions can only be
achieved when the scale model and the prototype share geo-
metric and mechanical parameter similarities (Yang 2005).
Given the proportionality between the coal seam thick-
ness and the overlying rock thickness in this experiment, a
geometric similarity ratio Cy of 1:200 was adopted for the
model. Based on this ratio, the model measures 190 cm in
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Fig. 1 40204 working faces primary condition

length, 22 cm in thickness, and 110 cm in height, as illus-
trated in Fig. 2. During the simulation test, the overburden
load was regulated using a load control system.

Similar materials primarily consist of fillers (or aggre-
gates) and cements. In this experiment, river sand was
selected as the filler for the model and mixed with gypsum

Table 1 Rock mechanics parameters

in proportion. Calcium carbonate was added to enhance its
strength. Layers of rock with varying strengths were cre-
ated using different material ratios. The ratio for each rock
layer was determined based on the mechanical parameters
of the rock layer in Table 1. The quantities of sand, cal-
cium carbonate, and gypsum in each layer were calculated

Rock stratum Thickness of Density (kg/m3) Uniaxial com- Tensile Elastic Cohesion (MPa) Internal Poisson ratio
name stratum (m) pressive strength strength modulus friction
(MPa) (MPa) (GPa) angle (°)
Siltstone 13.50 2510 66.3 1.66 12.10 4.30 39.0 0.24
Kern stone 12.64 2550 30.3 7.05 16.10 5.10 39.0 0.28
Siltstone 1.91 2510 66.3 1.66 12.10 4.30 39.0 0.24
Mudstone 0.70 2470 40.8 5.70 6.56 11.36 30.0 0.32
Siltstone 2.79 2510 66.3 1.66 12.10 4.30 39.0 0.24
Mudstone 1.89 2470 40.8 5.70 6.56 11.36 30.0 0.32
Fine sandstone 7.25 2536 37.0 1.20 9.00 4.40 394 0.28
Siltstone 0.60 2712 39.6 2.44 6.56 15.0 31.0 0.19
4 Coal 11.60 1350 15.8 1.80 3.52 4.82 28.0 0.33
Aluminum mud-  4.10 2688 61.0 2.61 2.00 5.20 35.7 0.20
stone
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Fig.2 Actual model diagram
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according to the layer's bulk density. The water content
was approximately half that of the gypsum. These lay-
ers were constructed in multiple segments to simulate the
stratification phenomenon in thicker rock layers accurately.
Table 2 details the specific layout and material usage for
each layer.

During the model construction, the model's front and rear
restraint guard plates were first attached to the experimental
frame sequentially with the layering work. Then, the mate-
rials required for each layer were measured according to
Table 2, mixed with water, and stirred until homogeneous.
The mixture was then poured into the model, leveled, and
compacted with a scraper. After completing a layer, a thin
layer of mica powder was spread to separate it from the sub-
sequent rock layer, continuing upwards until reaching the
designed height. Due to spatial constraints, external loads
were applied at the model's top to simulate the pressure of
the unreached rock formations.

After the construction, to precisely monitor the overbur-
den rock movement and surface deformation, grid lines were
drawn on the model's front using ink, with a grid size of
10x 10 cm. Reflective sheets, sized 2 X2 cm, were placed
at grid intersections to serve as markers, facilitating dis-
placement observations. A total of ten displacement obser-
vation lines were established above the coal seam, monitor-
ing ten data points from bottom to top: A-10.0 cm survey
line (10.0 cm above the coal seam), B-20.0 cm survey line,
C-30.0 cm survey line, D-40.0 cm survey line, E-50.0 cm
survey line, F-60.0 cm survey line (with subsequent lines
following in sequence), and each line has 18 measurement
points.

3.2 Analysis of overlying rock failure law

The test model was dried approximately 15 days after for-
mation and then excavated. The open-off cut was positioned
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15 cm from the model's left boundary to mitigate bound-
ary effects, establishing a boundary-protective coal pillar of
15 cm. The model extended 190 cm in length, with 160 cm
being recoverable.

Kong et al. (2019) discovered through rock failure experi-
ments and numerical simulations that the uniaxial compres-
sive strength of mudstone is low, making it susceptible to
destruction during the mining process at the working face,
leading to roof collapse. The influence range of the abutment
pressure on the working face extends approximately 40 m.
Therefore, during coal seam mining, excavation proceeded
in 20 cm increments, allowing the bedrock to stabilize for
2 h after each excavation. In order to compare the results
against the field monitoring measurements, the data used in
the subsequent analysis are scaled field data at a 1:200 ratio.

The process of the overlying strata's movement and the
roof’s subsidence are depicted in Fig. 3.

When the working face advances to 40 m, the direct roof
does not collapse, and the bending settlement of the overly-
ing strata is hardly noticeable. As the advance reaches 80 m,
the direct roof begins to collapse, but the surrounding rock's
integrity remains unchanged. Monitoring the subsidence
curve of the roof survey line indicates that roof subsidence
is almost negligible during this phase.

As the working face progresses to 120 m, the rock beam
on both sides of the model roof fractures and begins to show
cracks. A distinct delamination fracture occurs approxi-
mately 20 m above the coal seam. Concurrently, the roof
subsidence curve shows significant changes, with the maxi-
mum roof subsidence reaching 11 m, nearly equivalent to
the thickness of the coal seam.

When the working face progresses to 160 m, the sepa-
ration position expands upward, and the fracture extends
laterally. At an advancement of 200 m, distinct zoning phe-
nomena become evident in the caving area, categorized into
delamination fracture zone, broken fracture zone, and com-
paction zone. Both the delamination fracture and compaction
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Table 2 Model material ratio

Layered material consumption (kg)

Proportion number

Model density

(g/em’)

Layer

Original density Model thick-

(kg/m?)

Original thick-
ness (m)

Rock stratum name

Gypsum Water

Calcium

River sand

number

ness (cm)

carbonate

~
«@
S

0.75
1.78
1.81
2.59
1.42
1.51
2.32
1.78
1.93
1.67

3.00
3.56
7.25
5.18
5.67
3.02
6.95
4.16
291
6.68

26.21

35:4:1

2.51
2.55
2.51
247
2.51
2.47
2.54
2.51
1.35
2.69

6.75
6.32
0.96
0.35
1.40
0.95
3.63
0.30
5.80
2.05

2510

13.50
12.64

Siltstone

=N
e
S

52.62
63.39

29:2:1

2550
2510

Kern stone

0.90

35:4:1

1.91
0.70
2.79
1.89
7.25

0.60
11.60

Siltstone

=
@
—

51.80
49.63

20:2:1

2470

Mudstone

0.71
0.76
1.48
0.89
0.97
0.83

35:4:1

2510

Siltstone

30.20
69.47

20:2:1

2470

Mudstone

30:3:1

2536

Fine sandstone

52.04
38.78
58.42

35:4:1

2510

Siltstone
4 Coal

20:1.5:1
35:4:1

1350
2688

4.10

Aluminum Mudstone

zones assume a trapezoidal shape. The separation fracture's
height develops to 60 m. Roof subsidence curves indicate
subsidence occurring below the separation fracture at the
caving area's top, with the maximum subsidence remaining
unchanged.

Upon excavating the coal seam to 240 m, the highest point
of the separation fracture zone develops to 100 m above the
coal seam, and the cantilever rock layer in the goaf under-
goes periodic breaks. The delamination fracture zone transi-
tions from trapezoidal to arch-shaped, while the compaction
zone adopts a tower-like form. Upon excavating to 280 m, the
delamination fracture zone rises to 110 m above the coal seam
and expands horizontally. At 320 m excavation, the vertical
height of the delamination fracture zone ceases to change,
extending only horizontally with the continuous coal seam
advancement. Roof subsidence curves from various survey
lines reveal that roof subsidence decreases as the vertical
height increases.

Visible fractures generally do not occur in rock formations
above 110 m from the coal seam in the final stages of mining.
Consequently, the height of the caving and fracture zones in
the bedrock is determined to be 110 m above the coal seam.
The distribution of subsidence curves at different advancement
distances is approximately symmetrical, with the center point
of the subsidence curve progressively shifting forward as the
advancing distance increases.

3.3 Distribution law of expansion coefficient
and porosity

The dilatancy coefficient is defined as the ratio of the rock
mass volume after fracturing to the volume of the rock mass
before fracturing.

4
K=< (D
where K is bulking coefficient; V/ is rock mass volume after
rock breaking, m3; V is rock mass volume before rock break-
ing, m>.

Constraints exist on the strike and tendency of the work-
ing face following the collapse of the broken immediate roof,
where bulking is predominantly vertical. Thus, the bulk-
ing coefficient after the goaf's immediate roof collapses can
approximately equal its vertical bulking. This approxima-
tion allows for a simplified analysis of the structural changes
post-collapse.

Ryt
K = n~n+ (2)
hn~n+l
where £,/ is the vertical distance between two points
before rock breaking, m; h,_,,, is the vertical distance
between two points after rock breaking, m.
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Fig. 3 Roof failure diagram under different excavation lengths

The difference in distance between the n and n+ 1 measur-
ing points reflects the subsidence difference between the two
points. Hence, the initial equation can be modified to account
for this spatial variation

hn~n+1 + AW _ Aw

W 1+ —=1+4+E, ., 3)

hn~n+1

K=

n~n+1

where Aw is the sinking difference between two points,
m; E,_,,;1s n and n+ 1 vertical deformation between two
points.
The porosity can be expressed as follows:

VIr—-v, 1

=1-= 4)

n
v K

Based on the definitions provided, the average bulking
factor and porosity variation across each material layer in the
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working face simulation test are calculated using measuring
points, as depicted in Figs. 4 and 5. Given that the expan-
sion coefficient and porosity distribution tend to align, the
analysis focuses solely on the changes in porosity.

Figure 5 indicates that the maximum porosity of the layer
appears at the overlying strata 120 m away from the work-
ing face, and the porosity of the rock layer increases first
and then decreases with the advance of the working face.
Hence, it can be inferred that the height of the fracture zone
in the working face is about 120 m, which is also basically
consistent with the 110 m obtained by similar simulation
tests. In addition, this figure also illustrates that the maxi-
mum porosity of the fractured zone can reach more than
0.3, but in most mining cases, the porosity of the fractured
zone is between 0.2 and 0.3, which correlates with the bed-
ding distribution of the rock formation area. Furthermore, it
can be observed from the interlayer porosity curve at 20 m
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of the overlying strata that the porosity at both ends of the
cantilever beam area is the highest, about 0.1. The remaining
areas experience continuous compaction during the mining
process, resulting in porosity far less than 0.1.

4 Numerical simulation experiment
4.1 Building the model and parameter calibration

When employing the numerical simulation method to
address the issue of roof collapse, the modeler needs to
make appropriate assumptions, simplifications, calibrations,
and verifications of the model to obtain reliable output. The
material constitutive model should be capable of simulating
strength reduction after rock collapse to enhance collapse
analysis (Le et al. 2017). Due to computing power limita-
tions, the specific model cannot be entirely built to the sur-
face during modeling. Hence, this study simulates the rock
pressure of the surface by adjusting the rock density at the
top of the model. In the earth model proposed by Dziewon-
ski and Anderson (1981), pressure increases by 3 GPa for
every 100 km increase in underground rock strata.

P = pgh )

where P is the pressure at different underground depths,
MPa;p is the rock stratum density, kg/m3 ; g is the accelera-
tion of Gravity Normal, N/kg; & is the rock stratum height,
m.

Considering the buried depth of the coal seam in the
40204 working face, the rock pressure between the surface
and the top of the model is obtained, and the density of the
upper rock layer can be calculated by applying it to Eq. (5),
facilitating the assignment of model attributes for discrete
elements.

Since this experiment observes the failure characteristics
of the overburden rock in the advancing direction of the
working face, the model is established using PFC2D. The
macroscopic mechanical parameters of each rock stratum

Ball group Any
Balls (92172)

Default=4_coal

Default=Aluminous_argillite

Default=Coal_seam

Default=Coarse_sandstone

Default=Fine_sandstone

Default=Grit_sandstone

Default=Mudstone
Default=Sandstone 2
Default=Sandy_mudstone
Default=Siltstone

Fig. 6 Model diagram of 40204 working face before coal seam mining
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are presented in Table 1. The model is 500 m long, and the
height of the rock layer is 142.99 m, adhering to a 1:1 ratio.
In the discrete element model, the minimum radius of par-
ticles is 300 mm, and the maximum radius is 600 mm. The
constitutive model between particles is the Linear Parallel
Bond Model. In the final model, the number of particles is
92,172, as depicted in Fig. 6.

In applying constitutive contact to the model, it is essen-
tial to calibrate the rock strata's parameters at the specific
working face. Previous literature and engineering practices
(Yoon 2007) have typically employed a 'trial and error’
method for parameter calibration. However, this approach
demands considerable computing power and proves time-
consuming and inefficient. Therefore, this study adopts the
parameter fitting formula developed by Feng et al. (2022)
through multiple fitting tests to calibrate the parameters. It
can derive the microscopic mechanical parameters required
for the model by inserting the macroscopic mechanical
parameters of the rock into Eq. (6).

The macroscopic parameters of each rock stratum in
working face 40204 were input into Eq. (6) to calculate the
microscopic parameters for each stratum in the numerical
model.

k, = 0.006K> + 0.32K,, + 8 (©6)

where k,, is the micro-normal stiffness of the model, GPa; K,
is the macro normal stiffness of the model, GPa.

The micro-normal stiffness values were determined as
follows: mudstone at 9.75 GPa for ball-ball and 11.8 GPa
for ball-facet; sandstone at 13.3 GPa for ball-ball and 20.8
GPa for ball-facet; and Coal 4 at 10.6 GPa for ball-ball and
10.9 GPa for ball-facet.

k= 1139.5exp <_‘I‘(2'3> +1.2exp <%) +3.1 ()

S S

where k, is the micro tangential stiffness of the model, GPa;
K, is the macro tangential stifftness of the model, GPa.

The micro-shear stiffness values were found to be: for
mudstone, 3.1 GPa for ball-ball and 5.2 GPa for ball-facet;
for sandstone, 12.9 GPa for ball-ball and 107.5 GPa for ball-
facet; and for Coal 4, 3.1 GPa for ball-ball and 3.4 GPa for
ball-facet.

Based on these values, the micro-elastic modulus of the
constitutive model was calculated using Eq. (8), with the
specific modulus distribution illustrated in Fig. 7.

Contacts (196957) | | 5&4
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Fig.7 Constitutive model diagram with different rock elastic modulus
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Fig.8 The constitutive model diagram of applying different internal friction angles of rock strata
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k, = E_, k= —
L ’ K*
R + R, ball - ball ®)
L=
RW _ball - facet
tang = —5.6 exp (—0.37 tan ) + 5.28 9

where @ is the micro-internal friction angle of the model, °;
@ is the macro internal friction angle of the model, °.

The micro-internal friction angles for mudstone, sand-
stone, and Coal 4 were calculated using Eq. (9) to be 41°,
50°, and 28°, respectively. Figure 8 displays the distribution
of the internal friction angle for different lithologies.

~0.8exp (—4.45tan @) + 0.453,% € [15,35]

~0.32tanp” + 1.14tanp — 0.28, % € (35,65]
(10)

C2=

where ¢, is the micro cohesion of the model, MPa;

Based on Eq. (10), the micro-cohesion values for mud-
stone, sandstone, and Coal 4 were found to be 0.47, 0.62,
and 0.41 MPa, respectively.

¢, =0.53 X [c = ¢y (@) +0.4175] +0.033 (11)

where ¢y, is the micro-bond strength of the model, MPa; c is
the macro bond strength of the model, MPa.

The micro-bond strengths for mudstone, sandstone,
and Coal 4, calculated using Eq. (11), were 5.3, 2.3, and
2.6 MPa, respectively. The cohesion distribution for different
lithologies is shown in Fig. 9.

4.2 Visual analysis of overburden rock movement

The previous section highlights the simulation experiment's
limitations, as it can only simulate overburden failure up
to a mining depth of 320 m. This study addresses these
limitations by employing numerical simulation methods to

model overburden movement and stress change as mining
advances. This approach confirms the previous experimental
results. Figure 9 depicts the roof displacement at various
advancing distances.

Figure 10 demonstrates that as the distance advances
from 80 to 440 m, the displacement distribution of roof
strata in the caving area exhibits a trapezoidal shape. Dur-
ing the mining process, up to 320 m, the displacement of
the roof in most areas of the caving strata ranges from 9 to
12 m, with the maximum displacement reaching 13.7 m at
the bottom of the caving strata. The maximum discrepancy
in displacement between these findings and those from simi-
lar simulations varies from approximately 3.4% to 12%. This
indicates that the numerical simulation results largely agree
with similar simulation outcomes.

As the mining distance extends from 320 to 440 m, the
normal height of the overlying strata migration area ceases
to change, continuing to expand horizontally, and the maxi-
mum displacement of the roof gradually stabilizes between
12 and 13 m.

Figure 11 illustrates the stress distribution of rock strata
under different advancing distances.

Figures 11, 12, and 13 reveal that during the mining
process, from 80 to 120 m, the stress distribution in the
displacement area of the overlying strata maintains a trap-
ezoidal shape. The 'arch-beam' structure appears in the
overburden displacement area at 160 m. At an advancing
distance of 80 m, the minimum and maximum stresses in
the roof displacement area are 7.5 and 10 MPa, respectively.
When the advancing distance reaches 120 m, these stresses
are 7.5 and 12.5 MPa, respectively.

It is observed from an analysis of stress distribution dur-
ing the mining process of the working face that the ver-
tical stress distribution in the rock stratum shows a grad-
ual decrease in stress values and a more dispersed stress
distribution with increasing distance from the coal seam.
This suggests that the stress distribution follows a normal
distribution pattern, gradually reducing the dynamic influ-
ence area caused by mining in the vertical direction. The
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Fig.9 The constitutive model diagram of applying different cohesion of rock strata
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Fig. 10 Rock displacement diagram under different advance distances

distribution of overburden stress in the goaf forms a sym-
metrical trapezoidal shape, aligning with patterns observed
in analogous simulation tests where overburden fissures
develop. These fissures originate at the top and propagate
laterally on both sides of the working face. In addition, as
the working face progresses in the mining process, the stress
reduction and dispersion areas tend to re-concentrate during
subsequent continuous mining, leading to the re-compaction
of fractures in previously mined areas. The accuracy of this
analysis is confirmed through Figs. 2f-h.
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5 Field monitoring results
5.1 Monitoring system and support distribution

The newly established KJ24 coal mine roof and rock burst
monitoring system at Dafosi Mine, part of the Binchang
Mining Industry, was officially launched. This system ena-
bles real-time online monitoring, transmission, intelligent
analysis, and early warning of critical data such as road-
way roof separation and anchor cable stress. It enhances the
mine's safety monitoring capabilities and assurance coef-
ficient, providing robust and scientific data support for opti-
mizing roadway support parameters. The specific layout is
depicted in Fig. 12.
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Fig. 11 The stress distribution diagram of rock strata under different advancing distances

The working face is equipped with 150 hydraulic sup-
ports, comprising eight head and tail transition supports
and 142 middle supports. It is outfitted with 18 pressure
sensor monitoring substations within the middle sup-
ports, each overseeing four measurement points on a set of
hydraulic supports. The measurement points are distributed
approximately every seven units from the #4 frame of the
working face to the machine's tail. The sequence of frames
includes #4, #12, #20, #28, #36, #44, #52, #60, #68, #76,
#84, #92, #100, #108, #116, #124, #132, and #140. The sup-
port layout is illustrated in Fig. 13. The collected data are

then transmitted to the surface computer and analyzed by
technicians.

5.2 Analysis of monitoring results

The exported real-time monitoring data undergoes post-
processing, and the segments that conform to the specified
advancing distance intervals are compiled into a table, as
listed in Table 3.

The stress interval diagram is illustrated in Figs. 14 and
15 using the numerical simulation results and the field moni-
toring data.
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Fig. 12 The distribution of the monitoring system

Analysis of the stress interval diagram reveals that within
the overburden rock's failure stress arch interval, the maxi-
mum and minimum stress values decrease as the advanc-
ing distance increases. In the overburden rock's stress beam
interval, the maximum stress value fluctuates periodically
with an increase in the advancing distance, while the mini-
mum value consistently declines. Figure 15 compares the
real-time monitoring data from the coal mine site with the
stress beam interval range. It indicates that the in-field stress
fluctuates within the simulated stress range, validating the
simulation study's accuracy.

6 Conclusions

This research innovatively analyzed the failure characteris-
tics of overlying strata in the working face of specific coal
mines, utilizing the coupling of field similarity simulation
experiments and discrete element numerical simulations.
This analysis provides reference for solving engineering
problems. The main conclusions are as follows:

@ Springer

(1) The similarity simulation experiment results indicated
that the fracture zone's height in the 40204 working
face is approximately 110 m above the coal seam. The
fractures predominantly extend laterally, with separa-
tion cracks and compaction areas developing in vertical
and horizontal directions. In addition, throughout the
entire excavation process, the maximum subsidence of
the roof stabilizes at 11 m, corresponding to the coal
seam's thickness. The porosity in the area where the
separation fracture occurred ranges from 0.2 to 0.3,
whereas the porosity of the remaining roof is less than
0.1.

The caving zone at a mining depth of 200 m presents a
trapezoidal shape, composed of an 'arch-beam' struc-
ture and can be categorized into three zones: 'delami-
nation fracture zone', 'broken fracture zone', and 'com-
paction zone'. The numerical simulation displacement
results indicated that most roof strata areas displace
between 9 and 12 m, with a maximum displacement of
13.7 m. Compared to the similarity simulation's roof
subsidence results, the error range is between 3.4 and

2)
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Table 3 Stress monitoring data of 40204 working face

Advancing Equipment installa- Maximum Average
distance (m) tion depth (m) value (MPa) value
(MPa)

310.0 14 6.00 5.54
311.5 9 6.30 5.59
315.0 14 6.00 5.68
320.0 14 6.45 5.40
321.5 9 6.65 5.34
330.0 14 6.50 5.32
330.5 9 7.00 6.03
331.5 9 6.85 5.37
335.0 14 7.45 5.62
336.5 9 6.35 5.14
340.2 14 6.00 5.55
341.4 14 6.70 541
341.7 9 5.60 5.25
342.9 9 6.70 5.33
345.0 14 6.60 5.43
365.2 14 10.20 1.92
366.7 9 6.00 5.11

140#

Transition hydraulic support:
ZFG10000/25/37DH_5

Tsung-chuen column

t
v

Middle hydraulic support:
ZF10000/24/36D 142
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Fig. 14 Value range of stress arch under different advancing distance

12%, which aligns closely with the similarity simula-

tion outcomes.

(3) Failure stress analysis indicated that the stress distri-
bution in the overburden displacement area remains

@ Springer



44 Page 14 of 15

J.Lietal.

12

10

Stress beam/MPa

—— Minimum value
—— Maximum value
4[] Numerical interval of stress beam
Coal mine field monitoring data

50 100 150 200 250 300 350 400 450
Advancing distance/m

Fig. 15 Value range of stress beam under different advancing distance

trapezoidal during mining at depths of 80 to 120 m.
The overlying strata's displacement area exhibits an
'arch-beam' structure from a mining depth of 160 m.
The maximum and minimum values of the failure stress
arch interval of the overburden rock decrease as the
advancing distance increases. In the stress beam inter-
val of the overburden rock, the maximum value shows
periodic changes with the increase in advancing dis-
tance, while the minimum value continues to decrease.
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