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For the fully mechanized caving face, it is easy to cause significant surface
subsidence and other related problems after large-scale mining of coal seams,
we should take some measures to solve them. In this study, in order to further
explore the movement pattern of overburden and the form of spatial development
of separation after mining in a fully mechanized caving face, we combined the
engineering practice of Tangshan mining area, took the T2294 and T2291 working
faces as the engineering background and used the three methods of similar
simulation, numerical simulation and field measurement to comprehensively
study. The results show that in the first stage of working face mining, the
separation can generally reach 0.31 times the mining thickness of the coal
seam, and the maximum can reach 0.58 times the mining thickness; in the
second stage, the width of the separation seam is narrow, and the separation
is small. It generally takes 20-30 days for the separation to reach its maximum
from initiation, which is equivalent to the working face advancing 70-100 m, and
the corresponding horizon height is 200 m. The research results provide
theoretical guidance and a basis of engineering practice for the safe mining of
multiple working faces under the Jingshan railway. This study even provides a
basic theoretical reference for the safe mining of a thick coal seam working face
under similar engineering geological conditions.

KEYWORDS

thick seam mining, comprehensively study, overburden, separation, movement law
1 Introduction

The mining method of fully mechanized caving in a thick coal seam has the typical
characteristics of a large thickness of primary mining of the coal seam and a wide influence
range of overburden movement. After large-scale mining of coal seams, it is easy to cause
significant surface subsidence, which has a serious impact on the safe use of buildings/
structures in the area and the ecological balance of the mining area. In recent years, domestic
and foreign experts and scholars have developed separation grouting technology for
overburden separation in thick coal seam mining to solve the above technical problems.
To obtain the optimal effect of separation grouting to control mining subsidence, the key
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scientific problem to be solved is the movement pattern of
overburden and the spatial and temporal development of
separation space in a fully mechanized caving face, which can
provide basic theoretical support for controlling surface
subsidence and safe production in mining areas.

Many domestic and foreign experts and scholars have carried
out useful research and discussion on the movement pattern of
overburden and the development pattern of separation in fully
mechanized caving faces and have obtained a series of useful
research conclusions. Guo et al. (1995) proposed the formula for
predicting separation height under ideal conditions. The high-
extension method uses the displacement back analysis method to
carry out model identification and theoretical analysis and proposes
the concept of the “four-band” model, which provides a theoretical
basis for the accurate algorithm of rock movement and deformation
(Gao, 1996). Some scholars proposed the key strata theory of strata
control, constructed the discrimination method of the key strata
position of overburden, and analyzed the influence of key strata
movement on surface movement and the evolutionary pattern of
separation, which laid a theoretical foundation for studying the
separation movement pattern of overburden (Xu and Qian, 2000;
Qian et al,, 2003; Xu et al., 2004). International scholar used a rubber
plug during ground drilling and measured the gas overflow section
by section during drilling to further determine the height of the
overburden failure zone and the horizontal separation position
(Palchik, 2003; Palchik, 2005). Based on Cosserat theory, Chen
and Guo, (2008) analyzed the mechanism of overburden
separation development during longwall mining. Shen and Brett,
(2014)
overburden after mining coal seams with the longwall mining
method. Jiang et al. (2014) studied the law of fracture instability
of high-level hard and thick rock strata and obtained the

space under high-level

studied the movement and stress concentration of

evolutionary pattern of separation
magmatic rocks. Yang et al. (2015) established a two-dimensional
similar material simulation and FLAC 3D numerical simulation
model to study the development pattern of deformation and
fracturing of the overburden of the coal seam and the size of the
stress release zone. Yu et al. (2015) measured and analyzed the
cracks in the hole wall through digital panoramic technology and
obtained the movement and failure pattern of the overburden. Wang
et al. (2017) used UDEC numerical simulation software to simulate
the movement of overburden and studied and analyzed the
movement and separation characteristics of overburden. Some
scholars established a similarity simulation experiment system to
study the mining-fracture-evolution characteristics of overburden
and obtain the deformation law of overburden (Ju et al., 2017; Ye
et al., 2018; Zhao et al., 2020). Zhu et al. (2018) studied the influence
of elastic expansion of rock mass unloading induced by mining on
the development of separation by combining triaxial unloading tests
and theoretical calculation. Wang et al. (2019) analyzed the failure
characteristics of overburden and the development of separation
space filled with different overburden soil combinations through
numerical simulation.

To further explore the movement pattern of overburden and the
form of spatial development of separation after top coal cave mining
in a thick coal seam, this paper combines the engineering practice of
the Tangshan mining area based on the previous theoretical and
technical research foundation, adopts the comprehensive research
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FIGURE 1
Working face layout of mining area.

method of similar simulations, numerical simulations and field
measurements, and studies and analyzes the spatiotemporal
movement pattern of the roof after mining in a thick coal seam
working face from different angles. On this basis, the development
pattern of overburden separation space and the factors influencing
the correlation of separation quantity are summarized. This study
provides a basic theoretical reference for the safe mining of a thick
coal seam working face under similar engineering geological
conditions.

2 Engineering overview and stratum
structure analysis

2.1 Project overview

The Tangshan Coal Mine of the Kailuan Mining Group
produces more than 3 million tons of raw coal per year and is
the main production mine of the company. However, the large
amount of coal pressure on the surface severely restricts the
The
Jingshan Railway, which runs through the center of the

sustainable development of the Tangshan Coal Mine.

Tangshan Coal Mine, is a national Class I railway. The influence
of the coal line is nearly 10 km long. The Jingshan Railway is in the
southwest—northeast direction, and the railway is located above the
center of the second mining area. The second mining area is the
main mining area of the Tangshan Coal Mine, and the working face
layout of the mining area is shown in Figure 1. The working faces
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TABLE 1 Technical characteristics of coal seam occurrence.

Name of coal seam  Average thickness of coal seam (m)

Dip angle of coal seam (m)

10.3389/feart.2023.1284955

Texture of coal seam  Degree of stability

Coal seam 9 11.28 5°-17° Simple Stability
strike length of the T2291 working face is 1,062 m, and the inclined
, S length of the working face is 138 m. The T2291 and T2294 working
Lithology| Sequence | Thickness(m) | Depth(m) Strata trata . .
straum faces are adjacent to each other. The coal seam thickness and roof
189.4 189.4 . . .
! Bedrock structure are consistent. The coal seam thickness is 10 m, the average
2 27 2111 | Medium sandstone dip angle is 13°, and the average burial depth is 676 m. The main roof
Fine-medi Rock . . . .
3 242 2353 imgﬁ;ﬁg"famyﬁ Ogcmf‘;i/mm is a fine-medium sandstone with a thickness of 8.6m. The
4 25.06 260.1 Silt sandstone immediate roof is a siltstone with a thickness of 5.3 m, and there
s 135 2736 Fine sandstone is no false roof.
p g 2951 | Medium sandstone The working face layout of mining area is shown in Figure 1. The
_ Rock stratum six working faces on the northeast side of Figure 1 are located near
7 19.8 3149 Grit sandstone group [V
= - the Jingshan railway line, among which T2193(1) and T2193(2) are
8 244 3393 ) "{f‘(‘i‘(’fﬂ“l‘m ) . . .
interbedded fayer located directly below the railway. If multiple working faces, such as
9 346.4 Mud . . ..
71 udstone T2191-T2,195, are directly mined, due to the close proximity of the
Fine-silt . . L. .
10 o8t 361 | interbedded layer working face and the large area of combined mining, compared with
! 819 3643 Silt sandstone | g o stratum single working face mining, the adverse effects on the surface and the
it . . . .
12 1385 378.1 Fine sandstone | £0'F railway line are more prominent. Therefore, in the early stage, the
13 622 3843 Mudstone T2294 and T2291 working faces were used as the engineering
14 25.03 4094 Silt sandstone background for experimental mining, and the migration pattern
5 255 4169 | Medium sandstone of overburden above the working face and the development and
. e ons | Finesit Rock stratum evolutionary processes of separation were studied and analyzed,
g interbedded layer | group I forming the basis of engineering practice. The objectives were to
17 24.4 . Silt sandst . .. .
28 'CT" S_Ime guide the safe mining of the T2191-T2195 working face and then
ay-sl. t . . . ..
18 1088 4937 | interbedded layer provide basic data for surface subsidence control after mining.
Fine-clay . . .. . .
10 1029 739 | interbedded Tayer During the main part of the mining of coal seam 9 in the Tieer
Fine-clay AT AT : ~ ~ H
20 8.94 4829 interbedded layer mining area, the mining elevations are -550-740 m. The working
21 10,04 O face is mined by comprehensive mechanized top coal caving
i mterbedded fayer Rock stratum . .
» s 076 Clay rock eroup 1 technology, and the roof is managed by the all caving method.
The technical characteristics of coal seam occurrence are shown in
23 5.64 503.3 Clay rock . .
Table 1. The lithology of the upper surrounding rock of coal seam
24 6.13 509.4 Fine sandstone . . . .
9 is quite different, and the whole area has a medium-strength
» 06 0t Sandy claystone structure of the stratum. The geological comprehensive histogram of
* 319 5333 Coal seam 2 the mining area is shown in Figure 2, and the main physical and
Fine-medi . . . .
27 1225 5455 | jnierbedded laer mechanical parameters of the typical surrounding rock are shown in
28 6.92 552.5 Silt sandstone Table 2.
29 2.13 554.6 Coal seam 5 Falling
zone
30 5.17 559.8 Silt sandstone . . .
2.2 Analysis of the stratigraphic structure
31 8.62 568.4 Sandy claystone
11.28 578.0 Coal seam 9 .
2 To study the movement pattern and form of separation

FIGURE 2
Geological comprehensive histogram.

from south to north in the northeastern part of the Tieer mining area
T2191, T2192, T2193(1), T2193(2), T2194 and
T2195 working faces, the strike length of these working faces are
1040 m, 960 m, 935 m, 872 m, 852 m and 854 m, and the inclined
length of these working faces are 148 m, 150 m, 130 m, 134 m,
130 m, 125 m. The T2294 and T2291 working faces are in the
southeast direction. The strike length of the T2294 working face
is 1,195 m, and the inclined length of the working face is 144 m. The

are the
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development of overburden in thick coal seams after mining, the
structural characteristics of overburden in coal seams should be
analyzed first. The overburden structure of a coal seam is composed
of multilayer coal strata with different thicknesses and lithologies, so
its combined characteristics and movement rules are quite different.
Sometimes overburden shows group movement characteristics.
Group movement refers to the synchronous and coordinated
movement of the upper layers of soft rock strata driven by a
layer of hard rock strata at the bottom of the strata group (Song,
1988). The combined movement of rock strata is determined by the
strength of the factors of each rock stratum (including lithology,
thickness and elastic modulus). The upper rock strata with factors
with low strength move simulta neously with the lower rock strata
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https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1284955

Huang et al.

10.3389/feart.2023.1284955

TABLE 2 Main physical and mechanical parameters of the typical surrounding rock.

Sequence Strata Compressive strength (MPa) Elastic modulus (GPa) Poisson ratio
1 Bedrock 90.1 17.0 0.142
2 Medium sandstone 49.2 9.21 0.123
3 Silt sandstone 40.1 9.1 0.142
4 Fine sandstone 90.1 17.0 0.127
5 Mudstone 33.1 5.8 0.209
6 Fine-medium interbedded layer 51.0 19.89 0.125
7 Sandy claystone 42.7 8.70 0.180
8 Fine-silt interbedded layer 411 8.46 0.142
9 Grit sandstone 51.0 9.89 0.125
10 Clay-silt interbedded layer 51.0 9.89 0.123
11 Grit-silt interbedded layer 49.8 9.32 0.136
12 Coal 33.0 5.8 0.209

with factors with high strength, and the curvature of the subsidence
is the same. The upper rock strata with factors with higher strength
gradually separate from the lower rock strata with factors with lower
strength.

For the two adjacent rock strata, whether they move at the same
time to form a strata group or separate movement can be judged by
the maximum curvature in the settled rock stratum.

When p . upper > pmax lower, the two strata groups are
combined into a moving strata group;

When p max upper < p max lower, the two strata move separately
to form two strata groups.

The maximum curvature of the rock beam can be expressed by
the following formula:

L2
a =
Em?

P max = (1)
Where « is the coefficient determined by the supporting condition of
the rock beam; L is the span limit of the rock beam; E is the elastic
modulus of the rock beam; and m is the rock thickness.

According to the above criterion analysis, according to the
stratigraphic structure shown in Figure 2, the overburden of the
coal seam roof can be divided into 5 strata groups.

1) Strata group I contains No. 18 to No. 25 strata. The lower No.
25 sandy claystone has a large thickness and high strength, and
other strata in the upper part attach to the No. 25 sandy claystone
and move at the same time.

2) Strata group II contains No. 15 ~ No. 17 strata, and the
movement of this strata group is determined by the No.
17 silt sandstone at 24.4 m.

3) Strata group III contains No. 9 ~ No. 14 strata; the movement of
this strata group is determined by the No. 14 silt sandstone at
25.03 m;

4) Strata group IV contains No. 5 ~ No. Eight strata, and the

movement of this strata group is determined by the No. Eight
fine-medium interbedded layer at 24.4 m.

Frontiers in Earth Science
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TABLE 3 The main similarity ratios for the similar models.

Project Parameter

Geometric similarity ratio 1:300
Volume weight similarity constant 1:1.6
Elastic modulus similarity ratio 1:480
Stress similarity ratio 1:480

Time similarity ratio 1:17.3

5) Strata group V contains No. 2 ~ No. 4 strata; the movement of
this strata group is determined by the No. 4 silt sandstone at
25.06 m.

3 Research methods and schemes
3.1 Similar simulation research method
(1) Similar simulation experimental materials and parameters

The similar simulation takes the T2291 working face as the
engineering background. Gypsum and calcium carbonate are
selected as cementing materials, river sand is used as filling material,
and different proportions of materials are made into specimens to
simulate the weak, medium hard and hard rock strata in the stratum
The rock strata ranging from the surface to the floor of coal seam 9 are
simulated, and the actual rock strata thickness is 580 m. The main
similarity ratios for the similar models are shown in Table 3.

According to the similarity ratio and the physical and mechanical
parameters of the simulated coal strata, combined with the test results of
similar material specimens, the similar material ratio of typical
surrounding rock is determined, as shown in Table 4 (Huang et al,
2022a; Huang et al,, 2022b; Huang et al,, 2023a).
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TABLE 4 Similar material ratio of typical surrounding rock (1:300).

10.3389/feart.2023.1284955

Sequence Strata Sand (kg) Calcium carbonate (kg) Gypsum (kg)
1 Bedrock 69.9 6.9 4.7
2 Medium sandstone 34.6 5.2 35
3 Silt sandstone 32.0 3.20 2.1
4 Fine sandstone 33.1 4.9 33
5 Mudstone 35.1 4.1 1.8
6 Fine-medium interbedded layer 29.1 44 29
7 Sandy claystone 35.4 2.66 1.77
8 Fine-silt interbedded layer 459 6.9 4.6
9 Grit sandstone 31.5 4.7 3.1
10 Clay-silt interbedded layer 27.6 1.97 1.97
11 Grit-silt interbedded layer 24.0 3.60 2.26
12 Coal seam 9 334 2.38 2.38

FIGURE 3
Constant humidity and constant temperature similar material
simulation laboratory.

(2) Introduction of the similar simulation laboratory and

experimental scheme

To prevent changes in the mechanical parameter of the material

used for the similar experimental model after drying and curing,
which leads to an increase in the experimental error, the research
team designed and constructed the ‘constant humidity and constant
temperature similar material simulation laboratory’ in the State Key
Laboratory of Shandong University of Science and Technology, as
shown in Figure 3. The humidity in the laboratory is set to 60%, and
the temperature is set to 16 °C. The laboratory is an assembled
detachable structure, and its plate is a colored steel composite
sandwich plate, which mainly plays a role in heat preservation.

Frontiers in Earth Science

FIGURE 4
Three-dimensional calculation of the engineering geological
model.(2) Simulated excavation and monitoring scheme

In the room, air conditioners and humidifiers are used to control
temperature and humidity, and thermometers and relative humidity
meters are used to monitor temperature and humidity.

The experiment uses a plane stress test bench of 4.0x0.28x2.0 m.
The large test bench consists of a frame system, a test system, and a
loading system. The loading system is jack-loaded, and the vertical
settlement of the surface is measured using a dial indicator. The
horizontal movement and subsidence of the surface and various rock
strata are measured using a light lens displacement meter (Chai
et al, 2023). The mining footage of the site is 104 m/month. The
experiment uses step-by-step excavation; 10 cm are mined at 8:
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TABLE 5 Selected rock mechanics parameters.

10.3389/feart.2023.1284955

Strata Elastic modulus E (GPa) Poisson ratio Volume weight Cohesion C Internal friction angle
(kg/m3)

Mudstone 13 0.23 2,480 0.86 28
Coal 1.25 0.34 1,350 0.30 305
Sandy mudstone 23 0.28 2,500 0.95 30
Silt sandstone 9.2 0.23 2,520 113 37.1
Fine sandstone 10.5 0.26 2,460 1.28 36
Medium sandstone 12.5 0.26 2,540 1.28 36.5
Clay rock 4.05 0.18 2,400 1.08 30
Sandy claystone 6 0.20 2,100 1.18 32
Loose layer 0.6 0.35 1800 0.015 15

00 am., and 10 cm are mined at 4:30 p.m. every day; and the
overburden movement and surface movement are observed at the
end of each step to obtain information such as the time and amount
of separation during the mining of the working face.

3.2 Numerical simulation research method
(1) Model construction and mechanical parameter determination

According to the engineering situation and analysis of the stratum
structure in the Tieer mining area, the lithology of composition is
simplified. Combined with the characteristics of ANSYS numerical
simulation software, a three-dimensional calculation of the engineering
geological model is constructed, as shown in Figure 4. The model size is
XxYxZ=2000 mx2000 mx900 m. The elastoplastic yield criterion,
ie, the Drucker—Prager (DP) yield criterion, is selected, and the
contact parameters are used to simulate the ‘weak surfaces’ between
strata, the ‘weak surface’ artificially weakens the physical and
mechanical parameters of the contact surface, namely, the bedding
plane or the structural plane, so that the corresponding position in the
rock strata in the process of the advancing working face is more likely to
produce separation. The Coulomb friction model is selected as the basic
model, and the elastic—plastic constitutive relation of the Mohr—
Coulomb criterion is calculated. For the model calculation, the
selected rock mechanics parameters are shown in Table 5.

Combined with the characteristics of ANSYS numerical simulation
software, a three-dimensional calculation of the engineering geological
model is constructed, as shown in Figure 4. The model size is
XxYxZ=2000 mx2000 mx900 m. The elastoplastic yield criterion,
ie, the Drucker—Prager (DP) yield criterion, is selected, and the
contact parameters are used to simulate the weak surfaces between
strata. The Coulomb friction model is selected as the basic model, and
the elastic—plastic constitutive relation of the Mohr—Coulomb criterion
is calculated (Shi and Ji, 2021). For the model calculation, the selected
rock mechanics parameters are shown in Table 5.

The numerical simulation takes the T2294 working face as the
engineering background, and the generalized model is divided into
5,400 units from the coal seam floor to the surface. After the initial
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Measurement base point of assembled compressed wood.

ground stress field reaches equilibrium, the weak surfaces are set at
50 m, 90 m, 149 m, 202 m, 240 m and 306 m above the roof of the
working face (each weak surface corresponds to the No. 25, 21, 17,
12, 8, and 5 rock strata in Figure 2-Comprehensive stratigraphic
column). The size of the separation and the evolutionary process of
the strata at the weak surface when advancing 200 m, 300 m, 400 m,
500 m, 600 m and 700 m in the strike direction are monitored.

3.3 Method of field measurement research

(1) Observation device and method and observation borehole
layout scheme

Field measurement uses deep borehole rock movement observation
device. The adopted method is the deep base point observation method.
Before mining, a vertical borehole is drilled from the surface to the roof
of the mining area. The treated compressed wood is placed and fixed at
different depths in the hole as the observation base point. As the
working face advances, the variation in the lead drilling according to the
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FIGURE 6

Observation borehole layout plan of T2294 and T2291 working face. (2) Measurement point layout and measurement scheme

TABLE 6 Positions of the 6 measuring points in the T2294 working faces.

The lithology and thickness of the rock stratum

Sequence Depth (m) Distance to coal seam roof (m)
1 530 177
2 522 185
3 490 217
4 465 242
5 430 277
6 395 312

Medium sandstone with a thickness of 2.20 m

Fine sandstone with a thickness of 11.06 m

Fine sandstone with a thickness of 8.28 m

Medium sandstone with a thickness of 17.49 m

Grit sandstone with a thickness of 25.30 m

Medium sandstone with a thickness of 25.55 m

observation base point displacement is transmitted to the surface
through the steel wire connecting the compressed wood to obtain
the movement and change in the rock stratum where the measuring
point is located. The measurement base point of assembled compressed
wood is shown in Figure 5.

The boreholes in which surface rock movement are arranged in
the mined T2294 and T2291 working faces. The observation
boreholes are arranged in the middle of the T2294 working face.
The distance from the borehole to the open cut is 150 m. In the
inclined direction of the working face, the distance between the
upper borehole and the upper groove is 77 m, and the distance from
the lower groove is 67 m, as shown in Figure 6A.

The observation borehole is in the middle of the T2291 working
face. The distance between the borehole and the open cut is 350 m.
In the inclined direction of the working face, the distance between
the borehole and the upper groove is 69 m, and the distance between
the borehole and the lower groove is 69 m, as shown in Figure 6B.

After the mining of the working face, the movement and
deformation of the rock strata began to move and deform until
the movement and deformation of the rock strata were stable. In the
vertical direction, the displacement of the 230 m rock strata from
130 to 350 m in the roof of the two working faces was observed. A
total of 6 measuring points were installed in the T2294 borehole for
observing the separation. The horizon for observing the separation
was selected to be 180-350 m upward from the coal seam roof, and
the depth interval of the observed rock strata was 372-543 m. A total
of 6 measuring points were installed in the T2291 borehole for
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observing the separation. The stratum for observing the separated
was selected to be 100-300 m upward from the coal seam roof, and
the depth interval of the observed rock strata was 356-496 m (Wang
et al,, 2020; Huang et al.,, 2023c). According to the structure and
mechanical properties of the rock strata, the position of the
separation of the rock strata was assessed, and the observation
points for the separation were arranged. The positions of the
6 measuring points in the T2294 and T2291 working faces are
shown in Tables 6, 7.

The observation borehole structures of the T2294 and the
T2291 working faces are shown in Figure 7. The measuring points
were all arranged in the thick and hard rock strata. The distance
between the orifice and the measuring point and the elevation of the
were measured and recorded regularly. According to the change in the
displacement of different measuring points with time, information on
the separation quantity was obtained, and the law of overburden
movement is discussed and summarized.

4 Analysis of the results
4.1 Analysis of similar simulation results

In the experiment, the first caving step distance of the
T2291 working face is 75 m, and the periodic caving step distance is

30 m. Every time there is a periodic collapse, the damage and movement
of the overburden are upward-directed, and a certain distance is
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TABLE 7 Positions of the 6 measuring points in the T2291 working faces.

Sequence

Distance to coal seam roof (m)

10.3389/feart.2023.1284955

The lithology and thickness of the rock stratum

Silt sandstone with a thickness of 8.19 m

1 496 130
2 470 156 Medium sandstone with a thickness of 9.47 m
3 445 181 Medium grit sandstone with a thickness of 12.93 m
4 420 206 Medium grit sandstone with a thickness of 16.95 m
5 400 226 Medium grit sandstone with a thickness of 12.25 m
6 356 270 Medium grit sandstone with a thickness of 7.80 m
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FIGURE 7

Observation borehole structures of the T2294 and the T2291 working faces.
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FIGURE 8

Schematic diagram of the development of ‘fracture arch’.
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expanded in the direction of the working face. That is, with the
advancement of the working face, the development of the
overburden damage is basically expanding in the form of an ‘arch’
and gradually upward and forward, as shown in Figure 8.

The formation and closure of the separation space of the
overburden is a dynamic evolutionary process. When the
working face advances to different positions, the pattern of the
location of the separation and the size of the separation are shown in
Figure 9.

In the initial advancing stage of the working face, the overburden
on the working face gradually bends, deforms and destroys, forming
a falling zone. As the advance continues for a certain distance, the
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FIGURE 9
The evolution process of separation space in the process of mining.

fracture zone gradually forms, and separation begins to
develop. When the working face advances to 160m, the
separation has developed for a period of time. At this time, the
separation space is large, and a ‘wide crescent shape’ separation
appears. According to the similarity ratio, the separation value of the
experimental model is converted, and the length of the separation
space is obtained. The separation reaches 21 m, and the maximum
height in the middle is 3 m, as shown in Figure 9A; when the
working face continues to advance to 360 m, the new separation is
more fully developed than the original separation, which is reflected
in the increase in the width and height of the separation. The width
reaches 39 m, and the height reaches 6 m, as shown in Figure 9B. At
this time, the position of the separation in Figure 9A has been
compacted, and only part of the residual separation remains. The
position of the maximum separation in Figure 9B is relative to the
position of the original separation space in Figure 9A. The
separation is formed by raising upward and advancing toward
the working face. When the working face continues to advance
to 460 m, the separation continues to develop along the original
vertical direction and the advancing direction of the working face.
The maximum separation in Figure 9B is closed to a certain extent,
and the separation height is reduced; however, the separation width
increases, and the separation presents a ‘flat crescent shape’, as
shown in Figure 9C. At this time, the separation width is 52.5 m, and
the height is 2.4 m (Jiang et al., 2015).

In summary, if the mining distance of the working face
continues to increase, the trend of the development of the
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maximum separation will continue to develop in the horizontal
direction and continue to rise upward in the vertical direction, while
the previous separation will be compacted, leaving only part of the
residual separation. However, the height of the newly generated
maximum separation will also decrease with increasing separation,
and the width will increase to a certain extent (Yuan et al., 2019; He
et al.,, 2020).

In summary, the results or rules obtained by the similar
simulation are as follows.

(1) As the working face advances, separation is generated from the
bottom to the top. The time that the separation exists is
negatively correlated with the depth of the upper rock strata
and positively correlated with the strength factor. In other
words, the greater the depth of the upper rock strata is, the
shorter the existence time of the separation is, the greater the
strength factor of the upper rock strata is, the longer the
existence time of the separation is.

(2) The expansion of the separation space has a certain temporal
effect, that is, it takes 20-30 days from the initiation of
separation to reach its maximum, which is equivalent to a
working face advance of 70-100 m.

(3) In the first stage, namely, the first weighting and the first
periodic weighting stage, the maximum separation formed in
the lower strata is larger than that in the upper strata. In the
crack belt, the maximum separation can reach 0.58 times the
thickness of the coal seam. When the separation is transmitted
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FIGURE 10
Dynamic development of separation during mining.
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TABLE 8 The corresponding relationships between different advancing distances and separation characteristics.

Face advanced distance (m) Maximum amount of

Separation characteristics

separation (m)

The weak surface of A and B opens up, and the separation appears

The separation of A and B increased, and the separation of C and D began to appear

A~E shows separation, and B has the largest amount of separation

Separation appears in A~F

200 0.017044
300 0.036763
400 0.068427
500 0.117,422
600 0.086744
700 0.074582

The A ~ C separation tends to be closed, and E and F are obviously separated

Most of the A ~ E separation are closed, and the separation at F is the largest

to the limit equilibrium cove, the separation can generally reach
0.31 times the thickness of the coal seam. In the second stage,
after the second periodic weighting, the separation is still
present, and the horizon is clear, but the width of the
separation is narrow. When the working face continues to
approximately 30 m, that is, after a pressure step, as the
separation fractures, the separation in the separation belt is
quickly closed.

4.2 Analysis of numerical simulation results
The dynamic development of separation during mining is

shown in Figure 10. In the initial advancing stage of the working
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face, the separation begins to develop along the vertical direction and
the advancing direction of the working face, as shown in Figures
10A,B. With the continuous advancement of the working face, the
scale of separation development continues to expand. The scale of
separation development in the advancing direction of the working
face is particularly obvious. In the vertical direction, the degree of
separation development is small, and the lower separation begins to
show a closed trend, as shown in Figures 10C,D. Figures 10E,F show
that when the working face advances to 600 m and 700 m, the size of
the separation is further expanded compared with those shown in
Figures 10C,D. The lower separation is compacted, but some of the
separations are not completely compacted. With increasing mining
distance, the low-level separation is gradually compacted, the high-
level separation begins to develop, and the high-level separation is
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FIGURE 12
Observation curve of overburden subsidence and separation in T2294 and T2291 working face.

larger than the low-level uncompacted separation. This result has  corresponding relationships between different advancing distances
similar regularity with similar simulation results (Zhang et al,, 2016).  and separation characteristics are summarized in Table 8. The curve

The weak surfaces above the coal seam roof are recorded as A, B, ~ showing the development of the separation amount from 200 to
C, D, E, and F, as shown in Figure 10A. According to Figure 10, the 700 m during the advance of the working face is shown in Figure 11.
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The amount of separation between each measuring point on the T2294, T2291 working faces and the total amount of separation within the

measurement range.

Figure 11 shows that the separation at each location gradually
develops from zero to the maximum and finally tends to close.
The separation at each location develops to the maximum at
500-600 m, and when the working face advances to 700 m, there
is almost no separation at 200, 300 and 400 m.

In summary, the results or rules obtained by numerical
simulation are as follows.

(1) In the advancing direction of the working face, the scale of
separation development gradually increases. In the vertical
direction, the lowermost separation tends to close with the

After mining is

completed, the middle and lower separations and cracks

emergence of the upper separation.

slowly close and finally form a residual separation.

(2) The vertical depth of the model of the section along strike is
900 m, and separation begins to appear when the working face
advances to 200-300 m, as shown in Figures 10A,B. For the
mining of medium-hard strata and medium-thick coal seams,
when the advancing distance reaches approximately 1/3 of the
mining depth, separation begins to appear above the crack belt.

(3) Different sizes of separations are produced at each weak
surface above the coal seam roof. The separation has a strong
sensitivity to the lithology and thickness of the rock strata. If

Frontiers in Earth Science 12

the lithology of the adjacent rock strata are quite different or
the lithology of the adjacent rock strata is similar but the
thickness or elastic modulus is quite different, separation is
also produced.

4.3 Analysis of field measurement results

The six measuring points on the T2294 surface and the
T2291 surface are recorded as #1, #2, #3, #4, #5, and #6. The
curves showing the observations of overburden subsidence and
separation in the two working faces are shown in Figure 12. A
comparison and analysis of the above two figures shows that the
subsidence patterns of overburden in the three stages of the two
working faces show a similar regularity: in the first stage, the
displacements of each measuring point along the two working
faces relative to the ground are very small, and the overburden
basically does not sink; in the second stage, the overburden of the
two working faces sinks frequently and periodically, and the
magnitude of sinking increases rapidly. In the third stage, the
development of the separation of the two working faces is
basically stagnant, and no new separation is produced. In the
first stage and the third stage, the subsidence of the overburden
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The structure diagram of the whole section of coal seam 9.

and the development of the separation are very small, and separation
mainly occurs in the second stage. In this stage, the separation space
increases obviously, the displacement relative to the ground
increases rapidly, the overburden sinks concentratedly, and the
relative displacement between each measuring point is not large;
that is, the sinking and separation of each measuring point are not
uniform and continuous throughout the whole process but show a
jump (Fan et al., 2022; Yu et al., 2017; Feng et al., 2021; Huang et al.,
2023b).

Figure 13, respectively include the curve showing the amount of
separation between each measuring point on the T2294 and
T2291 working faces and the curve showing the total amount of
separation within the measurement range. Among them, the curves
named '#1-2, #2-3, #3-4, #4-5, and #5-6 separation’ represent the
change in the amount of separation between measuring points
#1-#2, #2-#3, #3-#4, #4-#5, and #5-#6, respectively. The curve
named ‘total separation’ is the result of superposition of all the above
separation curves, that is, represents the change in the total amount
of separation within the measurement range.

In summary, the results or rules obtained from field
measurements are as follows.

(1) According to Figure 13, the maximum separation during
separation development observed in the T2294 working face
is 88 mm, and the maximum separation observed in the
T2291 working face is 295 mm. The maximum separation of
the two working faces occurs between the #4 and #5 curves.

The separation between the two measuring points with large
digital number is obviously larger than that between the two
measuring points with small digital number: as shown in
Figure 13, the separation of *#5-6' is obviously larger than
that of *#1-2. This result shows that when the working face
is completed, the lower separation is gradually compacted,
leaving only the residual separation, and the separation space
gradually develops upward to the high-level position. The
separation generated by the high-level position is larger than
the residual separation that has been compacted in the lower
part. This conclusion has a similar regularity with the relevant
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conclusions obtained from similar simulations and numerical
simulations.

5 Discussion

The rock strata in the Tieer mining area are medium-hard rock
strata, so the formula for calculating the height of the falling zone is

selected:
100M
hy, = __looM +4.71 (2)
0.49M + 19.12
The crack belt calculation formula is as follows:
100M
hp=———— + 11.49 3)
0.26 M + 6.88

where M is the thickness of the coal seam, and the ranges of the
falling zone and crack belt are calculated. According to the above
discussion and analysis, the structure diagram of the whole section
of coal seam 9 to the surface is drawn, as shown in Figure 14. Finally,
the results or rules of three kinds of experiments are compared and
studied, and the relevant conclusions of the movement pattern of
overburden and the form of development of separation space after
mining of a thick coal seam are obtained.

(1) With the advance of the working face, separation is generated
from the bottom to the top. The time of separation existence is
negatively correlated with the depth of the upper rock strata and
positively correlated with the strength factor. The expansion of
the separation space has a certain temporal effect, that is, it
generally takes 20-30 days for the separation to reach its
maximum from initiation, which is equivalent to the working
face advancing 70-100 m, and the corresponding horizon
height is 200 m.

(2) Ifthelithologies of adjacent rock strata are similar, the thickness

~

of the upper rock strata is larger than the thickness of the lower
rock strata, and it also produces separation. The separation has a
strong sensitivity to the thickness of the rock strata. The
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difference in the bending stiffness between two adjacent rock
strata is the key to the occurrence of separation. The bottom
surface of the thick and hard rock strata is undoubtedly the
location of separation.
(3) In the two stages of working face mining, the amount of separation
in the separation zone is significantly different. In the first stage, the
separation can generally reach 0.31 times the mining thickness of
the coal seam, and the maximum can reach 0.58 times the mining
thickness; in the second stage, the width of the separation seam is
narrow, and the separation is small. With the fracturing of the
overburden, the separation seam closes quickly.

(4) Separation gradually develops from bottom to top. The
lowermost separation tends to close with the emergence of
the upper separation. For medium-hard strata and

medium-thick coal seam mining, when the advancing
distance reaches approximately 1/3 of the mining depth,
separation above the fracture zone begins to appear.

—~
Ul
=~

After mining reaches a certain range, separation develops in the
upper part of the overburden. The separation of the overburden
in the lower part of the overburden and the middle and upper
part of the mining range generally close, while the upper part of
the working face and the upper part of the coal wall generally
have residual separation. Some separations never close.

6 Conclusion
(1) The movement pattern of overburden during working face
mining

In the initial mining stage of the coal seam, the roof of the coal seam
begins to collapse and form a falling zone; after the mining of the
working face continues, cracks gradually appear above the falling zone,
forming a crack belt; with the continuous advancement of the working
face, the upper strata of the crack belt continue to fracture and bend and
sink sequentially. The lower broken rock that was previously produced
reduces the subsidence of the upper overburden, the deformation range
in the bedding direction gradually expands, and the curvature of the
overburden decreases. In this way, when the failure of the rock strata
due to fracturing develops to a certain height, only bending subsidence
occurs, and no failure due to fracturing occurs; that is, the overburden
eventually sinks in the form of overall bending.

(2) The development pattern of separation during working face
mining

In the initial stage of working face advance, due to the small
mining distance, the separation begins to develop, and the
amount of separation is not large at this time. After the
working face continues to advance for a short distance, the
position of the original separation is closed to a certain extent,
and the position of the maximum separation is moved upward. At
the same time, with the movement of the working face, it
advances in the direction of mining. With the further
advancement of the working face, the maximum separation
still maintains the trend of continuous advancement in the
horizontal direction and continuous elevation in the vertical
direction, while the is

previously generated separation
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compacted to a certain extent, and some of the separation
may have residual deformation.

(3) Morphological characteristics after separation compaction
stability

The initial generation of low-level separation is characterized by
a large separation height and small separation width. After the
separation is compacted and stabilized, the low-level separation far
from the ground basically does not exist. There may be residual
separation above the open cut of the working face and above the
back of the coal wall, and some separations may never be closed. The
rock strata or strata group in the middle are also closely attached,
that is, there is basically no separation in the middle strata; for the
high-level separation, one or more separations are generated
between the adjacent rock strata or strata group in the high-level
position, and the size of the resulting separation is generally larger
than the residual separation.
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