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This study explores the influence of a repeated mining process on an upper coal
pillar in a close coal seam group. The pillar's breaking and instability processes
are emphasized, and the influence of fracture development on the oxidation and
spontaneous combustion of coal pillars is revealed. A numerical simulation is
used to simulate the dynamic evolution characteristics of stress, displacement of
the upper coal pillar, and the numerical results elucidate that the mining of the
lower adjacent coal seam is a pressure relief process for the upper coal pillar.
The theoretical length of the fracture along the strike of the upper coal pillar is
also obtained for the upper coal pillar.
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Introduction

Coal production in coal-producing countries has constantly been threatened by the
spontaneous combustion of coal [1, 2]. In Shendong, Yushen, Lingwu and other important
coalfields in China, there are a large number of short-distance coal seams with a shallow bur-
ied depth of 80-240 m, and the mining coal will lead to a large area of land subsidence [3-5]
and will destroy the local ecological environment. Chen, et al. [3] took much field monitoring
and made a comparison with previous studies and acquired the evolution characteristics of
dynamic subsidence parameters and surface cracks. Ju et al. [4] explained the formation
mechanism of the surface’s stepped subsidence area and predicted the surface subsidence pro-
file after the sequent mining activity. Asadi et al. [5] introduced a new profile function meth-
od for the prediction of surface subsidence due to inclined coal-seam mining. The surface
subsidence caused by coal mining has been seriously threatening the local ecological envi-
ronment, and it is time to solve the problem scientifically.

The occurrence of coal seams, which are shallowly buried and closely distributed,
makes the remaining coal in a goaf vulnerable to be affected by the mining of adjacent upper
coal seams, and a leakage passage through the working face, gob and surface might be formed
[6, 7]. The air leakage in the goaf greatly increases the possibility of cracks through the sur-
face, resulting in a spontaneous coal combustion disaster [8-12]. In the mining process of
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shallow and close seam groups, the stability of the coal pillar [13] in the upper coal seam will
be affected by mining disturbances in the next adjacent layer and will be in a state of dynamic
balance or even fracture instability. Pan et al. [14] obtained the characteristics of temperature
rise and oxidation of the coal body in different stress loadings and unloading scenarios
through different load treatments of experimental coal samples, but the breaking and mecha-
nism and instability processes of the coal pillar were not theoretically researched.

Based on the special occurrence conditions of repeated mining of shallow buried and
close-distance coal seams in the Bulianta Coal Mine, this paper will use numerical simulation
software to simulate the dynamic excavation process in the mine, and explore the fracture de-
velopment and breaking mechanism of the upper coal pillar in the repeated mining process.

Numerical model and parameter setting

Model establishment

The physical model is established in accordance with the 22301 working face drill-
ing histogram of the Bulianta Coal Mine. The primary 1-2 coal seam, fig. 1, has a depth of
162 m, a coal thickness of 5.5 m, and a mining

Coall pillar of 1-2 coal seam height of 4 m. Below the 1-2 coal seam (30 m) is
the 2-2 coal seam, with a 6.2 m thickness of under-
A lying coal seam and a mining height of 5 m. There

are three mining faces (A-D) with lengths of 300

m and face C with a length of 400 m. Additionally,

100~200 m of coal remained on both sides of the

boundary tunnel to avoid the boundary effect. The

Codlpllarsh i 2 mining is conducted according to the order of the

2-2 coal seam | _x  mining faces (A-D). There is a 40 m wide coal pil-

lar (Range x: 560~600 , Y: 100~400, Z: 90~95.5)

Figure 1. The coal mine excavation model  hetyween working faces A and B, and the coal pillar

of the lower coal seam is staggered with the coal

pillar of the upper coal seam by 100 m. The simulated conditions of the recovery are shown in
tab. 1, and the model is shown in fig. 1.

Table. 1. Simulated condition of recovery

Working | Depth Strike length Dip length Coal thickness Mining thickness
face [m] [m] [m] [m] [m]
A 162 300(Y:100-400) 300(X:260-560) 55 4.5
B 162 300(Y:100-400) 300(X:600-900) 5.5 45
Cc 192 300(Y:100-400) 400(X:260-660) 6.2 5
D 192 300(Y:100-400) 300(X:700-1000) 6.2 5

Mechanical parameters and simulation scheme

According to the distribution of rock strata in the 22301 working face of the Bulian-
ta Coal Mine and the field measurement of physical properties of the strata in Shendong [15],
the mechanical parameters of the rock mass in each layer are determined. The Mohr Coulomb
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yield criterion is adopted for model calculation, and the physical and mechanical parameters
of coal and rock mass in each layer are shown in tab. 2.

Table. 2. The mechanical parameters of coal and rock

Strata Burying | Density Modulus of | Friction | Cohesion Tensile Poisson's
depth [kgm2] elasticity angle [MPa] strength ratio
[m] [GPa] [°] [MPa] [°]

Aeolian sand 17 1450 24.7 1.0 1.0 0.26
Sandy mudstone 124 2250 1.52 28.6 11 0.7 0.28
Sandy mudstone 134 2334 14.34 24.7 6.28 1.78 0.29
Coal 162 1284 1.76 23.6 17.9 1.68 0.27
Sandy mudstone 177 2308 7.27 26.1 18.96 5.24 0.26
Fine sandstone 181 2226 7.39 245 14.68 3.38 0.24
Sandstone 190 2185 3.88 14.1 27.6 2.88 0.27
Coal 195 1303 1.99 245 19.25 1.17 0.23

To analyze the dynamical evolution characteristics of stress and displacement of
coal pillars in different stages of mining in shallow buried and close distance seams, the
stress, displacement and plastic zone distribution of the coal body between the two faces (face
A and face B) in the upper coal seam were recorded before mining, and the stress and dis-
placement map of coal pillars in different stages was made by Surfer software after the data
were derived.

Results and discussion

Stress distribution at the top surface of coal pillar
in different mining stages

Figure 2 shows the z-direction stress distribution of the top surface of the coal pillar
after the mining of working faces A-D, respectively.

When the mining face A is completed, the stress concentration is formed along the
goaf side of the coal body, and the maximum stress is 8.3 MPa at the top of the coal pillar.
With the increasing distance between the coal seams, the stress on the coal body is decreased.
At the left boundary of the coal pillar bottom, the stress value is approximately 5.5 MPa,
which is slightly increased compared with the original rock stress. There is an apparent stress
concentration zone along the 570-580 m dip of the coal pillar.

When the mining face B is completed, the z-direction stress on the top surface of the
coal pillar is basically distributed symmetrically, and the maximum stress value along the
goaf on both sides of the coal pillar is approximately 10 MPa. The minimum z-direction stress
in the middle of the core area of the coal pillar is about 7.4 MPa.

When the mining face C is completed, the coal pillar of the upper coal seam is in the
disturbed fracture zone of the lower coal seam, and the mining of the lower coal seam leads to
a new balance of the coal pillar of the upper coal seam. At this time, 200-300 m along the
strike of the left side of the coal pillar is the place with the largest stress on the top of the
whole coal pillar, and the maximum stress is approximately 4 MPa. Taking this as the center,
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Figure 2. The z-direction stress distribution of the coal pillar top surface in different mining stages
(completion of faces, A-D)

the absolute value of the stress decreases in an elliptical wave to the right until the stress value
at the right boundary of the coal pillar reaches 1.5 MPa, and the stress direction is downward.

When the mining face D is completed, the maximum stress is 7.5 MPa on the left
side of the top of coal pillar along the strike of 200-300 m. It decreases to the right and reach-
es approximately 5 MPa at the right boundary of coal pillar, and the stress on the top of the
coal pillar increases to more than 4.5 MPa at 200-300 m along the strike. The stress on the top
of the coal pillar decreases from the middle to both sides along the strike.

The z-displacement distribution at the top surface of
coal pillar in different mining stages

Figure 3 shows the z-displacement distribution map of the top surface of the coal pillar.

When the mining face A is completed, the top surface of the coal pillar drops slight-
ly compared with the original state, and the subsidence is approximately 0.125-0.2 m. The
subsidence on the left side of the coal pillar is less than that on the right side. The subsidence
on both ends of the coal pillar along the strike is greater than that in the middle. At this time,
the coal pillar is in the elastic compaction stage.

When the mining face B is completed, the z-direction displacement of the coal pillar
top is still small, between 0.28 and 0.43 m, and the z-direction displacement of top of the coal
pillar shows the characteristics of large subsidence on both sides and small subsidence in the
middle.

When the mining face C is completed, the z-direction displacement of the top sur-
face of the coal pillar in the upper coal seam changes greatly due to the mining of working
face C. 1) In the middle of the coal pillar, the entire coal pillar sinks approximately 3.6 m
along the strike of 150-350 m, and the sinking area accounts for nearly 2/3 of the top slice of
the whole coal pillar.
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Figure 3. The z-direction displacement distribution on top of coal pillars in different mining stages
(completion of face A-D)

After the completion of the mining face D, the z-direction displacement of the top of
the coal pillar basically shows the same trend as the previous mining stages, with a large
amount of decline along the middle of the strike and a small amount of decline on both sides.
The z-direction displacement of the coal pillar bottom basically shows the same trend as the
previous mining stages, with a large decline in the middle and a small decline on both sides
along the strike. The mining face D is a stress concentration process for the coal pillar.

Breaking mechanism of coal pillar along strike

Therefore, in this paper, the authors analyze the instability mechanism of the coal
pillar under the special conditions of repeated mining and staggered arrangement of coal pil-
lars in shallow and short-distance coal seams.

It can be seen from figs. 4 and 5 that with the continuous mining of the face C, as
there is no key layer between the upper and lower coal seams, when the working face advanc-
es along the strike for a certain distance, the overburden rock continues to collapse towards
the goaf of face C. When the hanging length of the coal pillar in upper coal seam exceeds a
certain distance, the coal pillar will break along the strike, thus forming an articulated blocks
G and H. At this time, it is not the excessive load that causes the collapse and instability of the
coal pillar, but the rock under the coal pillar is affected by the mining of the lower coal seam,
leading to the fracture and instability of the coal pillar along the strike.

According to the above analysis, the masonry beam theory is used to analyze the
coal pillar broken along the strike. At the moment when the coal pillar starts to break, the me-
chanical model shown in fig. 6 is established for the key block G. Among them, Fg is the sup-
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Fulerum T Advancing direction
Figure 4. Section of the coal pillar Figure 5. Fracture and instability diagram
along the trend at the stage of C recovery of coal pillar along strike

porting force of the coal pillar floor bedrock to coal pillar fracture block G. According to the
moment balance relationship, it can be solved:

1 1

Fs :E(RH +qugJ Q)
where lg is the length of the broken coal body
‘ 4 I l { ‘ G, Ry — the shear stress of the hinge between
the broken coal bodies G and H, q — the load on
T G -L  the coal pillar, ky — the coefficient, kp = lu/lg,
RA’ Fg rRr  and I, — the strike distance of the supporting
b force Fg relative to the broken coal body

Iy | boundary T.
| According to the theoretical calculation

model of the block structure of voussoir beam
[15-17] with overburden broken, we obtain:

_ 4h -3l sina
2(2h, —sing)

Figure 6. Mechanical model of broken coal G
column

)

H

where |y is the length of the broken coal pillar, h; — the width of the broken coal pillar, and a —
the rotation angle of the broken coal rock mass H. Therefore, eq. (2) can be expressed:

Iy (18-3l sina 1
Fp=-2| — 12" ql +=ql 3
® Ib[18—2llsinaql 29 ®)

Then, the expression of |1 is obtained:

_ 2ksina +18q + \/4k2 sin® o +3420° —114ksin«
69sin &

I (4)
In this paper, calculated by eq. (4), the ultimate breaking length, 11, of the coal pillar
along the strike is 54.75 m under simulated working conditions. Combined with the stress
displacement distribution map of the coal pillar after the completion of the face C, it can be
seen that the position 40-60 m away from the two ends of the coal pillar along the strike is the
place where the stress increases sharply and the z-direction displacement increases abruptly.
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Combined with the z-direction displacement of coal pillar in different stages of min-
ing, it can be well explained that when the coal pillar is staggered outside, mining the adjacent
coal seam below will make the upper coal pillar sink step by step, which will lead to the rela-
tive cutting of coal pillar along the strike.

Discussion and conclusions

This paper uses numerical simulation software to simulate the repeated mining pro-
cess of shallow buried and close-seam groups. Hinted by recent publications by Zuo and Liu
[18, 19], we thought that the fractal calculus and fractional calculus are the future frontiers
[20-25] might be an effective tool to the treatment of the fracture property. The pillar's stress-
strain relationship can be obtained by the dimensional analysis as those in [26, 27]. The pil-
lar’s reliability can be studied using the polynomial chaos expansion method [28].

The conclusions are as follows.

e In the process of repeated mining of the close coal seam group, the mining of the lower
adjacent layer is a pressure relief process for the upper coal pillar. The main reason for
the instability of the upper coal pillar is the different distribution of the stress caused by
the mining of the lower coal seam.

e The numerical simulation and data analysis show the fracturing mode of the coal pillar
along the strike in the upper coal seam vividly. The "masonry beam" is used to calculate
the ultimate fracture length of the coal pillar along the strike under this working condi-
tion, which is consistent with the numerical simulation results.
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