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Abstract

To design underside protective seam strip layout. Similarity model experiments, numerical
simulations and theoretical calculations are used to quantitatively study the pressure relief
protection effect of different strip widths, dip angles and coal pillar widths of a thin underside
protective seam under deeply buried conditions. The optimal strip width range is obtained
according to the change law of strain during the mining process of the underside protective
seam in a similar model experiment. The change law of the expansion of the protected coal
seam is obtained and the fitting surfaces among the dip angle and strip width of the coal
seam with the protection distance and pressure relief angle along the strike and dip of the
protected coal seam are established according to the numerical simulation results of under-
side protective seam mining. It is concluded that the best pressure relief effect can be
achieved when the dip angle is 16.7° and the strip width is 70 m. According to the stability
threshold of coal pillars considered in strip mining theory, the coal pillar width is calculated to
be 50 m. Similarity model experiments and numerical simulations of protected coal seam
mining verify the pressure relief effect of the designed protective seam strip width and pillar
width. A calculation method of the protective seam strip width, position and pillar width
required by the specific width of the protected seam is proposed.

Introduction

The mine studied here is a coal and gas outburst mine, with a thin, deeply buried #4 coal seam,
a complex geological structure including many faults, and poor economic benefits. Therefore,
strip mining of the #4 coal seam as an underside protective layer not only solves the problem
of the difficult mining of the #4 coal seam but also protects the #2 coal seam to a certain.
Because coal is an important energy source [1-8], research on the safety of coal production
has become more detailed [9-15]. The development law of mining fractures of overlying strata
and the traditional “three zones” theory is the basis for the research of first mining the under-
side coal seam mining to protect the coal group [16-20]. The key stratum theory is the main-
stream theory for studying overlying rock layers [21-26]. Liang et al. [27] demonstrated that
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the first subordinate key stratum has six types of movement. Gao et al. [28] showed that the
first fracture occurrence of the key stratum increases the displacement and stress and that the
second fracture partially releases the stress. Sampath et al. [29] and Xie and Xu [30] studied the
abutment pressure during coal mining based on the key stratum theory.

Similarity model experiments and numerical simulations are common methods of studying
the “three zones” failure mode and related fractures in strata overlying shallow thick coal
seams [31-35]. Ghabraie et al. [36] concluded panel configurations of two seams through vari-
ous sand-plaster similarity model experiments, which have a significant impact on multiseam
subsidence development. Wang et al. [37] obtained the height of an air conducting fracture
zone through similarity model experiments and numerical simulation. He et al. [38] concluded
that the movement boundaries of bedrock and unconsolidated strata are located away from
the coal mining boundary based on the method of similarity model experiments and numeri-
cal simulation. Kang et al. [39] used similarity model experiments to research roof collapse
during longwall coal retreat mining. Le et al. [40] studied longwall top coal caving behavior
through discontinuous modeling. Yang et al. [41] studied the failure law of the overlying rock
layer of a coal seam and the height of the "three zones" based on similarity model experiments.
In three-dimensional similarity model experiments, the deformation law of overburden caused
by continuous coal seam mining was studied [42]. Pan et al. [43] studied the caving interval of
the hard roof during the mining of the lower coal seam based on similarity model experiments
under conditions of premining and non-premining the upper coal seam. Zhou et al. [44] con-
cluded that fracturing undergoes two development cycles (and two peaks) based on the
method of theoretical analysis and similarity model experiments.

Protective seam mining in outburst mines is an effective means of eliminating the outburst
risk of the coal seam. Li et al. [45] used a numerical simulation method to study the surface settle-
ment during strip mining with different coal pillar widths. Through similarity model experiments
and numerical simulations, Gao et al. [46] studied the change law of overburden stress after pro-
tective layer mining. Dong et al. [47] studied coal and gas outburst control by protective coal seam
mining based on numerical simulation and related theories. Zhang et al. [48] studied the stress
zoning of the upper and underside protected coal seam after protective seam mining through
FLAC3D numerical simulation. Tu et al. [49] studied the stress evolution and deformation of the
protected coal seam caused by remote upper protective seam mining based on FLAC3D numeri-
cal simulation. Jia et al. [50] studied the permeability distribution of the protected coal seam
caused by protective coal seam mining through numerical simulation. Fang et al. [51] studied the
pressure relief protection effect of upper protective seam mining with different coal seam dips
through similarity model experiments. Zhang [52] studied the distribution law of floor stress dur-
ing upper protective seam mining through theoretical calculations and numerical simulations.

Compared with experiments, numerical simulation research has the advantages of saving
time and effort. The research adopts multiple numerical simulations and one experimental
comparison to ensure the efficiency and accuracy of the research. The quantitative relationship
between the dip angle, strip width and pillar width of the #4 thin coal seam that is deeply bur-
ied and the protection distance and pressure relief angle of the strike and dip of the protected
#2 coal seam is established. The research has reference significance for the engineering design
of the protective seam strip layout.

Similarity model experiment

The average thickness of the main #2 coal seam is 5 m. The average thickness of the #4 coal
seam is 1.3 m, the consistent coefficient of the coal seam is 0.54, and the average burial depth is
600 m. There are two surface boreholes in the mining face, and the lithology and thickness of
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Table 1. Overburden parameters.

No. Rock stratum H;/m h;/m P,,/MPa P,;/MPa No. ratio
19 Siltstone 120 26 90 0.56 337
18 Fine sandstone 94 10 110 0.69 328
17 Medium sandstone 84 10 130 0.81 319
16 Siltstone 74 7 90 0.56 337
15 Mudstone 67 3 40 0.25 519
14 Medium sandstone 64 11 130 0.81 319
13 Siltstone 53 8 90 0.56 337
12 #2 coal 45 5 10 0.06 773
11 Fine sandstone 40 4 110 0.69 328
10 Siltstone 36 6 90 0.56 337
9 Siltstone 30 7 90 0.56 337
8 Sandy mudstone 23 2 50 0.31 428
7 Fine sandstone 21 1 110 0.69 328
6 Siltstone 20 4.5 90 0.56 337
5 #3 coal 15.5 0.5 10 0.06 773
4 Siltstone 15 4 90 0.56 337
3 Fine sandstone 11 1 110 0.69 328
2 Sandy mudstone 10 2 50 0.31 428

1 Limestone 8 3 70 0.44 419
0 #4 coal 5 1.3 10 0.06 773
-1 Fine sandstone 3.7 3.7 110 0.69 328

Note: H;—total thickness at the i-th layer; h,—thickness of layer i; P,,—prototype compressive strength of layer i; P,,—model compressive strength of layer i.

https://doi.org/10.1371/journal.pone.0246199.t001

the overburden rock at the working face can be obtained by the comprehensive stratigraphic
column of the mine. The overburden rock parameters of the mining face are shown in Table 1.

According to the theory of mine pressure control [53-55], the maximum heights of the cav-
ing zone and the fractured zone are calculated by Eq (1) and Eq (2) when the overburden is
hard [56, 57].

100M
=——— 495 (1)
¢ T 21IM+ 16
100M
=— 489 2
fF719M +2 2)

where H. is the height of the caving zone, m; M is the mining height of the coal seam, 5 m, and
His the height of the fractured zone, m.

The coal seam #2 overburden is mainly composed of hard rock, therefore, the height of the
caving zone and the fractured zones are 16.37~21.37 m and 53.6~71.4 m, respectively. The cal-
culation here does not consider protective seam mining.

Model establishment

The similarity model experiment is based on the two-dimensional test bed of the laboratory of
China University of Mining and Technology (Beijing). The length, width and height of the test
bed are 1800 mm, 160 mm and 1200 mm, respectively. According to the similarity principle
[58], the geometric similarity ratio between the entity and the model is set as 100, the time
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Fig 1. Experimental model.

https://doi.org/10.1371/journal.pone.0246199.g001

similarity ratio is set as 10, the gravity similarity ratio is set as 1.6, and the stress similarity ratio
is set as 160. The compressive strength of each layer is shown in Table 1. The No. ratio of simi-
lar materials corresponding to the compressive strength of rocks can be obtained according to
the similarity ratio [59], as shown in Table 1.

The similar materials were sand, lime, gypsum, and water, and the model materials were
proportioned according to the similarity ratio. Mica slices were placed between adjacent layers
to simulate stratification. The physical model was constructed layer by layer with a thickness of
approximately 10 mm and a total thickness of 1.2 m. The remainder of the height is only simu-
lated to the surface with a counterweight. The completed physical model was allowed to dry
naturally. The physical model after removing the mold is shown in Fig 1.

In the model, the resistance strain gauges were arranged 10 cm above the #2 and #4 coal
seam roofs, and a total of 34 strain observation points were arranged at a horizontal interval of
10 cm. The resistance strain gauges buried in the experimental model were connected to a lap-
top through a DH3816 static strain test system, and the strain results were displayed on the lap-
top through supporting software.
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Fig 2. Overburden status at mining 130 cm.

https:/doi.org/10.1371/journal.pone.0246199.9002

#4 coal mining

In the model, the displacement, strain, fracture angle, interval of roof collapse, and height of
roof collapse development were recorded for each 5 cm of mining. The distance between both
ends of coal seam #4 and the boundary is 25 cm. The overburden status at the coal mining
depth of 130 cm corresponding to coal seam #4 is shown in Fig 2.

Because coal seam #4 is relatively thin, roof fracture of the coal seam is not obvious
during mining. With the mining of coal seam #4, the caving zone supports the overlying rock
mass, the coal roof collapses periodically, and the fracture angle of the overburden at the min-
ing side changes periodically. The mean fracture angle at the mining side is less than that of
the open-off cut side, and the fracture angle at the side of the open-off cut is approximately
60°. When the coal seam #4 is mined to a depth of 75 cm, the coal seam #2 exhibits obvious
separation cracks, and when the coal seam #4 is mined to a depth of 130 cm, the coal seam #2
curve subsides, indicating that the coal seam #4 has a depressurization effect on the coal seam
#2.
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Fig 3. Relationship between the strain and mining distance. (A) Strain at points above coal seam #4. (B) Distribution of strain at points above coal seam #4. (C) Strain

at points above coal seam #2. (D) Distribution of strain at points above coal seam #2.

https://doi.org/10.1371/journal.pone.0246199.9003

Every 5 cm of mining, before continuing, the value at every strain point was measured and
recorded. The change in strain value at each point with mining distance and the strain distri-
bution at each point at different mining distances are shown in Fig 3.

After mining, the strain at each strain monitoring point increased slightly, then increased
rapidly, and finally tended to be stable. Due to the periodic fall of the roof of the coal seam #4,
there is a small periodic fluctuation in the strain above the coal seam #4. The strain value
above the coal seam #2 is less affected by periodic collapse.

When the coal seam #4 is at a mining depth of 30 cm, the strain at 10 cm above the coal
seam #4 begins to change significantly; when the mining depth ranges from 30 cm to 45 cm,
the maximum strain change is observed; when the mining depth is greater than 55 cm, the rate
of increase in the strain is very low. It can be concluded that when the shortest strip width of
the coal seam #4 is greater than 55 cm, the pressure relief effect of the coal seam #4 can be

achieved.

When the coal seam #4 is at a mining depth of 70 cm, the most obvious change in strain
occurs at 10 cm above the coal seam #2; when the mining depth range from 70 cm to 90 cm,
the strain change is the largest; when the mining depth is greater than 90 cm, the rate of
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increase in the strain is very low. The shortest strip width of the coal seam #4 that relieves the
pressure of the coal seam #2 is less than 90 cm.

The similarity model experiment of coal seam #4 mining shows that the optimal range of
the strip width of the coal seam #4 is 55~90 m due to the model similarity ratio of 100.

Coal seam #2 mining

The distances between the open-off cut side and the mining side of coal seam #2 and the
boundary are 40 cm and 30 cm, respectively. The overburden status of the coal seam #2 at a
mining distance of 110 cm is shown in Fig 4.

After the coal seam #4 is mined, during the coal seam #2 mining, the interval of roof break-
ing is small, and the cracks in the overlying strata are fully developed. The height of the caving
zone of the coal seam #2 is approximately 30 m due to the model similarity ratio of 100, which
is greater than the theoretical calculation value. It is concluded that the coal seam #4 protective
layer provides a pressure relief effect.

Pressure relief protection effect of different strip models
Numerical model

Based on FLAC3D numerical simulation software, a mechanical model of the coal mining face
is established. The model mainly studies the pressure relief protection effect during strip pro-
tective seam mining, and the Mohr Coulomb constitutive model is used to establish this
mechanical model. According to the geological conditions of the working face, the dip (y-axis
direction), strike (x-axis direction) and height (z-axis direction) of the model are 200 m, 500 m
and 250 m, respectively. According to the burial depth of the coal seam and the gravity of the
overburden, the vertical stress is 15 MPa and the horizontal stress is 12 MPa. The monitoring
points are set to monitor the changes in the stress and displacement of the overlying strata dur-
ing mining. The physical and mechanical parameters of the strata in the model are shown in
Table 2.

A preliminary grid model is established and can be solved to generate the initial ground
stress field. After the superimposed force is applied to the model, the use of empty cell excava-
tion is used to simulate the coal seam mining face. The model is divided into 26 adjacent layers
with different lithologies. The strike of the strip is mined from x = 100 m to x = 400 m. Each
time the model unit is mined 20 m, the unbalanced force ratio is set to le-5, and 15 excavation
steps are used.

Models with the same parameters and different dip angles are established, and different
strip widths are mined from the coal seam #4 in each model. When the dip angle is 30°, the
horizontal strip widths are 30 m, 40 m, 50 m, 60 m, 70 m, and 80 m; when the dip angle is 20°,
the horizontal strip widths are 35 m, 45 m, 55 m, 65 m, 75 m, and 85 m; when the dip angle is
10°, the horizontal strip widths are 40 m, 50 m, 60 m, 70 m, 80 m, 90 m; when the dip angle is
0°, the strip widths are 40 m, 50 m, 60 m, 70 m, 80 m, and 90 m; thus, there are a total of 24
mining models. When the coal seam dip is 10°, the numerical model state and the initial bal-
ance state of the vertical stress are shown in Fig 5.

The dip protection effect produced by the dip angle and strip width

When studying the pressure relief protection effect of the underlying coal seam mining on the
overlying coal seam, the expansion rate of the protected seam is an important index for evalu-
ating the protection effect. The increase in the expansion rate has a great impact on enhancing
the permeability of the overlying coal and rock seam. According to the "Detailed rules for
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Fig 4. Overburden status of the coal seam #2 at a mining distance of 110 cm. (A) Overburden status. (B) Overburden status after binarization.

https://doi.org/10.1371/journal.pone.0246199.g004
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Table 2. Model parameters.

Lithology Cohesion (MPa) Shear modulus (GPa) Bulk modulus (GPa) Density (kg/m3) Tensile strength (MPa) friction angle (°)
Siltstone 2.3 1.009 2.02 2590 0.86 33
Fine sandstone 2.6 1.522 2914 2670 0.93 34
Medium sandstone 32 1.84 3.843 2610 0.97 38
Limestone 4.1 2.6 52 2650 1.08 40
Mudstone 3.51 1.26 1.612 2400 0.8 34
Sandy mudstone 2.1 1.26 1.612 2500 0.6 36
Coal 2 0.368 1.189 1400 0.03 34

https://doi.org/10.1371/journal.pone.0246199.t002

prevention of coal and gas outburst”, the maximum expansion rate of the protected layer is
3%o and serves as a critical index at which to measure the protective effect of the protective
layer. The average thickness of the coal seam #2 is 5 m, and the swelling capacity of 3% is
0.015 m. To quantitatively analyze the pressure relief effect of coal seam #4 mining on the coal
seam #2, 71 displacement monitoring points are arranged at equal intervals on the #2 coal roof
and floor along the dip. Based on the displacement of coal seam #2, when the dip angles are
30°,20°, 10°, and 0°, the swelling capacity distributions of coal seam #2 in the dip are shown in
Fig 6 for different strip widths.

When the dip angle is the same, the swelling capacity of the coal seam #2 increases with
increasing strip width, and the rate of increase in the speed decreases; in the dip direction,
both ends of the coal seam #2 are in a compressed state, and the lower part of the coal seam #2
undergoes a larger compression. It could be concluded that the larger the strip width is, the
better the pressure relief effect.

According to the distribution of the swelling capacity of coal seam #2 in the dip direction, the
pressure relief protection parameters under the 24 sets of model test conditions can be obtained
(as shown by the red balls in Fig 8). When the dip angle is 30° and the horizontal strip width is 30
m, a schematic diagram of the pressure relief protection effect is shown in Fig 7.

0 and y are independent variables, and Z, I'; and I'; are the dependent variables. Using Ori-
gin, the Parabola2D fit is selected for the fitting process; the fitting equations are shown in Eqs
(3), (4) and (5), respectively, and the fitting diagrams are shown in Fig 8.

Z = —21.6191 + 0.51160 + 1.0464y — 0.01530> — 0.0003y” R2=0.9990  (3)
I, = 74.4003 + 0.91780 — 0.0222y — 0.01206° — 0.0003y” R2=09939  (4)
T, = 71.4673 — 0.06160 — 0.0833y — 0.01480° — 0.0006y” R =09851  (5)

In Eqgs (3), (4) and (5), 0 ranges from 0~30, y is ranges from 30~90, and the correlation coef-
ficient (R?) is greater than 0.98.

Z is affected more by y than by 6, and Z has an approximately linear relationship with y. Z is
less affected by 8, and Z reaches its maximum value at 8 = 16.7°; Z has a parabolic function
relationship with the 6. I'y is mainly affected by 6, I'} increases with increasing 8, and the rate
of increase gradually decreases. The change in I’ is relatively small and is mainly affected by 6.
I, decreases with increasing 0, and the rate of decrease gradually increases. It is concluded that
the dip angle of the coal seam with the best pressure relief effect is 16.7°.

Under the condition of a known coal seam dip, according to fitting Eq (3), the strip width
required by the seam pressure relief protection in the dip direction can be obtained. From the
obtained strip width, the pressure relief angle can be obtained according to fitting Eqs (4) and
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Fig 6. Distribution of swelling capacity of coal seam #2 in the dip direction. (A) The dip angle is 30°. (B) The dip angle is 20°. (C) The dip angle is 10°. (D) The dip
angleis 0°.

https://doi.org/10.1371/journal.pone.0246199.9006

(5), that is, the strip position corresponding to the protected seam can be inverted in the dip

direction.

The strike protection effect produced by the dip angle and strip width

Seventy-two displacement monitoring points are arranged equidistantly on the #2 coal roof
and floor in the strike direction. Based on the displacement of coal seam #2, when the dip
angles are 30, 20°, 10°, and 0°, the swelling capacity distributions for the different strip widths
of coal seam #2 in the strike direction are shown in Fig 9.

When the dip angle is the same, the swelling capacity of coal seam #2 increases with increas-
ing strip width, and the rate of increase in the speed decreases; in the strike direction, the
expansion of coal seam #2 at the open-off cut side is greater than that at the mining side.

According to the distribution of the swelling capacity of coal seam #2 in the strike direction,
the pressure relief protection parameters under the 24 conditions of the model can be obtained
(as shown by the red balls in Fig 10), where L is the pressure relief protection length in the
strike, m; @, is the pressure relief angle at the open-off cut side, °; and @, is the pressure relief

angle at the mining side, °.

PLOS ONE | https://doi.org/10.1371/journal.pone.0246199 January 28, 2021

11/23


https://doi.org/10.1371/journal.pone.0246199.g006
https://doi.org/10.1371/journal.pone.0246199

PLOS ONE The pressure relief protection effect of an underside protective seam

No. 2 coal

7Z=11.3758 m

No. 4 coal

y=30 m

|~cll} P

Fig 7. Schematic diagram of the pressure relief protection effect. Note: 0—dip angle, °; y—horizontal strip width, m; Z—
horizontal pressure relief protection width, m; I';,—pressure relief angle in the upper part, °; I',—pressure relief angle in the lower

part, .
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 and y are independent variables, and L, @, and @, are dependent variables. Using Origin,
the Parabola2D fit is selected for the fitting process; the fitting equations are shown in Eqs (6),
(7) and (8), respectively, and the fitting diagrams are shown in Fig 10.

L = 127.9028 — 0.34420 + 4.0420y + 0.00550° — 0.0270y> R2=09327  (6)
®, = —5.2632 — 0.13180 + 2.0725y + 0.00266° — 0.0133y> R*=09666  (7)
®, = —10.175 — 0.21240 + 2.0715y + 0.00266° — 0.0136y> R*=09595 (8)

L, ®; and @, are mainly affected by y; they increase with increasing y, and the increasing
speed gradually decreases. When y = 70 m, L, ®; and @, tend to be constant. L, ®; and @, are
slightly affected by 6, and they decrease with increasing 8. Under the same conditions, ®;>®,,
and the pressure relief angle at the open-off cut side (®,) quickly increases to 70° and then sta-
bilizes. As thin coal seams are not easy to mine, the strip width should be as small as possible.
According to the simulation results, the optimal strip width is 70 m.
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Fig 8. Fitted surfaces. Note: the red balls are the actual values. (A) Horizontal pressure relief protection width. (B)
Pressure relief angle in the upper part. (C) Pressure relief angle in the lower part.

https://doi.org/10.1371/journal.pone.0246199.9008
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https://doi.org/10.1371/journal.pone.0246199.9009

Under the condition of a known coal seam dip, according to fitting Eq (6), the strip width
required by the seam pressure relief protection in the strike direction can be obtained. From
the obtained strip width, the pressure relief angle can be obtained according to fitting Eqs (7)
and (8), that is, the strip position corresponding to the protected seam can be inverted in the
strike direction.

The optimal strip width obtained by the numerical simulations is within the range of simi-
larity model experiment results. The law that the pressure relief angle at the open-off cut side is
greater than the pressure relief angle at the mining side obtained by the numerical simulations
is consistent with the law of the breaking angle at both sides obtained by the similarity model
experiment. The pressure relief angle at the open-off cut side obtained by the numerical simu-
lation is 70°, which is greater than the break angle at the open-off cut side obtained by the sim-
ilarity model experiment, which is 60°. This is because the pressure relief range is greater than
the breaking range, and the numerical model is established under ideal conditions. The results
of the similarity model experiment verify the results of the numerical simulations.
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Fig 10. Fitted surfaces. Note: the red balls are the actual values. (A) Pressure relief protection length along strike. (B)
Pressure relief angle at the open-off cut side. (C) Pressure relief angle at the mining side.

https://doi.org/10.1371/journal.pone.0246199.9010

Coal seam #2 mining after the double strip mining in the underside
protective seam

The stability of coal pillar during strip mining

Scholars have previously evaluated the stability of coal pillars in strip mining [60-64]. The cal-
culation of the width of the yield zone of the coal pillar is an important part of the stability
analysis of the coal pillar. The corresponding empirical formula is as follows [65, 66]:

W = 0.00492mH (9)

where W is the width of the yield zone, m, m is the mining height, m, and H is the burial
depth, m.

To ensure the long-term stability of a coal pillar, if the coal seam is weak, the ratio should be
larger than 0.65 [67, 68]. If the safety factor is larger than 1.6, it can ensure the long-term stabil-
ity of the coal pillars [69, 70]. The calculation methods of the ratio and the safety factor are
shown in Eq (10) and Eq (11) respectively [71, 72].

_P-2W

r 10
p
p
F=-* 11
= (11)

a

where r is the ratio; (P-2W) is the pillar core width; P is the pillar width, m; F is the safety fac-
tor; P, is the ultimate coal pillar load; and P, is the actual coal pillar load.
The expressions of P, and P, are shown in Eq (12) and Eq (13) [66].

P, =4yH(P — W) (12)

T IS () @

where y is the average volume weight of the overlying strata, kN/m’, and Y is the mining strip
width, m.

To ensure the safety of the coal pillar, the maximum burial depth (600 m) and mining
height (1.3 m) are used to calculate the yield zone width according to Eq (9). The yield zone
width is approximately 3.84 m. The strength of the coal seam #4 is weak; thus, the ratio (r)
should be larger than 0.65, according to Eq (10), and the coal pillar width should be larger than
21.94 m.

When the strip width (Y) is 70 m, to maintain a safety factor (F) greater than 1.6, according
to Eq (11), the pillar width (P) needs to be greater than 48.53 m; thus, Y = 70 m, and P = 50 m.
According to Eq (10) and Eq (11), r = 0.85 and F = 1.63, which can ensure the long-term stabil-
ity of a coal pillar. A method for calculating the coal pillar width based on the strip width is
proposed.

The double-strip numerical model

The dip (y-axis direction), strike (x-axis direction), height (z-axis direction) and dip angle of
the model are 200 m, 500 m, 250 m, and 0°, respectively. The remaining parameters of the
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numerical model remain unchanged. The coal seam #2 is mined in a working face layout
with a double-strip width of 70 m and a coal pillar width of 50 m, and then the coal seam
#2 is mined with a width of 175 m. A row of stress and displacement monitoring points are
set at the central position along with the dip at intervals of 5 m, high on the roof of the coal
seam #2, and the highest point is 85 m from the roof of the coal seam #2. The vertical stress
distribution of the coal seam #2 overburden in the dip direction and the vertical stress dis-
tribution at the center point in the vertical direction after the mining 300 m are shown in
Fig 11.

After the coal seam #2 is mined, the vertical stress in the goaf is reduced to a pressure relief
zone, the minimum stress is reduced to 0 MPa, and the coal walls at both sides show stress con-
centration. Affected by the strip mining of the coal seam#4, the stress concentration on the left
side is greater than that on the right side after coal seam mining #2. This is because the coal
seam #4 corresponding to the left side of the underside protective layer is the first mining strip,
and the pressure relief is greater there.

Along the height of the roof of the coal seam #2, the vertical stress at the center of the goaf
begins to increase when the distance from the roof is 25 m, and the maximum vertical stress
difference at the center of the goaf is 60 m from the roof. It can be inferred that the heights of
the caving zone and the fractured zone are 25 m and 60 m, respectively.

The vertical displacement distribution of the overburden of the coal seam #2 in the dip
direction and the vertical displacement distribution at the center point in the vertical direction
are shown in Fig 12.

The vertical displacement change law is the same as the vertical stress change law. Along
with the height of the roof of coal seam #2, when the distance from the roof is 20~25 m, the
vertical displacement gradient of the goaf center point is the largest, and when the distance
from the roof is 60 m, the rate of increase in the vertical displacement of the goaf center point
decreases. It can be inferred that the heights of the caving zone and the fractured zone are 25
m and 60 m, respectively.

The height of the caving zone obtained by numerical simulation of the coal seam #2 overly-
ing strata is greater than that of the theoretical calculation. The height of the fracture zone
obtained by numerical simulation is consistent with that of the theoretical calculation. The
underside protective seam mining increased the development height of the caving zone of the
protected seam, indicating that the double-strip mining of coal seam #4 had a pressure relief
protection effect on coal seam #2. The rationality of the designed protective seam strip width
and coal pillar width is verified.

Conclusions

1) Through the changes in strain during underside protective coal seam #4 mining at a
similarity model experiment, it was concluded that the optimal range of the strip width of
the coal seam #4 is 55~90 m. The coal seam #2 mining verified the pressure relief protection
effect.

2) Through the numerical simulation of protective seam mining under different dip angles
and strip widths, it is concluded that Z is greatly affected by y, Z has an approximately linear
relationship with y, and Z reaches its maximum value at 6 = 16.7°; I'; and I, are mainly
affected by 0. L, @, and @, are mainly affected by y, they increase with increasing y, and the
rate of increase speed gradually decreases. The dip angle of the coal seam for the best pressure
relief effect is 16.7°, and the corresponding strip width is 70 m. According to the fitting equa-
tion, the strip width and the strip position corresponding to the protected seam required for
the protected seam width in the dip and strike can be obtained by inversion.
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Fig 11. Distribution of vertical stress of the overlying rock of coal seam #2. (A) The dip direction. (B) The dip
direction. (C) The vertical direction.
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3) The results of the similarity model experiment verify the results of numerical simula-
tions. The optimal strip width obtained by the numerical simulations is within the range of
similarity model experiment results. The results of the numerical simulations suggest that the
pressure relief angle at the open-off cut side is greater than the pressure relief angle at the min-
ing side, consistent with the law of the breaking angle at both sides obtained by the similarity
model experiment.

4) A method for calculating the coal pillar width based on the strip width is proposed.
According to the related theory of the stability of coal pillars in strip mining, a strip width of
70 m and pillar width of 50 m can ensure the long-term stability of a coal pillar.

5) According to the laws of the vertical stress and vertical displacement of the overlying
strata based on double-strip numerical simulation, it is concluded that the height of the caving
zone is 25 m greater than that of the theoretical calculation and that the height of the fracture
zone is 60 m, consistent with the results of the theoretical calculation. The underside protective
seam mining increased the development height of the caving zone of the protected seam and
verified the pressure relief protection effect of the designed protective seam strip width and pil-
lar width.
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