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Abstract

In mining closely spaced coal seams, the roadway arrangement for gas drainage in lower coal seams is always a concern.
This paper uses mechanical model calculations and numerical simulation postprocessing methods to study the stress devia-
tor distribution characteristics of the surrounding rock in the gob under various conditions. By calculating the distribution
of the stress deviator, a reasonable location for the gas drainage roadway in engineering construction is determined, and the
rationality of the roadway location selection is verified by the changes in the stress deviator in the surrounding rock during
the mining of the lower coal seam. The research includes the following main results. (1) The theoretical formulas for vertical,
horizontal, shear and stress deviator under a single gob of an inclined coal seam are derived through the semi-infinite body
solution, and the stress deviator distributions in the roof and floor of the coal seam below the gob are calculated. The main
factors affecting the distribution of stress deviator are determined by the following parameters: coal seam depth H, horizontal
lateral pressure coefficient A and coal seam inclination 6. (2) Through FLAC3D model calculation and postprocessing, the
stress deviator distributions under different conditions are obtained, and the influences of various factors on the stress deviator
distribution below a gob are analyzed. (3) Using the calculated theoretical results for the stress deviator and the distribution
of the stress deviator obtained by the numerical method, the position of the gas drainage roadway during the mining of the
upper coal seam is preliminarily selected; using numerical simulation of mining the lower coal seam, the stress deviator
distributions in the surrounding rock during the mining of the lower coal are obtained, thus verifying the scientific basis and
rationality of the gas drainage roadway layout.
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Introduction

Closely spaced coal seams (Yang et al. 2019; Cheng et al.
2020) are coal seams that interact with each other during
mining process due to the short distance between the seams.
China is rich in coal resources, and the reserves of close
coal seams (Ma et al. 2015) account for a large proportion
of coal seams. Unlike single coal seam mining, the mining
of closely spaced coal seams is a complicated space prob-
lem involving the stability of the lower coal seam mining
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roadway. This is mainly because, on the one hand, the caved
gangue and residual coal pillars after the upper coal seam is
mined cause uneven stress in the floor, and the stress concen-
tration near the edge of a coal pillar is obvious. On the other
hand, the rock surrounding the lower coal seam is affected
by upper mining, which causes different degrees of damage
and destruction, thereby resulting in the plastic failure of
the surrounding rock, the development of cracks, and poor
integrity. In response to this problem, many scholars around
the world have conducted research by means of theoretical
derivations (Das et al. 2019), numerical simulations (Torafio
et al. 2002; Shang et al. 2019; Shabanimashcool and Li
2012) and field measurements.

The main factors affecting the stability of the roadway
include the stress state in the surrounding rock, the strength
of the surrounding rock and the support form of the roadway.
To explore the stress state and strength of the surrounding
rock during the mining of closely spaced coal seams, Zhang
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et al. (2014) used a mechanical model established by the
infinitesimal strain method to study the reasons for the fail-
ure and instability of the surrounding rock. Suchowerska
et al. (2013, 2014) calculated the vertical and horizontal
stresses in the floor during longwall mining. Zhang et al.
(2018) studied the depth of damage to the surrounding rock
caused by coal mining. Bai et al. (2014) conducted numeri-
cal simulation analysis and investigations and observed
fragmentation of the rock surrounding the roadway under
the influence of mining. Tan et al. (2010) divided the floor
damage caused by coal seam mining into four failure zones.
Liu et al. (2016) used numerical simulation to study the
stress state in the rock surrounding the coal seam before
and after mining and proposed that the roadway of the lower
coal seam should avoid the area of stress concentration dur-
ing close coal seam mining. Yan et al. (2015) determined
the reasonable location of the roadway in the lower coal
seam through stress calculations and numerical calculations.
In addition, Xu et al. (2019), Jiang et al. (2015) and other
scholars (Wang et al. 2017, 2016) improved the stability of
the rock surrounding the roadway by optimizing the roadway
support method.

Research and analysis of the stress distribution in the
rock surrounding the lower coal seam show that avoiding
arranging roadways in high stress concentration areas is the
key to ensuring the stability of the lower coal roadways in
mining close coal seams (Li et al. 2016). However, most of
the existing research results take vertical stress as the main
research object and ignore factors, such as horizontal stress,
shear stress and strain energy density in the surrounding
rock. In elastic—plastic mechanics, the rock mass stress ten-
sor is divided into the spherical stress tensor and the stress
deviator tensor (Tian et al. 2020). The second invariant J,
of stress deviator (Li et al. 2020; Kroon and Faleskog 2013),
can represent the distortion energy density of the rock mass
and reflect the stability of the rock mass. Therefore, this

paper uses the second invariant J, of the stress deviator to
characterize the stress deviator and studies the distribution
characteristics of the stress deviator in the surrounding rock
under the influence of various factors; this approach has sig-
nificance for the mining of close coal seams under different
geological conditions.

Project summary

The Malan Mine is located in the central part of Shanxi
Province, China, and is a high-gas mine. The 10606 longwall
panel mined has a thickness of 2.1 m and a burial depth of
approximately 400 m, and belongs to the #02 coal seam.
The immediate roof and immediate floor are mudstone and
sandstone, respectively, and the coal seam has inclination
angles of 1-9°. The #2 coal seam is located 7 m below the
#02 coal seam and has a thickness of 2.2 m. The immediate
roof and immediate floor are silty mudstone and siltstone,
respectively. The lithologies of the roof and floor are shown
in Fig. 1.

The 10606 longwall panel is located in the #02 coal seam,
and mining will be completed. The excavation of a gas drain-
age roadway (Aguado and Nicieza 2007; Cao et al. 2001)
in the #2 coal seam below 10606 is planned; the gas in the
10606 gob, 10608 longwall panel and #2 coal seam will be
extracted, and the roadway will be used for later mining of
the #2 coal seam to achieve "one roadway with multiple
uses". The coal field is a high-gas coal field, and excava-
tions of many gas drainage roadways under many panels of
the #02 coal seam are planned. This paper takes the 10606
panel and 10608 gas drainage roadway as an example, and
the study of stress deviator is expected to provide a theoreti-
cal basis for laying out gas drainage roadways in this mining
area.

Fig. 1 Columnar section of the

rock strata Thickness/m |Lithology Strata Rock features
6.05 o E = Silty mudstone Dark gray, thickly layered
2.14 #02 Coal Black, lumpy, poor lithology
4.97 T Sandstone Off-white medium-fine sandstone,

T mainly quartz and feldspar

0.45 ——r #1 Coal Black, containing sandy mudstone
1.49 — Silty mudstone Dark gray, containing pyrite film
2.20 #2 Coal Black, semibright coal, blocky
1.89 _ Siltstone Gray, containing fossilized plant roots
0.49 S #3 Coal Black, semibright coal, blocky
5.00 p—— Silty mudstone Dark gray
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The layout of the 10606 and 10608 longwall panels is
shown in Fig. 2. Figure 2a shows the layout of the pan-
els in the horizontal plane and some geological structures
(such as faults and collapsed columns). Figure 2b shows
the relationship of the panels in the vertical plane. Due to
the long service life of the roadway and the tasks of both
gas drainage and later mining of the #2 coal seam, when
selecting the location of the roadway, not only the stress
environment of the rock mass but also the reasonable plan-
ning of the entire mining district must be considered.
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Fig. 3 Model for calculating the floor stress increment

Theoretical calculation of stress deviator

According to mine pressure theory, after a coal seam is
mined to form a gob, the overburden in the gob is dam-
aged and collapses. A large-scale vertical stress relief zone
appears under the gob, and a vertical stress concentration
area is formed near the edge of the coal pillar. As the dis-
tance between the rock mass and the gob increases, the verti-
cal stress gradually returns to the original rock stress. Due to
the redistribution of stress after the coal seam is excavated,
the second invariant J, of the stress deviator in the floor
changes significantly. In this section, the second invariant
J, formula of the stress deviator below the inclined gob is
obtained using the semi-infinite elastic body solution, and
the main factors affecting the stress deviator are analyzed.

Theoretical calculation of the floor stress
below the inclined gob

Many scholars (Sun et al. 2019; Zhu et al. 2017a, b) around
the world have performed much research on calculating floor
stress during the mining of close coal seams. Considering a
variety of conditions, this section theoretically derives the
floor stress after the inclined coal seam is mined.

According to the distribution of the lateral abutment
pressure (Brady and Brown 1993) on the longwall working
face, the lateral abutment pressure acting on the surrounding
rock can be approximated as a triangular distribution. The
surrounding rock mass in the gob is regarded as a semi-
infinite ideal elastic body (Suchowerska et al. 2013; Zhang
et al. 2018), and the abutment pressure increment caused
by mining is simplified to obtain the mechanical model of
the lateral abutment pressure increase of the gob, as shown
in Fig. 3a.

As shown in Fig. 3, a simplified mechanical calculation
model (Fig. 3b) is constructed with the direction parallel
to the floor as the x-axis and the direction perpendicular

(b) Simplified mechanical calculation model
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to the floor as the z-axis; the inclination angle of the coal
seam is @ (suitable for coal seams with small dip angles).
To facilitate the integration operation, the distribution
range of the stress increment is divided into three regions.
Area ©, whose length is denoted by /, is the region affected
by the additional stress under the gob; area @, whose
length is denoted by m, is the area between the coal side
and the peak lateral abutment pressure; and area ®, whose
length is denoted by n, is the range from the peak lateral
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Fig.4 Stress decomposition of a rock mass unit

In the formula, y is the volume weight of the overbur-
den, H is the depth of the coal seam, 4 is the horizontal
pressure coefficient, K is the maximum stress concentra-
tion factor, and 6 is the inclination angle of the coal seam.

Theoretical calculation of the stress deviator
below the gob

The stress tensor o;; of the rock mass can be decomposed
into two parts: the spherical stress tensor 6,6, and the
stress deviator s;;. The spherical stress tensor represents
the state of equal stress in all directions and generally
causes only elastic deformation, while the stress deviator
causes inelastic deformation of the rock mass, as shown
in Fig. 4:
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In elastic—plastic mechanics, the second invariant J, of the
stress deviator can effectively express the distortion energy
density and the stability of the rock mass and material. When
the deviation between the actual stress state and the aver-
age stress state is greater, the stress deviator is higher, and
yield failure is more likely to occur. Therefore, the second
invariant J, of the stress deviator is adopted in this paper

to represent the stress deviator in the rock surrounding the
stope to provide a basis for selecting the location of the gas
drainage roadway under the gob.

é [(6,—06,)" +(6,—0.)" + (0. — 6| + (T)?y + 1'37 +72)
®)
Simultaneous formulas (1), (2), (3), and (5) can be used
to obtain the stress deviator in the rock surrounding the gob.
The theoretical calculation results for the stress deviator in
the roof and floor of the lower coal seam (the #2 coal seam)
are shown in Fig. 15. The formulas illustrate that the signifi-
cant change in the stress state of the surrounding rock caused
by mining and other reasons is the fundamental cause of the
change in the stress deviator. According to the theoretical
formula, the main factors that affect the stress deviator in
the surrounding rock include the coal seam depth H, hori-
zontal pressure coefficient 4, and inclination angle @ of the
coal seam.

J2=

Stress deviator distribution characteristics

Based on the distribution of rock layers in the Malan Mine,
FLAC3D software is used to establish a numerical model
of the mining of closely spaced coal seams to study the dis-
tribution characteristics of the stress deviator in the rock
surrounding the gob under different coal seam depths,

I #2 Coal seam
Mudstone
#02 Coal seam
Sandstone

Sandy mudstone

Siltstone

Fine sandstone

Fig.5 Numerical model

Table 1 Mechanical parameters

Rock formation ~ Bulk modulus  Shear Density  Friction angle ~ Cohesion  Tensile
of the rock strata (GPa) modulus (kg m3) () (MPa) strength
(GPa) (MPa)
Sandy mudstone 3.8 2.6 2350 32 33 2.4
Fine sandstone 11.3 6.8 2500 34 3.1 2.7
Mudstone 3.6 2.1 2300 32 2.3 22
Sandstone 9.2 32 2400 32 2.6 23
Coal 1.3 1.1 1600 28 1.8 0.75
Siltstone 13.3 10.8 2600 35 4.9 2.9

@ Springer



602 Page6of18

Environmental Earth Sciences (2021) 80:602

horizontal lateral pressure coefficients, and coal seam
inclination angles. The influences of various conditions
on the distribution characteristics of the stress deviator are
analyzed.

Numerical model

The mechanical parameters of the strata are shown in
Table 1, the mechanical parameters of each rock layer in
the model are derived from mechanical experiments with
on-site rock samples. In addition, the numerical calculation
model is shown in Fig. 5, and the distribution of rock strata
in the model was based on the rock column chart in Fig. 1.

To obtain the rock parameters of each rock layer, we col-
lected data from the mine and conducted triaxial and tensile
tests on rock samples sampled on-site. The tensile strength
is obtained by conducting a tensile test. The cohesion, fric-
tion angle, Poisson's ratio and Young's modulus of the rock
are obtained conducting triaxial compression experiments.
Furthermore, the bulk modulus (K) and shear modulus (G)
of the rock are calculated based on Young's modulus (E) and
Poisson's ratio (u). According to the knowledge of material
mechanics, the specific calculation standards are formula
(6) and formula (7):

E

K=3a=20 (6)
E

“Tavw @

The model size is x Xy Xz=200 m X 20 m X 50 m (in the
numerical model, x is the horizontal direction, and z is the
vertical direction), and 0 <x <90 for the #02 coal seam is
the 10606 longwall panel. The horizontal displacements in
the x and y directions of the model boundary are restricted,
and the vertical displacement in the z direction at the bot-
tom of the model is restricted. Multiple sets of stress P (load
applied to the top of the model), lateral pressure coefficients
A and coal seam inclination angles 6 are selected for numeri-
cal calculation. The calculation adopts the Mohr—Coulomb
strength criterion. The stress deviator distribution map of the
surrounding rock is drawn by postprocessing the calculated
results for the model.

Distribution characteristics of the stress deviator
for different H values

The area of the entire coalfield reaches approximately 2000
square kilometers. The surface of the coalfield is full of hills
and ravines, so the burial depth of some panels can reach
200-600 m. According to the in situ stress data of the Malan
Mine, the vertical and horizontal stresses near the 10606
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Fig.6 Stress distribution after excavation of a 10606 panel (different
P)

panel are approximately 10 MPa and 8 MPa, respectively,
and 11s 0.8.

As the depth of the coal seam changes, the surrounding
rock environment (including temperature and joints, etc.)
will also change. However, the most important change is that
with the increase in the thickness of the coal seam overlying
rock, the stress environment of the surrounding rock changes
accordingly. During numerical calculation, this section
changes the stress conditions to simulate the stress environ-
ment of the surrounding rock under different burial depths.

To study the influence of coal seam depth on the dis-
tribution characteristics of the stress deviator in the rock
surrounding the gob, the coal seam inclination angle and
horizontal lateral pressure coefficient of the numerical model
are set to 8=0° and 1=0.8, respectively. Uniform loads (P)
of 5 MPa, 7.5 MPa, 10 MPa, 12.5 MPa, 15 MPa, 17.5 MPa
and 20 MPa are applied to the top of the model.

Since the choice of the roadway location is located in
the #2 coal seam, when the model under different stress
states excavated 10606 panels and calculated the balance,
we extracted the residual stress at the #2 coal seam, as shown
in Fig. 6. Due to space limitations, stress distribution maps
for P=5 MPa, 12.5 MPa and 20 MPa are selected. As shown
in Fig. 6, the horizontal residual stress (SXX) in the rock
changes slightly with the horizontal position. The vertical
residual stress (SZZ) changes drastically near the coal side;
this change will lead to an increase in stress deviator. In
addition, as P increases, both SXX and SZZ in the surround-
ing rock show linear growth.

As shown in Fig. 7, to illustrate the influence of P
on the distribution characteristics of the stress deviator
more intuitively, the same display gradient is selected
when drawing the stress deviator distribution map under
different conditions. In the figure, — 20 <x <0 is the
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Fig. 7 Influence of P on the distribution characteristics of the stress deviator

surrounding rock below the gob, and 0 <x <20 is the sur-
rounding rock below the solid coal. In the figure, the gray
dotted line represents x =0, and the black dotted lines rep-
resent the roof and floor of the #2 coal seam. The blue
dotted line represents the corresponding position of the
maximum stress deviator at each depth (stress deviator
peak axis), and the red dashed line represents the corre-
sponding position of the minimum stress deviator at each
depth (stress deviator valley axis).

As shown in Fig. 7, when €=0° and 1=0.8, the stress
deviator concentration area is below the solid coal, and
the stress deviator release area is below the gob. The stress
deviator in the rock mass below the coal side changes dra-
matically with the horizontal position. The distribution of
stress deviator generally shows a trend of gradually decreas-
ing with z.

Comparing Fig. 7a, b, and c, as P increases, the value
of the stress deviator increases significantly, and the stress
deviator concentration area increases significantly, while the

distribution position of the stress deviator concentration area
does not obviously change. The angle between the peak axis
of the stress deviator and the vertical direction is always
approximately 30°, and the angle between the axis of the
minimum stress deviator and the vertical direction is always
approximately -35°.

In Fig. 8a, b, c, the stress deviator curves at depths of
z=0m, — 10 m and — 20 m under the gob are selected. The
stress deviator curves of the rock masses at various depths
generally present "single peak" distributions, and the peak
position remains basically unchanged when the depth of the
mining coal seam changes. The stress deviator is low under
the gob, increases rapidly under the coal side, and quickly
decreases after reaching a peak under the solid coal.

Taking P =20 MPa as an example, when the z values
are 0 m, — 10 m, and — 20 m, the maximum stress devia-
tor are 167.80, 36.95, and 23.84 MPa?, respectively; and
the corresponding peak positions are x=1 m, 6 m, and
10 m, respectively. As z increases, the peak stress deviator
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Fig. 8 Distribution characteristics of the stress for different P values

and the rate of change decrease, and the peak position
gradually moves away from the coal side (x=0).

Taking Fig. 8c as an example, when P=5 MPa,
10 MPa, 15 MPa and 20 MPa, the maximum stress devi-
ator in the surrounding rock are 2.55, 7.28, 14.38 and
23.84 MPa?, respectively. As P and H increase, the rock
mass stress deviator has a significant nonlinear increase,
and the greater P and H are, the faster the growth rate
of the stress deviator. These results indicate that in deep
mining, the stress deviator in the rock surrounding the
gob is greater, the distortion energy density is greater,
and the risk is higher.

Distribution characteristics of the stress deviator
for different A values

Affected by geological structures (such as faults, anticlines,

synclines) and other factors, the horizontal pressure coef-
ficients at different panels of the coal field are not exactly

@ Springer

the same. To study the influence of different lateral pressure
coefficients A on the distribution characteristics of the stress
deviator in the surrounding rock, a numerical calculation
model was set up for a mining coal seam depth of 400 m
and a coal seam inclination angle #=0°; a uniform load of
10 MPa was applied to the top of the model. The horizontal
lateral pressure coefficients were selected as A =0.5, 1=0.8,
A=1.0,A=12and 1=1.5.

Figure 9 shows the residual stress at the #2 coal seam
after excavating 10606 panels and calculating the balance of
the numerical model under different 1. As shown in Fig. 9,
when A is different, the residual stress in the vertical direc-
tion (SZZ) below the gob floor is basically the same, but the
residual stress in the horizontal direction (SXX) below the
gob is quite different, and the stress will increase linearly
with the increase in A. This phenomenon will lead to changes
in the distribution range of the stress deviator concentration
area.
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A

Figure 10a,b,c shows the stress deviator distribution
diagrams when 4 is 0.5, 1.0 and 1.5. The diagrams illus-
trate that the location of the stress deviator concentration
area in the surrounding rock below the gob changes with
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the change in 4. When A =0.5, the stress deviator concen-
tration area in the floor is located under the solid coal.
The peak stress deviator axis and the vertical direction are
at an angle of approximately 30°, and the minimum stress
deviator axis is at an angle of -35° from the vertical direc-
tion. When A =1.5, the stress deviator concentration area
is located below the gob, the peak axis of the stress devia-
tor is at an angle of approximately -45° from the vertical
direction, and the minimum axis of the stress deviator is
at an angle of approximately 27° from the vertical direc-
tion. When 4= 1.0, the distribution of the stress deviator
is more uniform, and the values of the stress deviator are
generally low.

As shown in Fig. 11a,b,c, the stress deviator concentra-
tion area in the lower shallow part (z=0) below the gob is
near the coal side. When 4 < 1.0, the position of the peak
stress deviator moves in the positive x direction, and when
A> 1.0, the position of the peak stress deviator moves in
the negative x direction.

Taking Fig. 11c as an example, at 20 m below the gob,
when the A values are 0.5, 0.8, 1.0, 1.2 and 1.5, the maxi-
mum stress deviator are 19.65, 7.28, 2.42,2.94 and 11.78
MPa?, respectively. These results show that the greater

38.00
32.00
24.00
20.00
16.00
- | 12.00
10.00
0 5 10 15 20

0 —

1
W

—
S

8.00
6.00
4.00
3.00
2.00
1.00
0.50
0.00

IS
Stress deviator/MPa’

Vertical distance from the floor/m
)
(=)

5
20 -15 -10 -5
Horizontal distance from the coal side/m
b)1=1.0
32.00
24.00
20.00
16.00
12.00
10.00
8.00
6.00
4.00
3.00
2.00
1.00
0.50
0.00

a

Stress deviator/MP:

100 15 20

Horizontal distance from the coal side/m

() =15

Fig. 10 Influence of 4 on the distribution characteristics of the stress deviator

@ Springer



602 Page 100f18 Environmental Earth Sciences (2021) 80:602
70 Vi ,
20 1| 1= i
L Peak value o —5—4=05 35f a2 | ! ——1=0.5
60 _§ 60 \ -« Peak position IOEE ' —0—2=0.8 B2 - Peak position. IOEE ! ] —0—1=0.8
~ S 50 £ ——)=1.0 30 L= 20 sy 8 : ) A =1.0
3 —_— e Z i o} | = | B
S 50be N " g DEra AT &1 \ °F. ——J=12
:é aor Ha 0608 10 12 14 180 = a g : 20 ! ‘
2 Horizontal stress coefficient A Q20 406 08 10 12 14 167
> g Below R Horizontal stress coefficient 2 |
o 30 N Below
P the gob 8 r ; the gob
S 20t 2
& v 10
10 F Below the 2 Below the
solid coal 5k solid coal
0k
I P A Y | I I I 1 0r i
1 1 1 1 1 1 1 1 1

-15 -10 -5 0 5 10 15
Horizontal distance from the coal side/m

(a)z=0m
25 2
o Peak value
25+ ;‘é 20 ™ Peak position 10
s
= . 10
o 20F 20
A S -10!
E B NV
= 15 8.4 0.6 0.8 1.0 1.2 1.4 1.62
S Horizontal stress coefficient 1
3 ‘
%
S0t
1)
172]
[
=
wn St
0F
1 I 1

< Péak position/m

-15 -10 -5 15
Horizontal distance from the coal side/m

-20

(b)z=-10m

Below
the gob

Below the
solid coal

I N I T |

200 -15 -10 -5

0 5 10 15

Horizontal distance from the coal side/m

(¢)z=-20m

Fig. 11 Distribution characteristics of the stress deviator for different A values

the difference between 1 and 1.0 is, the greater the stress
deviator. When the A values are 0.5, 0.8, and 1.0, the
corresponding peak position is x=-15 m; when the 4 val-
ues are 1.2 and 1.5, the corresponding peak position is
x=10 m. These results indicate that 1 directly affects the
position of the stress deviator concentration area and the
size of the stress deviator.

Distribution characteristics of the stress deviator
for different 6 values

The exploitation of inclined coal seams is very common in
mining engineering. To study the influence of the coal seam
inclination angle on the distribution characteristics of the
stress deviator in the surrounding rock, the numerical calcu-
lation model is set to A =0.8, and a uniform load of 10 MPa
is applied to the top of the model. In this paper, a coun-
terclockwise rotation angle of the horizontal coal seam is
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recorded as “+”, and a clockwise rotation angle is recorded
as "—". The coal seam inclination angles for the model are
selected as 8=— 30°, §=- 15°, 6=0°, §=15°, and 6=30°.
Figure 12 shows the residual stress at the #2 coal seam
after excavating 10606 panels and calculating the balance of
the numerical model under different . As shown in Fig. 12,
with the increase in 0, the vertical residual stress (SZZ)
under the gob floor also increases, while the horizontal
residual stress (SXX) under the gob floor shows fluctuating
changes, but the degree of change is smaller than that of
SZZ; these changes will lead to changes in the magnitude
and distribution of the stress deviator under the gob floor.
Figure 13a,b,c shows the stress deviator distribution when
6 is -30°, 0° and 30°. In the figure, the x-axis is the hori-
zontal direction of the model, and the y-axis is the vertical
direction of the model. When 8=-30°, §=0°, and §=30°,
the angle between the peak axis of the stress deviator and
the vertical direction has values of approximately 22°, 26°,
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Fig. 12 Stress distribution after excavation of a 10606 panel (different
)

and 39°, respectively. Taking (0,0) as the origin coordinates
in the figure, the stress deviator concentration area rotates
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counterclockwise in the same direction as the change in 6,
and the rotation angle of the stress deviator concentration
area is smaller than 6. In addition, as @ increases, the stress
deviator concentration area gradually increases, and the
stress deviator value increases slightly.

In Fig. 14, the change curves of the rock mass stress
deviator at 0 m, 10 m and 20 m below the gob are selected.
The changes in the stress deviator curve maintain a rela-
tively stable state in the surrounding rock below the gob,
and the stress deviator increases rapidly and reaches a peak
value near the coal side. Comparing Fig. 14a, b, and ¢ and
taking #=0° as an example, as z increases, the peak val-
ues of the stress deviator are 46.92, 10.60 and 7.28 MPa?,
and the peak positions are x=1 m, x=6 m and x=10 m,
respectively. These results show that as z increases, the
stress deviator value and the rate of stress deviator change
gradually decrease.

Taking Fig. 14c as an example, when the 6 values
are -30°, -15°, 0°, 15°, and 30°, the peak values of the
stress deviator are 5.06, 6.51, 7.28, 6.70, and 10.52 MPa?,
respectively. The coordinate positions corresponding to
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the peak values are x=7 m, x=9 m, x=10m, x=10 m and
x=16 m. This finding indicates that with the increase in @,
the stress deviator in the surrounding rock below the gob
generally shows a slight increasing trend, while the loca-
tions of the peak values and the stress deviator concentra-
tion area gradually move away from the gob. Therefore,
0 has a relatively small influence on the stress deviator
but obviously affects the distribution of the stress deviator
concentration area.

Discussion

Primary selection of a reasonable location
for the roadway

During the mining of the closely spaced coal seams in the
Malan Mine, the #2 coal seam is located 7 m—9 m below
the floor of the #02 coal seam. The burial depth of the
10606 panel is approximately 400 m, and the inclination
angle of the coal seam is almost horizontal. According
to the crustal stress data, the horizontal lateral pressure
coefficient 1 =0.8. Therefore, according to the mine data,
H=400m, §=0°1=0.8, K=2.4,[=21.8 m, m=2 m,
and n=15 m are substituted into formulas (1), (2), (3),
and (5) to obtain the theoretical calculated results for the
stress deviator.

Similarly, Fig. 15 shows the results of the theoretical cal-
culations and numerical simulations of the stress deviator
at 7 m and 9 m below the gob (Fig. 15b) when the in situ
stress parameters of the 10606 panel are substituted into the
numerical simulation. 7 m and 9 m below the gob are the
positions of the roof and floor, respectively, for the #2 coal
seam (the black dotted line in Fig. 15a).

As shown in Fig. 15, the changes in the stress deviator for
the theoretical calculation are basically consistent with those
for the numerical calculation. Below the solid coal, 3-5 m
away from the coal side (x=0), the stress deviator reaches its
peak value and decreases rapidly with increasing horizontal
distance from the gob. Below the gob, the stress deviator
decreases rapidly as the distance between the surrounding
rock and the coal side (x=0) increases. After reaching a
minimum value, as the distance from the coal side (x=0)
continues to increase, the stress deviator increases slightly.
In the range of -12 m <x <-8 m, the results of the theoreti-
cal calculation and the numerical calculation both reach a
minimum, and the rate of change in the stress deviator is
very low, thus indicating that the distortion energy density
in the rock mass is low in this range and that the stability of
the surrounding rock is good, thus, this position for the #2
coal seam gas drainage roadway is suitable (Fig. 15a).

Roadway position
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Fig. 16 Rationality analysis of roadway position

Verification of the reasonable location
for the roadway

To verify the rationality of the abovementioned location of
the gas drainage roadway in #2 coal seam, in the numerical
calculation, after the formation of the 10606 gob, 6 sets of
comparative simulations were carried out on the excavation
of the gas drainage roadway in #2 coal seam. In the compar-
ative simulation, the horizontal distances between the road-
way and coal side are — 15 m, — 10 m, — 5m, 0 m,+5 m
and + 10 m, respectively. The cross section of the roadway
is rectangular, and the size is width (4.0 m) X height (2.5 m).

The study found that the maximum deformation of the
roadway is located on the roof and floor of the roadway, and
the roof and floor deformation data of the roadway at vari-
ous locations are extracted, as shown in Fig. 16a. Figure 16a
shows that the roof deformation of the roadway is obviously
greater than that of the floor, and when the excavation posi-
tion of the roadway is at x=— 10 m, the deformation of the
roof is the smallest, followed by x=— 15 m and x=— 5 m.
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Fig. 17 Excavation boundary position of the lower coal seam in the
numerical simulation

At the same time, it can be seen that there are also some
surrounding rock deformations caused by the mining of the
upper coal seam far away from the roadway, which leads
to different starting positions of the deformation curves in
Fig. 16a. Therefore, we take the deformation at the center-
line of the roadway minus the average value of the deforma-
tion at -5 m and +5 m from the centerline of the roadway as
the relative deformation of the roof.

The relative deformation curve of the roadway and the
stress deviator curve obtained by theoretical calculation
and numerical simulation are shown in Fig. 16b for com-
parison. The results show that the deformation of the road-
way has the same changing law as the stress deviator. As
x increases, it first decreases slowly, reaches the minimum
when x=— 10 m, then rises rapidly (below the coal side),
reaches the maximum value at x= + 5 m, and then decreases
slowly. At x=— 10 m, the minimum relative deformation is
12.95 mm. This result shows that when excavating a road-
way at — 8 to — 12 m, the stress deviator, distortion energy
density and deformation are small, and the state of the sur-
rounding rock is relatively stable.

Verification of the reasonable position of the panel
boundary

The gas drainage roadway not only provides gas drainage
services for multiple other longwall panels but also serves
as the mining roadway for the #2 coal seam. Therefore, the
location of the gas drainage roadway is the boundary posi-
tion of the longwall panel for the #2 coal seam. Hence, it
is not enough to consider only the stability of the roadway
when designing a reasonable arrangement of the roadway.
Considering the stability of the surrounding rock of the
entire mining area during the mining of the #2 coal seam
after the #02 coal seam is mined is also important.

In this section, the numerical model is simulated in
accordance with the on-site mining sequence. After the
model has successively completed the mining of the 10606
and 10608 longwall panels of the #02 coal seam, the 20 m
protective coal pillar is retained, and mining of the #2 coal
seam (the lower coal seam) is started after the model calcu-
lates the balance (Fig. 18a).
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In the process of mining the #2 coal seam, the stress devi-
ator distributions of the surrounding rock when the boundary
of the longwall panel of the #2 coal seam is at horizontal
distances x=—20m, — 15m, — 10 m, — 5m,0m and+5 m
from the edge of the coal pillar are studied. The excavation
boundary position of the lower coal seam in the numerical
simulation is shown in Fig. 17.

This section selects the stress deviator distributions when
x=—20m, — 10 m, 0 m and + 5 m for analysis.

As shown in Fig. 18, when the horizontal distance
between the boundary of the #2 coal seam and the edge
of the coal pillar is x<0, x>0, and x=0, the #2 coal seam
mining area forms an internal staggered arrangement, an
external staggered arrangement, and an overlapping arrange-
ment, respectively.

The figure shows that when x=— 20 m (Fig. 18b),
the stress deviator in the rock mass below the coal pillar
(0<x<20) is evenly distributed, and the maximum stress
deviator at the two edges of the coal pillar are 55.85 and
46.06 MPaZ. The #2 coal seam has an obvious stress devia-
tor concentration at the boundary of the longwall panel,
and the maximum stress deviator is 58.96 MPa?; when
x=— 10 m (Fig. 18c), the stress deviator on both sides of
the coal pillar are 68.09 and 46.90 MPa?, and the maximum
stress deviator at the #2 coal seam is 45.66 MPa%; when
x=0m (Fig. 18d), The panels are overlapping arrangement,
and the stress deviator of the surrounding rock under the coal
pillar (0 <x<20) increases rapidly. The stress deviator on
two sides of the coal pillar are 65.93 and 52.40 MPa?. The
maximum stress deviator in the #2 coal seam is 80.62 MPa;
when x= +5 m (Fig. 18e), the panels are external staggered
arrangement. Due to the stress unloading of the #02 coal
seam, the stress deviator are all concentrated in the #2 coal
seam, and the maximum stress deviator of the #2 coal seam
reaches 115.78 MPa?,

These results show that as when x <0, the horizontal
distance between the panel boundary of the #2 coal seam
and the edge of the coal pillar gradually decreases, the
stress deviator in the surrounding rock of the coal pil-
lar gradually increases, and the stress deviator of the sur-
rounding rock near the 10606 panel boundary increases
more obviously. The stress deviator at the panel bound-
ary of the #2 coal seam first decreases and then increases
rapidly.

To more intuitively display the changes in the stress
deviator in the surrounding rock during mining of the #2
coal seam, the stress deviator values of the #02 coal seam
floor and the #2 coal seam floor when the x values differ are
extracted, as shown in Fig. 19.

According to Fig. 19a, due to the mining of the #2 coal
seam, an asymmetrical distribution of stress deviator appears
under the coal pillar of the #02 coal seam.
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Fig. 19 Patterns of stress deviator changes during mining of the #2 coal seam

When x>0, mining the #2 coal seam causes vertical
stress unloading on one side of the coal pillar of the #02
coal seam, and the stress deviator in the floor of the #02 coal
seam decreases significantly, but at this time, the stress devi-
ator in the floor of the #2 coal seam rises sharply (Fig. 19b).
When x = + 5 m, the maximum stress deviator of the #2 coal
seam floor reaches 115.78 MPa”. At this time, the stability of
the rock mass in the #2 coal seam is poor. Therefore, posi-
tioning the roadway at x> 0 (an external staggered arrange-
ment) is not recommended.

When x <0, with changes in x, the peak stress deviator
in the #02 coal seam floor changes slightly, and the stress
deviator peak in the #2 coal seam floor first decreases and
then increases. When x=-10 m, the peak stress deviator is
the lowest, and the minimum is 45.66 MPa2. Therefore, from
the perspective of the stress deviator distribution and sur-
rounding rock stability after mining the #2 coal seam, the
mining boundary of the #2 coal seam should be within the
range -15 m<x<-5m.

Based on the above analysis, combining the distribution
of the stress deviator in the surrounding rock under a sin-
gle gob during the roadway excavation and the distribution
of the stress deviator in the surrounding rock after the #2
coal seam is mined shows that the best location for laying
out the gas drainage lower roadway is located -8 ~-12 m
from the edge of the reserved coal pillar in the #2 coal seam
(Fig. 15a).

Most previous studies used experience or vertical stress to
select the location of the roadway layout without consider-
ing the stress deviator. However, mining coal seams will lead
to the plastic failure of the floor. The surrounding rocks in
some roadway locations have undergone serious plastic failure
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before excavation; such failure makes roadway excavation and
support very difficult. Some scholars have studied the elasto-
plastic state of the surrounding rock by calculating and ana-
lyzing the stress deviator, thereby ensuring the stability of the
surrounding rock at the location of the new roadway (Sun et al
2016; Xu et al 2015), and have successfully solved how to
determine a reasonable location for the roadway (Xu 2014;
Zhou et al 2016).

In future research, the stress deviator should be used as an
important parameter for studying the stability of the surround-
ing rock. There are still some shortcomings in the research
presented in this paper. For example, the scheme has not been
applied and verified on-site due to the impact of the construc-
tion period and other reasons. In addition, the geological con-
ditions considered in this study are relatively simple, and the
influence of factors, such as groundwater (Ma et al. 2017) and
complex geological structures (Sainoki and Mitri 2016) has
not been considered. This paper studies several factors that
have macroscopic impacts on the stress deviator; however,
faults (Li et al 2021; Zhu et al. 2017a, b) and other geological
structures are very common in mining engineering. As the
depth of coal seams increases, the environmental temperature,
fractures, and bedding in the surrounding rock will increase.
These factors will all affect the stress state. Structures, such as
faults, fractures and bedding, will "block" the transfer of stress
in the rock mass. The direction and magnitude of stress at the
faults, fractures and bedding will change. Therefore, the sur-
rounding rock stress near faults, fractures and bedding differs
from the stress in a homogeneous rock mass. When there are
some geological structures, the stress distribution is very com-
plicated. The magnitude and distribution of the stress deviator
near the structure are also affected by the width, inclination,
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and stiffness of faults, fractures and bedding, which need to
be further studied.

Conclusions

1. Theoretical calculations yield the vertical, horizontal
and shear stress formulas under a single inclined gob.
Combining the calculation formulas for stress and J,,
the distributions of the stress deviator in the roof and
floor of the #2 coal seam under a single gob in the Malan
Mine are calculated, and the main factors that affect the
distribution of stress deviator are obtained by the formu-
las; these factors are the coal seam depth H, horizontal
pressure coefficient 4, and coal seam inclination angle 6.

2. By postprocessing the numerical simulation calculation
results, the distribution of the stress deviator under a
single gob is obtained. The research results show that
as P (H) increases, the rock mass stress deviator has
a nolinear increase, and the greater the P value is, the
faster the stress deviator growth rate. 4 directly affects
the position of the stress deviator concentration area and
the size of the stress deviator. 0 has a relatively small
influence on the size of the stress deviator but obviously
affects the position of the stress deviator concentration
area.

3. Analyzing the distributions of the stress deviator calcu-
lated by theoretical and numerical simulations gives a
reasonable position for the gas drainage roadway in the
Malan Mine. By studying the distribution of the stress
deviator in the surrounding rock during the mining of
the #2 coal seam, the stress deviator in the upper coal
floor is found to be released when x> 0, and the stress
deviator in the lower coal floor increases sharply. When
x<0, as the mining boundary of the lower coal seam
gradually approaches the coal pillar of the upper coal
seam, the stress deviator on both sides of the coal pillar
changes slightly, and the stress deviator at the mining
boundary of the lower coal seam first decreases and then
increases. Finally, the rationality of the roadway layout
is verified by the stability of the surrounding rock after
mining in the lower coal seam.
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