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Abstract.

In the process of mining closely spaced coal seams, the problem of roadway arrangement in lower coal seams has

long been a concern. By means of mechanical model calculation and numerical simulation postprocessing, the distribution of the
stress deviator below the floor of a goaf and the evolution of the stress deviator in the vertical and horizontal directions are
studied under the influence of horizontal stress. The results of this theoretical study and numerical simulation show that the
stress deviator decreases exponentially with increasing depth from the floor below the coal side. With the increase in the
horizontal stress coefficient X, the stress deviator concentration area shifts. The stress deviator is concentrated within 10 m below
the goaf and 15 m laterally from the coal side; thus, the magnitude of the surrounding rock stress deviator should be considered

when planning the construction of a roadway in this area.
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1. Introduction

China has abundant reserves of closely spaced coal
seams, and downward mining is the most common method
used to mine closely spaced coal seams. When mining of
the upper seam is completed, the damage to the floor of the
caved zone affects the strength of the rock surrounding the
lower coal seam. The residual coal pillars transmit the
overburden pressure to the floor (Suchowerska et al. 2013),
resulting in a concentration of the abutment pressure in the
floor near the coal pillar, which seriously affects the
stability of the rock surrounding the lower coal seam. Many
factors, such as the bearing capacity of the coal pillars
(Chen et al. 2018), the mechanical characteristics of the
surrounding rocks, and the pattern of stress transmission,
determine the stress state of the surrounding rocks below
the floor. Therefore, when mining closely spaced coal
seams (Tan et al. 2010, Brady et al. 1993), the stability of
the roadway in the lower coal seam is complex and affected
by many factors (Fu ef al. 2018). The reasonable selection
of roadway support technology and roadway position is the
key to ensuring roadway stability.

Roadway stability in longwall coal mining is critical
(Mahdevari 2017). Many scholars worldwide have carried
out various studies on the stability of roadways (Chen et al.
2016, Torafio et al. 2002, Majcherczyk et al. 2014). Some
studies have made great contributions to the prediction of
convergence in tunnels (Mahdevari 2013) and the stability
of the coalface (Mahdevari et al. 2016). Yuan et al. (2018)
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studied roadway support technology under the influence of
mining. It is undeniable that reasonably selecting the
position of a roadway in a lower coal seam based on
consideration of the stress distribution in the surrounding
rock (Das et al. 2019, Widisinghe et al. 2014, Marino et al.
2012, Sivakugan et al. 2014) is critical to the safety of the
roadway. Yan et al. (2015) through numerical simulation,
determined a reasonable roadway position and support
parameters. Zhu et al. (2017) established a mechanical
model of the stress distribution below a goaf and derived
the horizontal and vertical stress equations for the floor.
Shang et al. (2019) suggested that a roadway below an
isolated residual coal pillar in the upper coal seam should be
avoided when mining in such conditions. Liu ef al. (2016)
used UDEC to reveal the stress state of the surrounding
rock near the goaf and proposed that the location of a lower
coal seam roadway should avoid stress concentration areas.
In addition, Li et al. (2016) effectively controlled the
occurrence of rock bursts and other events by staggering the
arrangement of roadways.

Previous research on this topic focused on the
concentration of vertical stress below the floor of the goaf.
However, there are also horizontal stresses, shear stresses
and stress deviators that determine the stress state of the
surrounding rocks in the floor. In recent years, research on
stress deviators has made some progress through theoretical
advancements (Jiang et al. 2004, Martin Kroon ef al. 2013),
calculations (Bernasconi 2002), and experiments (Lockner
2002, Zhao et al. 2020, Wang et al. 2012). However, in
earlier studies of geology and mining, there was relatively
little exploration of the stress deviator. In elastic-plastic
mechanics, it is proposed that the inelastic deformation of a
rock mass is usually caused by the stress deviator. The
second invariant .J> of the stress deviator can represent the
distortion energy density of the rock mass and can directly
affect the stability of the surrounding rock. Some scholars
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(Wang ef al. 2017, Sun et al. 2016) have made progress in
the study of the stress deviator in the surrounding rock near
a goaf. He et al. (2014) studied the variation in the stress
deviator around a roadway. Therefore, it is of great
significance to study the distribution pattern of the stress
deviator in an upper coal seam floor with different
horizontal stress conditions in the mining process.

2. Project summary
2.1 Geological condition

The Malan Mine is located 50 km west of Taiyuan city,
Shanxi Province, China and is a high-gas mine. To ensure
the safe mining of the coal seams, a number of gas
drainage roadways (Krause 2009, Cao et al. 2018) have
been excavated in the mine.

The main coal seams currently being mined in the
Malan Mine are the #02 and #2 coal seams, with average
thicknesses of 2.14 m and 2.20 m, respectively, and the coal
seams have inclination angles of 1-9°. The distance between
the two coal seams is approximately 7 m, and the
intervening rock is composed mostly of mudstone and fine
sandstone. The immediate roof of the #02 coal seam

Thickness/'m | Lithology Strata Rock features
6.05 —— Silty mudstone Dark gray, thickly layered
2.14 #02 Coal Black, lumpy, poor lithology
Tl Off-white medium-fine sandstone, mainly
4.97 Nl Sandstone

quartz and feldspar
0.45 #1 Coal Black. ¢ ing sandy
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 #3 Coal Black, semibright coal, blocky
5.00 - Silty mudstone Dark grey

—
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Fig. 2 Arrangement of the longwall panel

is a 6.05 m thick silty mudstone, and the immediate floor of
the #2 coal seam is a 2 m thick siltstone. The Malan Mine is
a typical coal mine with closely spaced coal seams; a
columnar section of the strata is shown in Fig. 1.

2.2 Longwall panel arrangement and mining
sequence

The 10606 longwall panel is located in the sixth mining
district of the Malan Mine and mines the #02 coal seam at
an average burial depth of 400 m. After mining of the 10606
panel, the mine plans to position the 10608 gas drainage
roadway in the #2 coal seam to extract gas from the 10608
longwall panel, the 10606 goaf and #2 coal seam near the
roadway area to ensure safe mining. Additionally, the 10608
gas drainage roadway will be used as the gate roadway for
the later stage of mining of the #2 coal seam. The layout of
the longwall panel is shown in Fig. 2. The boundary
between the goaf and the coal pillar is called the coal side.

The multiple functions of the gas drainage roadway
highlight the importance of the safety and stability of the
roadway. During the mining of the upper coal seam,
instability in the gas drainage roadway will cause security
incidents (Mahdevari ef al. 2014) and have a great impact
on the panel layout of the lower coal seam. After the
completion of the gas drainage roadway, it is mainly
affected by the concentrated stress on the side of the 10606
goaf. The stress concentration has different effects on the
stress environment of the surrounding rock in different
areas below the goaf. Therefore, reasonable selection of the
location of the gas drainage roadway is a prerequisite to
ensure the stability of the roadway and maximize the
utilization of resources.

3. Theoretical calculation of the stress deviator
below the floor

According to the theory of mine pressure, after the #2
coal seam is mined, considerable asymmetry will exist in
the floor stress below the mined-out area and below the coal
pillars. Many scholars (Singh ef al. 2011, Sun et al. 2019,
Jaouhar e al. 2018, Zhao et al. 2000) have theoretically
calculated the additional stress caused by mining. The
nonuniform distribution of stress will change the stress
deviator in the surrounding rock of the floor, which may
cause deformation and failure of the surrounding rock. In
this section, the second invariant ., of the stress deviator of
the coal seam floor is calculated theoretically throughout
the mining process to provide a theoretical basis for guiding
the rational layout of the roadway below a coal pillar.

3.1 Calculation of the stress deviator second invariant
Jo

In elastic-plastic mechanics, the stress tensor g;; can be
decomposed into two parts: the spherical stress tensor god;;
and the stress deviator s;;. The deformation corresponding to
the former is generally elastic deformation, while the
inelastic deformation of a material is mainly caused by the
stress deviator.
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The second invariant J> of the stress deviator is often
used in elastic-plastic mechanics, and the stability state of
the rock mass can be judged according to the value of ...
Therefore, this paper uses the second invariant J, of the
stress deviator to characterize the stress deviator of the coal
and rock in the floor, providing a basis for the selection of
the location of the gas drainage roadway below the floor of
the goaf.

SE+S5+S _ [(61 -0,)" +(0,-0,)* + (o, —61)2] 3)

J —
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In Eq. (3), J> represents the deviation between the actual
stress state and the average stress state of the rock mass.
The larger J is, the greater the distortion energy density and
shear stress of the surrounding rock, that is, the worse the
stability of the surrounding rock.

3.2 Stress deviator distribution in the floor below the
goaf

According to the distribution of mine pressure (Brady et
al. 1993) and the distribution of vertical stress near the goaf
(Yavuz 2004), when the mining of the 10606 panel is
completed, the surrounding rock of the floor can be
regarded as a semi-infinite ideal elastomer (Zhang et al.
2018), and the lateral abutment pressure increment on the
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Fig. 3 Calculation model of the additional stress in the
floor below the goaf

side of the 10606 goaf can be simplified (Suchowerska et
al. 2013, Zhang et al. 2018), as shown in Fig. 3.

In Fig. 3, P is the maximum value (KyH-yH) of the
additional stress in the floor below the coal, Q is the
maximum value (-yH) of the additional stress in the floor
below the goaf, a is the influence range of the additional
stress below the goaf, b is the distance between the peak of
the support pressure and the coal side, and c is the length of
the elastic deformation zone. K is the maximum stress
concentration coefficient, y is the volume weight of the
overburden, H is the mining depth. According to the
principle of force balance, the additional stress should
conform to formula (4):

b K-1

According to the theory of elastic mechanics, the effect
of an additional stress on any point M in the floor can be
obtained by integrating the microconcentrated force dt of
the additional stress at ¢.

q(t)z3dt
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In Eq. (5), o:), or’ and 7.’ represent the vertical,
horizontal and shear stresses caused by the additional stress
at point M in the floor, respectively.

Eq. (5) is used to calculate the additional stress at M,
which is induced by the downward transfer of the abutment
pressure in areas I, II, and III. The stress state at any point
below the floor of the goaf can be obtained by superposing
the stress of each region on point M.

The additional stress in the surrounding rock of the floor
caused by area I is:

o;l=(@+ﬁ){ Xz (x+a)z
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The additional stress in the surrounding rock of the floor
caused by area II is:
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The additional stress in the surrounding rock of the floor
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Here, A is the horizontal stress coefficient. By
superimposing the additional stress at point M with the
original stress, the stress state at point M can be obtained.

o,=0,+0,+0,,+H

0y =0 +0,+0,+AH )

B
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According to Mohr-Coulomb theory, if there is only
normal stress and no shear stress on a certain inclined plane,
this inclined plane is called the principal plane, the
corresponding normal stress is called the principal stress,
and the corresponding direction is called the principal
direction. To simplify the calculation, the stress in the y
direction is regarded as the second principal stress with the
same value as the stress in the x direction. Then, the
principal stress at any point below the floor of the goaf can
be expressed as:

O, = UXZGZ (JX;O-Z)2 +T>§z
o,=0,=0,+AH (10)
R (e

Egs. (9) and (10) indicate that the horizontal stress
coefficient 4 is an important condition that affects the stress

deviator. According to Malan Mine data, we substitute the
values ¢=21.8 m, 5=2 m, ¢=15 m, and K=2.4 into the above
formula and calculate the stress deviator of the floor when 4
= 0.5, 1, and 1.5. The values conform to formula (4). The
calculation results are shown in Fig. 4.

Fig. 4 shows the following: D The peak value of the
stress deviator and the concentration area appear in the rock
mass below the coal side. When 1 is constant, the stress
deviator of the floor decreases with increasing depth. (2
As 7 increases, the position of the peak value and
concentration area of the stress deviator gradually rotate
from the rock below the solid coal to the rock below the
coal side and the goaf. (3 With the increase in [1-4l, the
stress deviator of the floor increases.

4. Distribution law of the stress deviator in the floor
4.1 The numerical model

To study the stress deviator distribution in the
surrounding rock below the goaf, we employed Flac3D
software to establish a numerical model based on the
characteristics of the rock strata in the Malan Mine.

The model size isx x y X z=200 m x 20 m x 50 m, with
lateral hinged support and bottom fixed support. A total of
100000 zones and 112761 grids were applied. The range 0
<x <90 in the #02 coal seam represents the 10606 panel.
The simulated depth of the model was 400 m, and a uniform
load of 400x0.25 MPa was applied to the top of the model.
The coal and rock mass in the model obeys the Mohr-
Coulomb yield criterion (Shan et al. 2013, Cui 2017). The
selected horizontal stress coefficients were 0.5, 0.8, 1.0, 1.2
and 1.5, and the initial equilibrium calculation stopped
when the preset parameter (mech ratio le-5) was reached.

To obtain the mechanical parameters of the surrounding
rocks, rock samples were taken from the site. Triaxial
compression and tensile tests of the rock samples were
carried out in a rock mechanics laboratory using a DRTS-
500 rock triaxial compression test system and rock tensile
testing machine (Fig. 6). The cohesion, friction angle,
Young’s modulus and Poisson’s ratio of the rock were
obtained through triaxial compression experiments. The
bulk modulus and shear modulus of the rock were
calculated based on the Young’s modulus and Poisson’s
ratio values. The tensile strength was obtained through
tensile tests. The rock mechanical parameters are shown in
Table 1.

4.2 The stress deviator distribution law in the floor
after mining is completed

I Mudstone
Sandstone
#02 Coal
#2 Coal

Sandy mudstone

50 mi

Siltstone

Fine sandstone

Z

Fig. 5 The numerical model
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(b) Rock sample
Fig. 6 Mechanical property tests

Table 1 Mechanical parameters of the rock strata

Rock formation Bul]z(r}r}l)(;c)lulus Shear modulus (GPa) (Dkznrsrit;; Fricti(()?) angle Cz)h}:[e;;())n Tensi(lf/[;tgngth
Sandy mudstone 3.8 2.6 2350 32 33 24
Fine sandstone 11.3 6.8 2500 34 3.1 2.7
Mudstone 3.6 2.1 2300 32 23 22
Sandstone 92 32 2400 32 2.6 2.3
Coal 1.3 1.1 1600 28 1.8 0.75
Siltstone 13.3 10.8 2600 35 49 29

Following excavation of the 10606 panel and
reestablishment of equilibrium, the stress data of the
surrounding rock in the model was extracted. Then, after
this formula-based calculation, the distribution of the stress
deviator below the goaf was plotted using Origin software
for horizontal stress coefficients of A =0.5, 0.8, 1.0, 1.2, and
1.5.

As shown in Fig. 7, (1) the peak of the stress deviator in
the floor appears in the rock mass below the coal side, and
the stress deviator decreases rapidly with an increase in
depth. The location of the new roadway should be in the
area where the stress deviator is low. (2) With an increase in
A, the stress deviator concentration area shifts. When A<I,
the stress deviator concentration area is located in the rock
mass below the solid coal. At this time, attention should be
paid to the selection of coal pillar width to avoid excessive
stress deviator values in the coal pillar area. When 2>1, the
stress deviator concentration area is located in the rock
mass below the goaf. At this time, to avoid the danger of
excavating the roadway in the stress deviator concentration
area, the distance between the coal side and the lower coal
seam roadway should be increased. (3) As 4 approaches 1.0,
the range of the stress deviator concentration area is small,
and as |1-4] increases, this range increases significantly. The
simulation results are basically consistent with the
theoretical calculation results.

4.3 The rotation of the stress deviator concentration
area

This section extracts the locations and values of the peak
stress deviator at various depths with different horizontal
stress coefficients to more intuitively show the rotation of
the stress deviator concentration area with the change in 4,
as shown in Fig. 8.

Fig. 8 illustrates the following findings: (1) When A<1,
the stress deviator decreases exponentially along the
direction of the peak axis of the stress deviator in the floor,
and the peak axis of the stress deviator is at an angle of 30°
to the vertical axis. As the depth increases, the angle
between the peak axis of the stress deviator and the vertical
axis decreases gradually, and the rate of reduction in the
stress deviator decreases gradually. (2) When A>1, the stress
deviator decreases exponentially along the peak axis at an
angle of -45° from the vertical direction. With increasing
depth, the angle between the peak axis of the stress deviator
and the vertical axis decreases, and the rate of reduction in
the stress deviator decreases gradually. The rate of reduction
in the stress deviator at A>1 is lower than that at A<1.

This section studies the stress deviator of each rock
layer below the floor when A = 0.5, 1.0, and 1.5 and
analyzes the influence of the horizontal stress coefficient 1
and depth z on the stress deviator distribution of the rock
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Fig. 7 Stress deviator distribution in the floor

layer. The stress deviator distribution is shown in Fig. 9.

As shown in Fig. 9(a), when 4 = 0.5, (1) the stress
deviator does not change considerably below the floor of
the goaf. At the position of -5~0 m from the coal side, the
stress deviator increases rapidly and then decreases
exponentially after reaching the peak. The rate of change in
the stress deviator slows as the depth increases. (2) The
peak values of the stress deviator at depths of z = -5, -10, -
15, -20, and -25 m are 30.25, 24.81, 17.70, 19.65, and 17.11
MPa?, and the horizontal positions of the peak values in

each rock layer are x =3, 6, 8, 10, and 11 m.

As shown in Fig. 9(b), when 1 = 1.0, (1) the stress
deviator in the surrounding rock below the floor does not
change considerably. Then, it increases rapidly at a position
of -5~0 m from the coal side. After reaching the peak value,
the stress deviator decreases exponentially. The rate of
change in the stress deviator decreases with increasing
depth. (2) The peaks in the stress deviator are 7.19, 4.52,
1.67,2.42, and 1.69 MPa? when the depth z = -5, -10, -15, -
20, and -25 m, and the horizontal positions corresponding to
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the peak values in each rock layer are x =2, 6, 8, 10, and 11
m.

Fig. 9(c) shows that when 4 = 1.5, (1) the stress deviator
in the rock layer below the floor begins to increase at a
horizontal distance of -30 ~ -20 m from the coal side and
gradually decreases after reaching the peak in the stress
deviator. Then, the stress deviator increases again below the

solid coal. (2) The peaks of the stress deviator at depths z =
-5, -10, -15, -20, and -25 m are 18.41, 16.35, 10.85, 11.78,
and 10.50 MPa?, and the horizontal positions corresponding
to the peak values in each rock layer are x = -5, -10, -13, -
15,and -17 m.

Comparing Figs. 8 and 9 shows that the depth z and the
horizontal stress coefficient 4 will directly affect the
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magnitude and change rate of the stress deviator. The
location of the stress deviator concentration area and the
peak axis of the stress deviator are determined by the
horizontal stress coefficient 4.

4.4 The vertical evolution of the stress deviator

The evolution curves of the stress deviator along the
depth direction when x = 5 m, -5 m and 0 m are shown in

Fig. 10 for different horizontal stress coefficients.

When x=5 m, -5 m and 0 m, the surrounding rocks in the
floor are located below the solid coal, below the goaf and
below the coal side, respectively. The following findings are
illustrated in Fig. 10:

(1) As shown in Fig. 10(a), for A<, the curves of 1 =0.5
and 0.8 are taken as examples. The stress deviator in the
surrounding rock below the solid coal increases from 24.06
and 11.28 MPa? to peaks of 28.79 and 13.10 MPa? as the
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depth increases from 0 to 5-6 m, and then the stress deviator
decreases at a slower rate of change while exhibiting a
fluctuating trend. When 2>1, the stress deviator remains
essentially constant as the depth increases.

(2) As shown in Fig. 10(b), for 4>1, the curves of A= 1.2
and 1.5 are taken as examples. The stress deviator in the
surrounding rock below the goaf increases from 3.46 and
4.30 MPa? to peaks of 7.08 and 20.32 MPa? as the depth
increases from 0 to 2-3 m, and then the stress deviator

gradually decreases. When A < 1, the stress deviator slowly

increases with increasing depth.

(3) As shown in Fig. 10(c), the stress deviator in the
surrounding rock below the coal side decreases
exponentially with increasing depth. As the depth increases
from 0 to 10 m, the stress deviator decreases by 14.78,
22.51, 25.57, 26.87 and 24.33 MPa? when A = 0.5, 0.8, 1.0,
1.2, and 1.5, and the rates of change are high.

(4) Below a depth of 10 m, the variation in the stress
deviator tends to be stable.

4.5 The horizontal evolution of the stress deviator

According to the geological situation of the Malan
Mine, the floor of the #2 coal seam is located 9 m below the
floor of the goaf. Therefore, the stress deviator of the rock
layer at z = -9 m is selected as the research object, and its
evolution along the horizontal direction is analyzed. The
stress deviator distribution is shown in Fig. 11.

As shown in Fig. 11, at the same depth (z= -9 m), the
stress deviator presents a single peak distribution for all of
the constant A values investigated.

(1) When <1, taking A = 0.5 and 0.8 as examples, the
stress deviator changes only slightly below the goaf,
increases sharply below the coal side, peaks at 6 m from the
coal side, and then decreases rapidly. The maximum values
of the stress deviator are 22.47 and 8.95 MPa? for 1 = 0.5
and 0.8.

(2) When 4> 1, taking 4 = 1.2 and 1.5 as examples, the
stress deviator in the rock mass below the goaf peaks at -10
m from the coal side (with maximum values of 4.11 and
14.21 MPa?) and then gradually decrease, with only a slight
change below the solid coal.

(3) When the horizontal distance from the coal side of
the goaf exceeds 15 m, the stress deviator stabilizes.

5. Discussion

According to the data from the Malan Mine, the
horizontal stress coefficient is A = 0.8 in this area. Fig. 12
(a) and (b) show the distribution of the stress deviator below
the 10606 goaf in the Malan Mine based on theoretical and
numerical calculations. As shown in Fig. 12, the theoretical
and numerical calculations of the stress deviator distribution
are generally consistent, and the stress deviator
concentration area is mainly located below the solid coal.
The stress deviator below the goaf gradually decreases with
increasing depth from the floor and generally decreases
with increasing horizontal distance from the coal side; the
smaller the depth, the higher the rate of stress deviator
reduction. The peak axis of the stress deviator in both

figures is at an angle of approximately 30° to the vertical
direction. The difference is that due to the idealized design
of the mechanical model in the theoretical calculation, the
theoretically calculated stress deviator distribution is more
uniform and regular, and the range of the stress deviator
concentration area is slightly larger.

As shown in Fig. 12, the #2 coal seam is located 7~9 m
below the floor of the #02 coal seam (the dotted black line
in the figure represents the roof and floor of the #2 coal
seam). In the range of z = -7 m to z = -9 m, the stress
deviator below the goaf changes drastically in the results of
both the theoretical and numerical calculations. The stress
deviator below the solid coal is very high, and the change
rate is high, suggesting that this area is extremely unsuitable
for a gas drainage roadway. Below the goaf, with an
increase in the distance from the coal side, the stress
deviator first decreases and then increases. In the theoretical
calculation results, at x = -11.5 m, the stress deviator
reaches the minimum value. In the numerical calculation
results, when the roadway is located at x = -10.2 m, the
stress deviator reaches the minimum value, and the change
rate is low. Thus, this difference is very small. Considering
that the theoretical calculation is relatively idealized, it is
suggested that the 10608 gas drainage roadway in the #2
coal seam should be positioned at a horizontal distance of
10.2 m from the coal side.

To verify the scientific nature of the study, a rectangular
roadway with cross-sectional dimensions of 4.0 mx2.5 m
was excavated in the #2 coal seam of the model. The
horizontal distances from the roadway to the coal side were
15 m, -10 m, -5 m, 0 m, 5 m and 10 m. The vertical
displacement of the roadway is shown in Fig. 13. This
figure shows that when the horizontal distance between the
roadway and coal side is -15 m, -10 m, -5 m, 0 m, 5 m and
10 m, the maximum deformation of the roadway roof is
12.3 mm, 11.5 mm, 13.5 mm, 20.8 mm, 25.2 mm and 24.7
mm, respectively.

As shown in Fig. 14, the maximum deformation of the
roadway indicates that the deformation is large when the
roadway is located below the coal side and solid coal. When
the roadway is below the goaf, with the increase in the
horizontal distance between the roadway and the coal side,
the roadway deformation first decreases and then increases
slightly. This result is consistent with the distribution of the
stress deviator.

When studying the stress state of the surrounding rocks
near the goaf, most research has focused on the vertical
stress. When Xu et al. (2019) and Shang et al. (2019)
studied the deformation and failure of near-goaf roadways,
they focused on the vertical stress distribution near the goaf.
Zhang et al. (2018) used vertical stress as an important
reference in assessing the stability of surrounding rocks. In
studies on closely spaced coal seam mining, the location of
the roadway in the lower coal seam is also often based on
the vertical stress distribution. Liu et al. (2016) determined
the optimal position of a roadway in a lower coal seam
through the study of the vertical stress and stress diffusion
angle by numerical simulations. However, this method
ignores the horizontal and shear stresses in the surrounding
rock, and these factors have a great impact on the stability
of the surrounding rock. The stress deviator is a
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comprehensive index that reflects the elastic-plastic state of (2016) and Islam et al. (2009) analyzed the deviatoric stress

the surrounding rocks, which should be valued. Zhang et al. around roadways and goafs, but those studies lack
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theoretical calculations and analysis of the distribution of
the stress deviator associated with a single goaf. In this
paper, the theoretical formula of the stress deviator in the
surrounding rock on one side of the goaf is deduced and
calculated, and the distribution of the stress deviator with
respect to different horizontal pressure coefficients is
studied by combining theoretical calculations and numerical
calculations. The results show that the magnitude of the
stress deviator can accurately reflect the stability of the
surrounding rock below a goaf and can provide a reasonable
basis for planning the layout of roadways in the process of
closely spaced coal seam mining.

In future research work, the stress deviator should be
used as an evaluation criterion for the stability of
surrounding rocks near mined-out areas. However, the study
also has shortcomings. Due to the construction period, the
scheme has not yet been implemented at the study site. In
addition, the model in this paper is based on relatively
simple engineering geological conditions. When studying
the distribution of the stress deviator below a goaf with
complex geological conditions (Nevitt ef al. 2018, Sun ef al.
2019), such as working faces with shallow burial depths
below gully landforms or the presence of other large goafs
or geological structures near the goaf (faults or collapsed
columns), the changes in the stress distribution should be
considered. Thus, the theoretical and numerical models in
this paper should take into account all stress conditions,
which will require further study.

6. Conclusions

(1) The expression of the stress deviator below the floor
of a goaf is derived. The results of theoretical calculations
and numerical simulations show that the stress deviator
decreases exponentially from the rock mass below the coal
side with increasing depth from the floor; as 1 increases, the
area of stress deviator concentration shifts, and the value of
the stress deviator increases with the increase in |1-Al.

(2) When <1, the peak axis of the stress deviator is at
an angle of 30° from the vertical direction; when 1>1, the
peak axis of the stress deviator is at an angle of -45° from
the vertical direction. As the depth increases, the angle
between the peak axis of the stress deviator and the vertical
direction gradually decreases.

(3) As the depth increases below the solid coal, when
A<1, the stress deviator decreases in a fluctuating manner.
When A>1, the stress deviator remains basically unchanged.
As the depth increases below the goaf, when 1>1, the stress
deviator increases rapidly and then decreases in a
fluctuating manner. When A <1, the stress deviator slowly
increases with depth; when the depth exceeds 10 m, the
change in the stress deviator becomes stable.

(4) In a given horizontal plane, the stress deviator
presents a single peak distribution. With an increase in A,
the peak position of the stress deviator shifts from the rock
mass below the solid coal to the rock mass below the goaf.
When the distance from the coal side exceeds 15 m, the
variation in the stress deviator tends to be stable.

(5) Analysis of the stress deviator indicates that the
reasonable horizontal distance of the 10608 gas drainage
roadway from the coal side in the Malan Mine is 10.2 m.

The results of simulating the deformation of the roadway at
various locations show the same results as the analysis of
stress deviator. This finding suggests that the surrounding
rock conditions are more favorable in places with lower
stress deviator values.
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