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Abstract: With the aim of determining the damage characteristics and a reasonable positional
arrangement of the surrounding rock in a bottom-pumping roadway influenced by mining in a
high-gas mine, the boundary equation for the plastic zone of the surrounding rock in a circular
roadway under an unequal compressive stress field was adopted to analyze the relationship between
the distribution characteristics of the plastic zone of the bottom-pumping roadway and the stability
of the rock surrounding the bottom-pumping roadway under different bidirectional stress ratios.
This was carried out in the bottom-pumping roadway of the working face of Licun coal mine
3301 as the engineering background, where the nature of the coal seams mined is bituminous coal,
and the absolute gas outflow is 0.5 m3/min−1. A numerical simulation was used to analyze the
distribution characteristics of the surrounding rock stress and the bidirectional stress ratio, as well
as the deformation and damage characteristics of the surrounding rock at different positions in
the bottom-pumping roadway. A numerical simulation was applied to analyze the distribution
characteristics of the surrounding rock stress and the two-way stress ratio, as well as the deformation
and damage characteristics of the rock surrounding the bottom-pumping roadway when the bottom-
pumping roadway was arranged in different locations. The results show that, with an increase in
the bidirectional stress ratio, the plastic zone of the perimeter rock in the bottom-pumping roadway
shows nonuniform “butterfly” distribution characteristics, which seriously affects the stability of
the rock on the perimeter of the roadway; the stress on the bottom plate of the working face after
excavation can be divided into four areas according to the size of the bidirectional stress ratio and
the stress loading and unloading states. In addition, the size of the perimeter rock deformation can
be sorted into four areas according to the damage range of the perimeter of the rock plastic zone in
the bottom-pumping roadway. The size of the deformation in the surrounding rock can be sorted
as follows: unpressurized high-stress ratio > unpressurized stress ratio stable area > pressurized
low-stress ratio area > original rock stress ratio area. Accordingly, we found that the reasonable
location of the bottom-pumping roadway is arranged at the 15 m position outside the hollow area
below the coal pillar, along the limestone upper medium-grained sandstone layer along the bottom.
The study’s results were applied to the field. The industrial experiments on the site show that the
deformation of the surrounding rock is reasonable when the bottom-pumping roadway is dug along
the limestone roof and arranged 15 m outside the fault of the mining hollow area below the coal pillar.

Keywords: bidirectional stress ratio; bottom-pumping alley; reasonable location; surrounding rock
deformation damage characteristics

1. Introduction

With the gradual expansion of deep mining for coal resources in China, coal and gas
outbursts in mines have become more and more serious. To ensure safe production in
mines, it is extremely important to arrange the bottom pumping roadway on the floor of
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the working face for gas drainage from the upper working face [1–5]. However, when the
working face is being mined back, the bottom plate is affected by the mining of the working
face, and the stress is transferred to the deep part of the bottom plate of the working face of
the roadway, which redistributes the stress in the rock surrounding the bottom plate. Then,
there is a nonuniform stress field, i.e., a two-way unequal compressive stress field, in the
rock surrounding the bottom plate, which results in different degrees of damage to the rock
surrounding the bottom plate in different locations [6–8]. The damage to the bottom plate
rock at different locations is caused by the nonuniform stress field. Therefore, obtaining the
distribution law and damage characteristics of the two-way unequal compressive stress
field in the base plate rock under the influence of mining in the working face is the key
factor in determining the reasonable location of the bottom-pumping tunnel.

Experts and scholars at home and abroad have conducted much research concerning
the distribution law and damage characteristics of two-way unequal compressive stress
fields in the rock surrounding the base plate under the influence of mining in the working
face and have achieved remarkable results. Among them are Li Yong’en et al. [9–12].
Given the contradiction between the bottom-pumping lane and the pressurized water,
they established a boundary equation for the plastic zone of the circular lane under a two-
way unequal compressive stress field, analyzed the damage characteristics of the plastic
zone of the surrounding rock in the bottom-pumping lane with the different values of the
two-way stress ratio, and determined the reasonable location of the bottom-pumping lane
according to the damage characteristics of the plastic zone. Li Ang et al. [13–15] applied
a research method combining theoretical analysis and numerical simulation to analyze
the stress distribution characteristics of the bottom plate of the working face under the
influence of mining and the damage evolution characteristics of the surrounding rock in
the plastic zone. They also obtained the distribution law of the supporting pressure of
the rock layer of the bottom plate and the damage range of the rock layer in the bottom
plate under the influence of mining. Wang et al. [16–19] created a tangential stress equation
for the surrounding rock in a two-way unequal pressure stress field of a circular roadway,
which was derived using the method of angle-preserving transformation in the complex
function, and the formula for calculating the plastic zone of the circular roadway under the
condition of two-way unequal pressure was further obtained based on the Moore–Coulomb
strength criterion. Zhu Ye et al. [20–22] investigated the stability of the base plate under
different stress field environments through theoretical analysis and numerical calculation
and pointed out that the stresses in the base plate peripheral rock under the influence
of mining were significantly different from each other, and the variability of the stress
environments was the main reason for the variability in the stresses in the base plate’s
peripheral rock. By establishing a physical similarity model, Gao Shigang et al. explored
the reasonable arrangement of mining roadways in middle and lower coal seams in close-
distance coal seam mining [23]. Through numerical calculations, Chi Xiaolou et al. [24,25]
analyzed the distribution law of stress fields and the evolution characteristics of the plastic
zone of a rock mining face’s bottom plate with a change in the advancing degree. They
concluded that, in the process of the advancing face, the rock at the periphery of the bottom
plate appeared to be the supporting stress zone, and with the forward advancement of
the working face, there were differences in the stress zone supporting the bottom, and the
plastic zone of the bottom plate peripheral rock is different from the different supporting
stress zone. In addition, many scholars [26,27] have researched the stress environment of
the peripheral rock of the floor roadway and the damage characteristics of the peripheral
rock. They proposed using the theory of elastic mechanics to deduce the stress distribution
law of the peripheral rock of the floor, and they combined it with the relevant damage
criterion to calculate the maximum depth of destruction of the floor. Some scholars have
also analyzed the layer relationship between the floor roadway of the working face and the
coal pillar above it, as well as the quarry, by collecting on-site data [28,29]. The damage
mechanism of the bottom roadway under the influence of mining and the deformation of
the roadway’s peripheral rock are also analyzed in depth. However, the peripheral rock of
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the bottom roadway under the influence of mining is in the nonuniform stress area, and
the peripheral rock of the bottom roadway is affected by the two-way unequal compressive
stress [30]. In the past, most scholars have focused on the change in support pressure when
they studied the damage characteristics of the bottom plate and neglected the influence of
a two-way unequal compressive stress field on damage to the bottom plate roadway. In
recent years, a few scholars have deduced the boundary equation of the surrounding rock
plastic zone under a two-way unequal compressive stress field and more comprehensively
analyzed the damage characteristics of the surrounding rock plastic zone of a subgrade
roadway under a nonuniform stress field, which put forward a novel idea for analyzing the
damage characteristics of the surrounding rock plastic zone of a subgrade roadway under
nonuniform stress fields.

To summarize, different two-way unequal compressive stress fields in the base plate
under the influence of mining are the main reason for the differences in the damage
characteristics of the plastic zone of the surrounding rock in the base plate roadway. There
is currently less research on the distribution law of two-way unequal compressive stress
fields in the base plate and the damage characteristics of the plastic zone of the surrounding
rock in the base plate under two-way unequal compressive stress fields. The authors
take the bottom-pumping roadway of the working face of Licun coal mine 3301 as the
engineering background, use theoretical analysis to analyze the damage characteristics of
the plastic zone of the surrounding rock under different bidirectional stress ratios in the
bottom plate, and apply FLAC3D 5.0 numerical simulation software. This is carried out
to analyze the distribution law of the stress in the surrounding rock of the bottom plate
and the characteristics of the distribution of bidirectional stress ratios. Furthermore, on
the basis of the above, research is performed on the damage characteristics of the plastic
zone of the bottom-pumping roadway when it is in different positions in the bottom plate,
and then the reasonable position of the bottom-pumping roadway in the Licun coal mine
is determined. The reasonable location of the bottom-pumping tunnel in the coal mine is
determined, and the research results are used in the field to provide a reference basis for
mines with the same geological conditions.

2. Research Background
2.1. Engineering Background

In the past, the Licun coal mine has had difficulty with gas extraction and drilling
operations, along with low extraction efficiency. To ensure that the mine can meet the
production requirements for the regionalization management of coal seam gas, there is an
urgent need for the efficient extraction of coal seam gas in the bottom layout of the gas
extraction roadway of the No. 3 coal. The working face of 3301 is mainly for mining No. 3
coal, the depth of the coal seam is about 540 m, and the average thickness of the coal is
about 6 m. The No. 3 seam is stable and simple in structure, with a thickness variation
coefficient of 0.24 and a recoverability coefficient of 100%, making it a stable and regionally
recoverable coal seam. The average gas content is 14.52 m3/t. The nature of the coal seam is
bituminous coal, and the absolute gas outflow is 0.5 m3/min−1, which makes it a high-gas
mine. The length of the working face is designed to be 160 m, and between the two working
faces, there is a 30 m protective coal pillar. The roof is mainly composed of dark gray
mudstone and sandy mudstone. The design length of the working face is 160 m, and there
is a 30 m protection pillar between the two working faces. The whole caving method is
used to deal with the goaf in the working face. According to the survey results, it can be
seen that the No. 3 coal seam is a stable and simple structure within the whole mining coal
seam, and the average dip angle of the coal seam is 10◦. Its top plate is mainly dominated
by dark gray mudstone, sandy mudstone, and siltstone, and the bottom plate is mainly
black mudstone, sandy mudstone, and dark gray siltstone. Its working face schematic and
the drilling column diagram of the top and bottom rock layers are shown in Figure 1. The
plane diagram of the working face layout of 3301 is shown in Figure 2.
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Figure 2. Plane diagram of the working face layout of 3301.

The process of roadway excavation may be affected by the SX anticline and its sec-
ondary structure. Within the scope of this influence, the lithology of the roadway side may
change. The structure in the area is relatively simple, consisting of mainly wide and gentle
folds. The direct water-filled aquifer of No. 3 coal is the roof sandstone fissure aquifer, and
the unit water inflow of the borehole is the weak water content of the aquifer.

2.2. Determination of Mechanical Parameters of Surrounding Rock

To analyze the distribution of the bidirectionally unequal compressive stress field in
the base plate of the working face and the damage characteristics of the plastic zone of
the base plate’s surrounding rock, samples of a coal rock body were collected from the
top and bottom plates of the working face of 3301 where there was no obvious tectonic
zone. Furthermore, the rock samples were processed into standard specimens, as shown
in Figure 3 below, and the specimens were tested to determine the surrounding rock’s
physical and mechanical properties. The specimen size for the uniaxial compression test
was h × φ = 100 mm × 50 mm, the specimen size for the Brazilian splitting test was
h × φ = 25 mm × 50 mm, and the test specimen for the shear strength test was a
50 mm × 50 mm cube. Three specimens were tested in each group, and the test results
were averaged. The displacement loading mode was used in the test, and the loading rate
was 0.2 mm/min.
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The test results were obtained by testing the physical and mechanical properties of the
surrounding rock at the top and bottom of 3301’s working face, as shown in Table 1 below.

Table 1. Statistical table of the results of the mechanical experiment on the coal rock body.

Lithology Density
(kg·m−3)

Elastic
Modulus

(GPa)

Normal
Strength
(GPa/m)

Tangential
Strength
(GPa/m)

Cohesive
Force (MPa)

Internal
Friction

Angle (◦)

Tensile
Strength

(MPa)

No. 3 Coal 1400 2.6 112 44.8 1.25 20 0.64
Mudstone 2510 5.4 228 91 9.34 27 1.99
No. 4 Coal 1400 2.7 113 45.1 1.2 19 0.59
Siltstone 2550 9.7 351.2 140 7.1 31 2.15

Calcareous
Limestone 2800 10.4 464.4 185.7 16.08 36 8.05

3. Characteristics of Damage in the Plastic Zone of the Rock Surrounding the Base Plate
under the Influence of Mining

When the working face is mined, the stress on the surrounding rock of the rock layer
around the working face is transferred to the bottom plate due to mining. As a result, the
stress field of the surrounding rock of the bottom plate is changed, and a nonuniform stress
field is generated at different locations of the bottom plate. This results in different degrees
of damage to the bottom plate of the working face at different locations. Furthermore,
because of different positional relationships between the bottom-pumping roadway and the
working face above it, the peripheral rock of the bottom-pumping roadway will inevitably
be damaged to a different extent. Therefore, analyzing the damage characteristics of the
peripheral rock of the bottom-pumping roadway under the influence of mining in the
working face is crucial to determine the reasonable positional relationship between the
bottom-pumping roadway and the working face.

3.1. Mechanical Mechanism of the Formation of the Plastic Zone in the Rock Surrounding the Floor
Gas Drainage Roadway

From the theory of elastic mechanics, when the roadway is buried more than or equal
to 20 times the radius of the roadway, the self-weight of the rock within the influence
of the roadway can be ignored. Then, the original horizontal and vertical rock stress
around the roadway can be simplified as a homogeneous load. Therefore, the model of
the roadway strain on the circular hole, shown in Figure 4 below, is established, and the
model’s boundary conditions are as follows: the internal geometric boundary is a circular
hole with a radius of r0; PX and PZ are the horizontal and lead stresses, respectively, in the
regional stress field under the state of the original rock stress, which are both the dominant
stresses; and the stress boundary of the circular hole’s internal boundary is the branching
resistance, but since the roadway support resistance is much smaller than the original rock
stress, it can be neglected.
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According to the theory of elastic mechanics, the polar coordinate expression for the
stress solution at any point of the circular hole enclosure is

σr =
PY+PX

2 (1 − r2
0

r2 ) +
PY−PX

2 (1 − 4 r2
0
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0

r4 ) cos 2θ
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0
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0
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0
r4 ) sin 2θ

, (1)

where σr is the radial stress at any point outside the circular borehole, σθ is the circumferen-
tial stress, τrθ is the shear stress, (r, θ) is the polar coordinates of any point, r0 is the radius
of the roadway, PY is the vertical stress, and PX is the horizontal stress.

There is also the conversion relation between the stress expression in elastic mechanics
in the right-angle coordinate system and the stress expression in the polar coordinate
system there: 

σx = σr+σθ
2 + σr−σθ

2 cos 2θ − τrθ sin 2θ

σx = σr+σθ
2 − σr−σθ

2 cos 2θ + τrθ sin 2θ

τxy = σr−σθ
2 sin 2θ + τrθ cos 2θ

, (2)

The expressions for the maximum and minimum principal stresses at any point in elastic
mechanics are  σ1 =

σx+σy
2 + 1

2

√
(σx − σy)

2 + 4τxy

σ3 =
σx+σy

2 − 1
2

√
(σx − σy)

2 + 4τxy

, (3)

where σ1 is the maximum principal stress and σ3 is the minimum principal stress.
The polar coordinate expressions for the maximum and minimum principal stresses at

any point within the surrounding rock can be obtained by combining Equations (2) and (3): σ1 = σr+σθ
2 +

√
( σr−σθ

2 )
2
+ (τrθ)

2

σ3 = σr+σθ
2 −

√
( σr−σθ

2 )
2
+ (τrθ)

2
, (4)

It is also known from the Moorcullen damage criterion that the limiting damage
condition of the tunnel envelope is

σ1 = 2C
cos φ

1 − sin φ
+

1 + sin φ

1 − sin φ
σ3, (5)

Therefore, substituting Equation (4) into Equation (3) yields an expression for the
surrounding rock stress at a point in the roadway:

2 + sin φ

2 − 2 sin φ

√
(σr − σθ)

2 + 4τ2
rθ − 2C

cos φ

1 − sin φ
− σr + σθ

2
3 sin φ

1 − sin φ
= 0, (6)
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Substituting Equation (2) into Equation (5) and associating it with Equation (3) yields
the implicit equation for the boundary of the plastic zone of the circular roadway enclosure:

2+sin φ
2−2 sin φ

√[
(1 + k)PY

r2
0

r2 + 2(k − 1)PY cos 2θ
r2

0
r2

]2
+ 4

[
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2

(
1 + 2 r2

0
r2 − 3 r2

0
r4

)
sin 2θ

]2

−2C cos φ
1−sin φ +

2(1+k)PY
r2
0

r2
2 × 3 sin φ

1−sin φ = 0

, (7)

3.2. Characterization of the Plastic Zone of the Base Plate Surrounding the Rock

The role of the bottom-pumping roadway is mainly to extract gas from the working
face above, so it needs to be considered when determining the reasonable longitudinal layer
of the bottom-pumping roadway. 1⃝ Article 21 of the Measures for Preventing Coal and Gas
Outbursts stipulates that the roadway less than 10 meters away from the prominent coal
seam must be excavated while exploring and the distance between the roadway and the coal
seam must be ensured to be not less than 5 m. Therefore, in determining the longitudinal
layer of the bottom-pumping roadway, it must be ensured that the bottom-pumping
roadway roof from the coal seam above the distance of the cloth is less than 10 m [31].
2⃝ To satisfy the use of gas-extraction equipment in the bottom roadway, the section size

of the bottom roadway of the Licun coal mine is designed to be 5000 mm × 4000 mm in
width × height. Combined with these two relevant provisions, and according to the rock
stratum column diagram of the Licun coal mine, the main rock layers of the coal seam floor
are found to be sandy mudstone, fine-grained sandstone, siltstone, mudstone, medium-
grained sandstone, and limestone. In addition, the distance from the coal seam floor to the
limestone is found to be 15 m. It can be seen that with the less optimal bottom-pumping
roadway at the bottom of the longitudinal layer of the floor, along with the limestone
lithology of the harder endowment of the stability of the bottom of the pumping roadway
arranged in the limestone formation, the roadway excavation is bound to increase labor,
and the bottom-pumping roadway arranged at the bottom of the roadway will also increase
labor. If the bottom-pumping roadway is arranged in the limestone rock layer, the roadway
excavation will certainly increase the amount of labor, and if it is arranged below the
bottom-pumping roadway, the amount of drilling work will also increase when the bottom-
pumping roadway is subsequently drilled for extraction. Therefore, the comprehensive
consideration is to arrange the bottom-pumping tunnel above the limestone, i.e., along the
medium-grained sandstone, which can not only maintain the stability of the bottom plate
of the bottom-pumping tunnel but also ensure the safety distance between the bottom-
pumping tunnel and the coal seam.

From the geological data of Licun coal mine 3301’s working face, the buried depth of
medium-grained sandstone is 540 m, i.e., the vertical stress above the bottom-pumping
lane is 1.35 MPa. The designed section size of the bottom-pumping lane is width ×
height = 5000 mm× 4000 mm, i.e., its radius is 2.5 m. Finally, from the above physical
and mechanical experiments of the surrounding rock, it can be seen that the cohesion
of the medium-grained sandstone is 1.25 MPa, and the angle of internal friction is 20◦.
According to related scholars [32], 104

h + 0.75 < k < 265
h + 0.98. According to the expression

of the distribution law of ground stress with burial depth, it can be known that the value
range of the pressure coefficient of the bottom-pumping tunnel is 0.95–1.47, and k = 1.4
for the convenience of the study, so it can be known that the horizontal stress of the
surrounding rock under the original rock stress condition of the bottom-pumping tunnel is
Px = 1.89 MPa.

Due to the mining in the working face, the bottom plate is affected by the min-
ing of the stress redistribution in the surrounding rock, the formation of a nonuniform
stress field in the bottom plate of the working face, and the two-way stress ratio of the
surrounding rock; these are obvious differences [33]. The two-way stress ratio of the sur-
rounding rock shows obvious differences, and the bottom-pumping lane is arranged
in the rock layer of the bottom plate. Its two-way stress ratio is bound to be differ-
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ent under the influence of the mining of the working face. Therefore, to analyze the
bottom-pumping lane with different bidirectional stress ratios under the surrounding rock’s
plastic-zone damage characteristics, with the original rock stress’s bidirectional stress ratio
k = 1.4 as the dividing line, we take k = 1.0, 1.5, 2.0, 2.5, 3.0, which can be obtained from the
bottom-pumping lane surrounded by the plastic zone damage characteristics of the plastic
zone, as shown in Figure 5.
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Figure 5. Distribution characteristics of the plastic zone of the roadway’s surrounding rock under
different bidirectional stress ratios: (a) distribution curve of the plastic zone of surrounding rock;
(b) distribution characteristics of the plastic zone of surrounding rock.

From Figure 5a, different two-way stress ratios under the roadway surrounding the
rock plastic zone boundary curve can be seen. With the gradual increase in the two-
way stress ratio k, the shape of the roadway surrounding the rock plastic zone presents
obvious characteristics of a circular–elliptical–butterfly-shaped morphology change, and
the surrounding rock plastic zone has “butterfly” plastic zone morphology characteristics.
The expansion of the surrounding plastic zone with the two-way stress ratio has a strong
sensitivity to the expansion of the plastic zone, i.e., with the increase in the two-way stress
ratio, the expansion of the plastic zone is more obvious. When the plastic zone of the
surrounding rock reaches the “butterfly-shaped” plastic zone, the expansion of the plastic
zone of the surrounding rock has a strong sensitivity to the bidirectional stress ratio, i.e.,
the expansion of the plastic zone of the surrounding rock becomes more and more obvious
with the increase in the bidirectional stress ratio. Combined with Figure 5b, different
bidirectional stress ratios of the surrounding rock’s plastic zone damage area can be seen,
with a bottom-pumping lane in the bidirectional stress ratio of the larger nonuniform stress
field. Furthermore, the plastic zone damage area is significantly larger than the bidirectional
stress ratio of the smaller nonuniform stress field of the plastic zone’s damaged area. It can
be seen that the bidirectional stress ratio of the larger nonuniform stress field is a serious
threat to the bottom of the pumping lane surrounding the stability of the rock. Among the
conditions, k = 1 is the most ideal, and the degree of damage to the roadway is the smallest.
As the bottom-pumping lane is arranged below the bottom plate of the working face, when
the working face is mined and affected by the mining of the working face, it is bound to
experience a variety of nonuniform stress fields, so choosing a reasonable location for the
bottom-pumping lane and preventing it from experiencing a large nonuniform stress field
are the key to maintaining the stability of the perimeter rock of the bottom-pumping lane.

4. Distribution Law of Floor Stress and Bidirectional Stress Ratio in the Working Face

From the above analysis, it can be seen that the damage characteristics of the plastic
zone of the surrounding rock are mainly determined by the stress environment in which it
is located, and the damage characteristics of the surrounding rock under different bidirec-
tional stress ratios have obvious differences. In addition, under the influence of mining,
the bidirectional stress ratios are bound to be different in different locations of the bottom
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plate of the working face. Therefore, the distribution of bidirectional stress ratios is the key
to determining the reasonable location of the bottom-pumping roadway. The numerical
simulation of the bottom plate after mining is analyzed using FLAC3D to analyze the distri-
bution characteristics of the bidirectional stress ratios. In this section, FLAC3D numerical
simulation is used to analyze the distribution characteristics of the two-way stress ratio in
the surrounding rock of the bottom plate after mining to determine the reasonable location
of the bottom-pumping roadway.

4.1. Modeling

According to the geological engineering conditions of the Licun coal mine, the length
of the 3301 working face is 160 m, and the width of the coal pillar protected by the working
face is 30 m. To avoid the influence of the boundary effect, the numerical model was estab-
lished as shown in Figure 6 below, and the size of the model was 360 m × 420 m × 200 m.
The intrinsic Mohr–Coulomb model was adopted for the model. In addition, horizontal
displacement constraints were applied on both sides and the front and rear boundaries,
vertical displacement constraints were applied on the bottom boundary, and uniformly
distributed loads were applied on the upper boundary of the model. The load set degree
was determined to be 13 MPa based on the depth of the burial of the coal seam, and
the physical and mechanical parameters of each rock stratum from the rock mechanical
parameters shown in Table 1 were adopted.
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Figure 6. Numerical model diagram.

Through on-site research, we learned that the step interval of 3301’s working face
with cycle pressure was 20 m, and the step interval of the initial pressure was 38 m. The
simulation corresponded to the real situation in the field, and to make the stress of the
working face’s top plate transfer to the bottom plate in the hollow area, we simulated
the recovery of the bottom plate stress in the hollow area after the initial pressure of the
working face and the cycle pressure. Therefore, we determined that the working face must
be excavated as follows. The model was excavated along the x-axis for 160 m to simulate
the length of the working face, and from the position of the y-axis at 100 m, the excavation
was carried out in 12 steps, with an excavation interval of 20 m, and a total of 240 m was
excavated. Then, after the third step of the excavation of the working face, the filling body
of length × width × height = 120 m × 20 m × 6 m was filled at the lagging position of
the working face, which was simulated using the double yield model, and its physical and
mechanical parameters are listed in Table 2 below, including the simulation and its physical
and mechanical parameters.

Table 2. Physical and mechanical parameters of the filling body.

Name of Rock
Formation Density/kg·m−3 Bulk/GPa Shear/GPa Friction

Angle/(◦)
Tensile

Strength/MPa
Resistance
Max/MPa

filling body 2000 4.3556 0.068 32 0.1 0
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4.2. Validation of the Reasonableness of the Numerical Simulation

From the above distribution, it can be seen that the bottom-pumping roadway is
arranged in the medium-grained sandstone of the bottom plate of the working face, and
the distance from the working face is 15 m. Therefore, the vertical stress cloud map at the
position of 15 m of the bottom plate of the working face is intercepted as shown in Figure 7
below. The vertical stress of monitoring line 1 is arranged in the middle of the position of
15 m at the bottom plate of the working face, and the stress monitoring curve of the vertical
stress monitoring line is extracted as shown in Figure 8 below.
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Figure 8. Vertical stress distribution curve of monitoring line 1.

According to the vertical stress cloud diagram at 15 m on the bottom plate of the
working face in Figure 7, it can be seen that within the projection range of the coal pillar
outside the hollow area, the vertical stress appears to be a stress-concentration phenomenon,
the vertical stress of the surrounding rock outside the filling area at the edge of the projection
of the hollow area decreases greatly, the vertical stress of the surrounding rock in the range
of the filling area is gradually restored, and the closer to the middle of the hollow area, the
better the effect of the vertical stress. Combined with the vertical stress distribution curve
of monitoring line 1 in Figure 8, it can be seen that the vertical stress of the surrounding
rock in the range of 80 m in front of the working face increases gradually, the vertical
stress reaches a maximum of 23.5 MPa at the position of 10 m in front of the working face,
the vertical stress decreases sharply in the range of 23 m behind the working face, the
vertical stress reaches a minimum of 3.6 MPa at this position, the vertical stress gradually
increases in the range of 24–100 m behind the working face, and the vertical stress decreases
gradually in the range of 24–100 m behind the working face. In the range of 24–100 m
behind the working face, the vertical stress of the surrounding rock increases gradually, and
the vertical stress of the surrounding rock stays above and below 11 MPa. Therefore, the
vertical stress from the edge of the model to the middle of the mining area can be divided
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into the original rock stress area, the stress increase area, the stress decrease area, and the
stress stabilization area, and its change is in line with the distribution law of the supporting
pressure of the working face’s bottom plate after the coal seam is mined [34]. The change
occurs due to the distribution of support pressure in the working face after mining, which
verifies the accuracy of the numerical simulation.

4.3. Characteristics of the Bidirectional Stress Ratio Distribution of the Bottom Plate of the
Working Face

Vertical and horizontal stress monitoring lines 2, 3, and 4 were arranged in the middle
of the working face (Figure 9), and the distance from the working face is 15 m, the distance
to the right of the middle of the working face is 40 m, and the distance outside the projection
of the coal pillar is 15 m. The monitoring lines all went along the normal direction of the
working face, and the distribution of the peripheral rock stress and the bidirectional stress
ratio at different locations of the bottom plate of the working face were obtained as shown
in Figure 10.
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Figure 9. Line layout diagram.

According to the monitoring curve of the stress and the bidirectional stress ratio at
different locations in Figure 10, it can be seen that when the vertical stress increases sharply,
the horizontal stress increases slightly, and when the vertical stress decreases sharply, the
horizontal stress decreases less, which means that that there is a weakly sensitive feature of
the vertical stress and the horizontal stress of the surrounding rock at the bottom plate of
the working face. Therefore, due to the existence of this weak sensitivity, the two-way stress
ratio of the surrounding rock changes drastically at different locations of the base plate.

The monitoring line 2 stress and bidirectional stress ratio monitoring curve can be seen
in Figure 10a. In the area far away from the mining range (0–60 m), the surrounding rock is
in the original rock stress state, and the bidirectional stress ratio is almost unchanged, so
this area is defined as the “original rock stress ratio area”. In the area close to the mining
range (60–100 m), the vertical stress of the surrounding rock is significantly increased by the
mining. In the area near the mining range (60–100 m), the vertical stress of the surrounding
rock increases significantly, the horizontal stress increases less, the bidirectional stress ratio
decreases from 1 to 0.7, and the surrounding rock is in a pressurized state in this range, so
this area is defined as a “pressurized low-stress ratio area”. In the mining range (100–140 m),
due to the mining of the working face, the surrounding rock is in a decompression state, the
vertical stress decreases significantly, and the vertical stress decreases significantly, so this
area is defined as an “original rock stress ratio area”. In the mining range (100–140 m), due
to the mining of the working face, the surrounding rock is in an unpressurized state, and
the vertical stress decreases greatly, but the horizontal stress decreases less. At this time, the
bidirectional stress ratio increases from 1 to 3.5, and the bidirectional stress ratio is larger.
Therefore, this area is defined as the “unpressurized high-stress ratio zone”. In the mining
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range (140–260 m), due to the top plate of the working face collapsing and compacting, the
stress in the top plate is transferred downward, and the vertical stress in the bottom plate is
transferred to the bottom plate. In the mining range (140–260 m), due to the collapse and
compaction of the working face roof, the stress on the top plate is transferred downward,
and the vertical stress on the bottom plate gradually recovers and tends to stabilize. At
this time, the change in bidirectional stress is relatively small, changing from 1.4 to 1.6.
Therefore, this tendency is defined as the “unpressurized stress ratio stabilization zone”.
The distribution of the bidirectional stress ratio is the same in the range of 260–420 m and
the range of 0–260 m and will not be described again here.
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Figure 10. Monitoring curves of stress and bidirectional stress ratios at different locations: (a) dis-
tribution curve of stress and bidirectional stress ratio for monitoring line 2; (b) distribution curve
of stress and bidirectional stress ratio for monitoring line 3; (c) distribution curve of 4-stress versus
bidirectional stress ratios in the monitoring line.

From the monitoring curve of stress and the bidirectional stress ratio in monitoring
line 3 in Figure 10b, it can be seen that the distribution law of the bidirectional stress ratio
in the surrounding rock is similar to that in monitoring line 2, and there are the “original
rock stress ratio zone”, “pressurized low-stress ratio zone”, “unpressurized high-stress
ratio zone” and “unpressurized stress ratio stable zone” from the edge of the model to
the mining area. The only difference between monitoring line 2 and monitoring line 3 is
that the distribution range of the “unloading stress ratio stabilization zone” is smaller. The
distribution range of monitoring line 3’s “unpressurized stress ratio stabilization zone” is
smaller, and the bidirectional stress ratio is larger.

As shown in Figure 10c, showing the monitoring line 4 stress and bidirectional stress
ratio distribution curve, we can see that in the range of 0–90 m, the surrounding rock is
in the original rock stress state, and the bidirectional stress ratio of the surrounding rock
varies between 1.05–1.1, so this area is called the “original rock stress ratio area”. In the
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range of 90–330 m, the vertical stress is significantly increased by the mining influence, but
the horizontal stress increases less, and the bidirectional stress ratio increases from 0.8 to 1.0,
so the bidirectional stress ratio is smaller and this area is the “pressurized low-stress ratio
area”. In the range of 90–330 m, the vertical stress is increased by mining, but the increase in
horizontal stress is small, and the bidirectional stress ratio increases from 0.8 to 1.0, which
is a small bidirectional stress ratio, so this area is called the “pressurized low-stress ratio
area”. In the range of 330–420 m, the surrounding rock is in the state of original rock stress,
and the bidirectional stress ratio of the surrounding rock varies between 1.05–1.1, so this
area is also called the “original rock stress ratio area”. Therefore, this area is also called the
“original rock stress ratio area”. In the range of 330–420 m, the surrounding rock is in the
original rock stress state, and the two-way stress ratio of the surrounding rock varies from
1.05 to 1.1, so this area is also the “original rock stress ratio area”.

4.4. Characteristics of the Distribution of the Bidirectional Stress Ratio of the Working Face Floor
under Distributed Excavation

The above analysis shows that when the bottom-pumping tunnel is arranged below the
mining area, the bottom-pumping tunnel will experience the influence of the “original rock
stress ratio area”, the “pressurized low-stress ratio area”, the “unpressurized high-stress
ratio area”, and the “unpressurized stress ratio stabilization area”. If the bottom-pumping
roadway is arranged under the coal pillar, it will only experience the influence of the
“original rock stress ratio zone” and the “pressurized low-stress ratio zone”. To analyze
the influence of the bidirectional stress ratio on the bottom-pumping tunnel during the
whole excavation process, the vertical and horizontal stresses after excavation are extracted
from monitoring line 2, monitoring line 3, and monitoring line 4, and the distribution of
the bidirectional stress ratio under excavation is obtained from different locations of the
bottom plate of the working face, which is shown in Figure 11 below.

In Figure 11, it can be seen that the bidirectional stress ratios of the surrounding rock
under a distributed excavation are completely different at different locations below the
floor of the working face.

At monitoring line 2, before the initial pressure, the rock surrounding the bottom
plate experiences the environment with the largest bidirectional stress ratio in the whole
process of advancing the working face, and after the initial pressure, the bidirectional
stress ratio of the surrounding rock will gradually change from a “single-peak-like” to a
“double-peak-like” state, and the rock body at a depth of 50 m from the projection of the
cutting eye will experience the influence of an “unpressurized high-stress ratio” during
the advancing process of the working face, and it will finally be under the influence of the
“unpressurized stress ratio stabilization zone”.

At monitoring line 3, like at monitoring line 2, the rock surrounding the bottom plate
will experience the stress environment with the largest bidirectional stress ratio in the
whole process of the advancement of the working face before the initial pressure, and after
the initial pressure, the bidirectional stress ratio of the surrounding rock will gradually
change from a “single-peak-shape” distribution to a “double-peak-shape” distribution,
and the surrounding rock will experience the influence of the “unpressurized stress ratio
stabilization zone” in the process of the advancement of the working face. After the initial
pressure, the bidirectional stress ratio of the surrounding rock will gradually change from a
“single-peaked” distribution to a “bimodal” distribution, and the surrounding rock will
experience the influence of the “unpressurized stress ratio stabilization zone” during the
process of the advancement of the working face. However, what is different from the
bidirectional stress ratio at monitoring line 2 is that during the advancement of the working
face, the surrounding rock is located in a stress environment where the bidirectional stress
ratio ranges from 2 to 9, with a larger value of the bidirectional stress ratio.
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Figure 11. Bidirectional stress ratios at different locations under a distributed excavation: (a) bidirec-
tional stress ratio curve for monitoring line 2; (b) bidirectional stress ratio curve for monitoring line 3;
(c) distribution of bidirectional stress ratios for monitoring line 4.

At monitoring line 4, as the working face advances, the stress in the surrounding rock
of the bottom plate gradually changes from the horizontal stress-led original rock stress to
the vertical stress-led pressurized stress, and as the working face advances, the pressurized
state of the surrounding rock gradually increases and finally remains stable, and finally,
the bidirectional stress ratio of the surrounding rock is maintained at about 0.8. Therefore,
in the whole process of working face advancement, the surrounding rock experiences the
influence of the “original rock stress ratio area” and “pressurized low-stress ratio area”.

As the bottom-pumping roadway is arranged in the rock layer of the bottom plate
of the working face, the above analysis shows that when the bottom-pumping roadway
is arranged in the middle of the projection of the hollow area, it is affected by the mining
movement of the working face and experiences the influence of the “unpressurized high-
stress ratio zone” and the “unpressurized stress ratio stabilization zone”. When the bottom-
pumping tunnel is arranged at the position 40 m to the right of the center of the projection
of the hollow mining area, it experiences the influence of a “pressure relief high-stress
ratio area” and a “pressure relief stress ratio stabilization area”, with a larger bidirectional
stress ratio. When the bottom-pumping tunnel is arranged at the position 15 m outside the
projection of the mining hollow area below the coal pillar, it only experiences the influence
of the “original rock stress ratio area” and the “pressure relief stress ratio stabilization area”.
When the bottom drawer is arranged below the coal pillar, i.e., 15 m outside the projection
of the mining area, it only experiences the influence of the “original rock stress ratio area”
and the “pressurized low-stress ratio area”. According to the theory of the “butterfly plastic
zone” in Section 3, the larger the bidirectional stress ratio is, the larger the surrounding
rock plastic zone is. Therefore, it can be seen that when the bottom-pumping roadway is
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arranged below the coal pillar, i.e., 15 m outside the wrong position of the mining area, the
surrounding rock plastic zone is the smallest, and its position is the most reasonable, which
is verified by numerical simulation below.

5. Verification of the Reasonable Location of the Bottom-pumping Alley

The three schemes designed are shown in Figure 12. In order to verify the reasonable-
ness of the above location of the bottom-pumping roadway arrangement, the perimeter’s
rock damage characteristics when the bottom-pumping roadway is arranged at different
locations are simulated.
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Figure 12. Simulation scheme of the bottom-pumping roadway.

Scheme 1: the bottom-pumping roadway is arranged at the center line of the working
face. Scheme 2: the bottom-pumping roadway is arranged at the position 40 m outside the
middle of the mining hollow area. Scheme 3: the bottom-pumping roadway is arranged at
the position 15 m outside the mining hollow area. Considering the influence of the adjacent
back-to-mining of the working face, the 30 m protective coal pillar will be retained after the
back-to-mining of working face 1, followed by the back-to-mining of working face 2. The
numerical model developed is shown in Figure 13.
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Figure 13. Bottom pumping roadway layout model.

Figure 14 below shows, for each scheme, the interception of the cut at the maximum
damage area of the plastic zone of the surrounding rock, which is in the bottom draw
roadway of each scheme, along with the statistics of the damaged area of the plastic zone
of the surrounding rock in the bottom draw roadway.
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Figure 14d shows the statistics for the bottom-pumping roadway surrounding the rock
plastic area. In the distribution of excavation calculations after the balance, the destruction
area of the bottom-pumping roadway surrounding the rock plastic area of each program
shows obvious differences. Outside the mining range of the working face, due to the
small impact of mining on the working face, the damage area within each program’s
bottom-pumping row perimeter rock plastic area is 15 m2. In the mining orientation of the
working face, option 2 in the damage area of the bottom-pumping roadway’s peripheral
rock plastic area appears to increase significantly. In the working face excavation from
the opening eye in the range of 20 m–45 m, the damage area within the bottom-pumping
roadway peripheral rock plastic area reaches a maximum of 40 m2. In the range of 20 m
from the opening eye and the end mining penetration, the area of the plastic zone of the
surrounding rock in the bottom-pumping tunnel is 28 m2, and the area of the plastic zone
of the surrounding rock in the rest of the location of the bottom-pumping tunnel is 30 m2.
In Scheme 1, the damaged area of the plastic zone of the surrounding rock of the bottom-
pumping tunnel increases drastically, and the maximum damage area of the surrounding
rock of the plastic zone of the bottom-pumping tunnel in the range of 25 m–200 m from the
opening eye reaches 47 m2. In Scheme 3, due to the arrangement of the bottom-pumping
tunnel below the coal pillar, the bottom plate rock is affected by the pressurization and
by the environment having a low stress ratio, which is the most important factor in the
development of the bottom-pumping tunnel. In Scenario 3, due to the layout of the bottom
roadway below the coal pillar, the surrounding rock of the bottom slab is affected by the
environment being pressurized and having a low-stress ratio, and the plastic zone of the
surrounding rock of the bottom roadway is less affected by the mining of the working face.
In addition, the damaged area of the surrounding rock plastic zone is the smallest, and the
damaged area of the surrounding rock plastic zone of the bottom drawway is only 18 m
within the mining range of the working face2. Finally, the damaged area of the surrounding
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rock plastic zone of the bottom roadway is the same as those of Scenarios 1 and 2, which
are both 15 m2. Combined with the different locations of the graphs in Figure 14a–c, it can
be seen that the destructive characteristics of the plastic zone of the surrounding rock in the
bottom-pumping tunnel, the destructive range of the plastic zone of the surrounding rock
in the bottom-pumping tunnel of Scheme 1 and Scheme 2 are connected to the destructive
range of the plastic zone of the bottom plate of the open area. It can also be seen that the
destructive range of the plastic zone of the surrounding rock in the bottom-pumping tunnel
of Scheme 3 is not connected with the plastic zone of the bottom plate of the open area of the
two sides. In Scheme 1 and Scheme 2, two arrangement schemes of the bottom-pumping
roadway peripheral rock are always affected by the unloading pressure at a high-stress
ratio range. In addition, the bottom-pumping roadway peripheral rock plastic area under
the mining air zone damaged area is large, and the roadway’s top plate plastic area and
the bottom plate of the mining air zone are connected to the plastic area. Scheme 3 in
the bottom-pumping roadway is affected by the pressurized stress environment, but the
bottom-pumping roadway is far from the peripheral rock stress concentration area, the
bottom-pumping roadway peripheral rock is always in the pressurization of the low-stress
ratio environment, the damaged area within the peripheral plastic area is small, and the
bottom-pumping roadway is not connected with both sides of the mining air zone plastic
area. At the same time, there is a large intact rock layer between the plastic zone of the top
plate of the bottom-pumping roadway and the plastic zone of the bottom plate of the hollow
area, which ensures the stability of the surrounding rock of the bottom-pumping roadway.
Therefore, according to the degree of influence on the stability of the peripheral rock in the
bottom-pumping tunnel, the order of the four stress states is depressurized high-stress ratio
area > depressurized stress ratio stable area > pressurized low-stress ratio area > original
rock stress ratio area. Therefore, the reasonable location of the bottom-pumping tunnel is
15 m below the coal pillar, which is the most reasonable location outside the mining area,
and the correctness of the numerical analysis in Section 4 is also verified.

6. Field Application and Effect Analysis

The results of the above analysis show that the reasonable location of the bottom-
pumping roadway in the working face of Licun coal mine 3301 is below the coal pillar and
dug along the limestone roof plate. The roadway is supported by anchor rods + anchor
cable joint support, the row spacing between anchor rods is 900 mm × 1400 mm, and the
row spacing between anchor cables is 2400 mm × 1400 mm; the supporting schematic
diagram is shown in Figure 15 below.
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The real-time monitoring of the deformation of the surrounding rock and the force of
the anchor rods and cables in the bottom-pumping roadway was carried out in a range of
200 m, and the monitoring results are shown in Figure 16 below.
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Figure 16. Deformation of the surrounding rock in the bottom-pumping roadway and the force on
the anchor rods and anchors: (a) deformation of the roadway perimeter rock; (b) strength of the
anchor rods and cables.

According to the monitoring results, the maximum value of the roadway roof sub-
sidence is 9 mm. When the deformation of the two sides and the roof and floor of the
roadway does not exceed 10% of the designed section size of the roadway, the roadway can
serve normally. The monitoring results show that the actual roadway deformation is less
than 1%, the maximum value of the two gangs approaching is 16 mm, the deformation of
the roadway is larger within 0~20 d, and the deformation of the roadway is smaller. The
deformation rate is low after 20 d, and the peripheral rock of the roadway remains stable.
The roadway gradually slows down the deformation rate at 120 m from the headland (the
slope rate becomes smaller). The roadway is stabilized 170 m away from the headland, and
the anchor rods and anchor cables are subjected to synchronous force during the deforma-
tion of the peripheral rock. Furthermore, anchor rods and an anchor cable in the peripheral
rock experience a deformation synchronization force, and the overall force presents the
first increase after the trend of stability. When the force of the anchor cable is less than
50% of the initial force, the support effect is considered to be lost. At this time, the anchor
rods and anchor cable have a role in the roadway above the peripheral rock, limiting its
overall displacement and interlayer misalignment. The formation of the peripheral rock
and the support community give full play to the role of the anchor rods and the anchor
cable support. They also support the deformation of the roadway peripheral rock, which
does not increase significantly after the whole is in a stable state. This proves that the choice
of the location of the bottom draw and the support program design is reasonable.

7. Discussion

At present, the layout method of bottom-drainage roadways mainly includes the-
oretical analysis and empirical methods. In terms of theoretical calculation, due to the
simplification of relevant specific mining and geological conditions in the calculation pro-
cess, there is a certain deviation between the final results and the actual situation. The
empirical method is strongly constrained by the testing conditions, the actual deviation is
very large, and it is even easy for engineering accidents to occur. Therefore, the method
of combining theory with numerical simulation is used to study the layout of the bottom-
drainage roadway. This method is not limited by specific mining conditions and has strong
applicability. The collection of rock data involved in this method is also relatively easy.
However, it is necessary to point out that for numerical simulation, because it is difficult to
select accurate parameters when establishing numerical models, there is a certain deviation
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in reflecting the actual situation on site. Therefore, the feasibility of the method should be
verified through subsequent engineering practices and further improved and optimized.

8. Conclusions

(1) In the nonuniform stress field under the influence of mining in the upper working
face, and with the increase in the bidirectional stress ratio, the damage characteristics of
the roadway surrounding the rock show the characteristics of a “butterfly” nonuniform
distribution, and the “butterfly” nonuniform damage to the rock surrounding the roadway
significantly reduces the stability of the rock surrounding the roadway.

(2) The working face of 3301 is mainly for the mining of No. 3 coal, and its roof is
dominated by dark gray mudstone and sandy mudstone, while the floor is mainly black
mudstone and sandy mudstone. After the excavation of the working face, according
to the size of the two-way stress ratio and the state of the loading and unloading of
the surrounding rock stress, the floor of the coal bed can be divided into four kinds of
stress states, namely “original rock stress ratio area”, “unloading high-stress ratio area”,
“pressurized low-stress ratio stable area”, and “pressurized high-stress ratio area”. When
the bottom drawer is arranged below the working face, it will experience an “unloading
high-stress ratio area” and a “pressurized low-stress ratio stable area”. When the bottom-
pumping road is arranged below the working face, it will experience an “unpressurized
high-stress ratio zone” and an “unpressurized stress ratio stability zone”. When the bottom-
pumping tunnel is arranged below the working face, it will experience the influence of a
“decompression high-stress ratio area” and a “decompression stress ratio stabilization area”.
When the bottom-pumping tunnel is arranged below the coal pillar, it will experience the
influence of a “pressurized low-stress ratio area”.

(3) The theory of the “butterfly shape” of the plastic zone indicates that the reasonable
location of the bottom-pumping roadway is 15 m below the coal pillar. The damage range
and deformation characteristics of the plastic zone at different locations of the bottom-
pumping tunnel in the coal seam bottom plate are in the following order: “unpressurized
high-stress ratio zone” > “unpressurized stress ratio stable zone” > “pressurized low-stress
ratio zone” > “original rock stress ratio zone”, which verifies the reasonableness of the
bottom-pumping roadway arranged at the 15 m position outside the faulty hollow area
below the coal pillar.

(4) Industrial experiments show that the bottom-pumping roadway is arranged in
the coal pillar below the hollow area outside the wrong 15 m. Along where the digging of
the limestone roof plate is carried out, the maximum value of the roof sinks by 9 mm, the
maximum value of the two gangs approaches 16 mm, the deformation of the roadway’s
perimeter rock is in a reasonable range, and the location of the bottom-pumping roadway
has a reasonable layout.
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