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Tis paper aims to study the law of pressure behavior and the characteristics of mutual infuence in the process of steeply inclined
coal seam mining. Based on the geological and engineering conditions of the B8 coal seam in Nanshan coal mine, this paper
explores the law of mine pressure behavior in the process of steeply inclined coal seammining bymeans of theoretical analysis and
FLAC3D numerical simulation. Based on this, this paper also examines the infuence of the interaction range between coal seams,
the reasonable setting size of the section coal pillar, and the mining distance of the working face on the return air roadway. Te
results suggest as follows: (1) With an increase in the coal seam dip angle, the diference in the abutment pressure plastic zone
between upper and lower coal pillars increases, and when mining in steeply inclined coal seams, the stress concentration in the
lower and upper part of the working face deviates to the roof and foor respectively, which is obviously diferent from that of gently
inclined coal seams. (2) Te vertical stress above the section coal pillar changes in three stages with an increase in the width of the
coal pillar, and the width of the coal pillar in the second stage can be taken as the reasonable size of the width of the coal pillar. Te
numerical simulation results are consistent with the theoretical calculation results, which indicate the high reliability of this
method in determining the reasonable coal pillar size. (3) With an increase in the mining distance in steeply inclined coal seams,
the maximum pressure around the working face and above the return air roadway has gone through three stages. When the
distance between the working face and the adjacent return air roadway is close, the pressure above the return air roadway increases
sharply, and disturbance is stronger.

1. Introduction

As the primary energy of consumption, coal plays a critical
role in China’s energy structure and national economy.With
a decrease in high-quality coal resources in China, the
mining activities of large dip coal seams are gradually in-
creasing [1]. Te steeply inclined coal seam generally refers
to the coal seam with a buried dip angle of 35°∼55° [2] and is
universally considered to be the most difcult coal seam to
mine in the mining feld [3]. Te mine pressure behavior
caused by mining in steeply inclined coal seams is obviously
diferent from that in gently inclined coal seams. Terefore,
it is of great signifcance to develop a reasonable mining plan

to accurately grasp the mine pressure behavior in the mining
process of steeply inclined coal seams. For this reason, many
scholars have studied the mine pressure behavior and the
disturbance in the process of mining of steeply inclined
seams from diferent angles.

Liu et al. [4] pointed out that, in steeply inclined coal
seams, the stress exerted by the surrounding rock on the roof
can be divided into the normal stress perpendicular to the
rock stratum and the shear stress parallel to the rock stratum,
and the shear stress is greater than the normal stress. Due to
the large inclination angle, the direct roof of the upper part
of the working face tends to collapse on the goaf and backfll
its lower space, thus forming the support to the lower roof
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[5–7] when the upper roof is suspended. Terefore, the
overlying strata are subjected to asymmetric stress in ten-
dency, resulting in asymmetric separation and caving, which
brings difculties to the management of surrounding rock.
Qi et al. [8] studied the deformation and failure charac-
teristics of surrounding rock, aiming at the phenomenon of
misalignment and large deformation and failure that often
occur after excavation and support of roadway in steep coal
seams. Based on the small-defection theory for elastic thin
plates, Tu et al. [9] established a working face mechanical
analysis model for the frst time before roof fracture after
coal seam mining with a large dip angle. Yang and Liu [10]
used the natural arch theory to analyze the cave-in mech-
anism of horizontal coal roadway in steep coal seams and
studied the stress distribution characteristics and failure law
of surrounding rock of fully mechanized mining roadway in
steep coal seams. Hong-Sheng et al. [11] pointed out that the
stability of the lower roof of the working face is higher than
that of the upper roof in the mining of high dip coal seams.
With a gradual increase in the dip angle, the ability of rock
mass to withstand slip-induced instability increases, but the
ability to withstand deformation-induced instability de-
creases. Wu et al. [12] studied the mechanical properties and
microstructure of cemented rockfll reinforced by carbon
nanotubes and fractal aggregates through macroscopic
mechanical and microscopic scanning tests, which can
provide certain support for surrounding rock support when
mining coal seams with a large dip angle. Trough the above
analysis, this paper reveals the disturbance infuence on the
confning pressure in the mining process of the steeply
inclined coal seam, which provides a certain theoretical basis
for on-site construction.

Based on FLAC3D numerical simulation software, Xue
et al. [13] studied the variation characteristics of sur-
rounding rock stress and energy in the mining process of the
steeply inclined coal face. Te results show that the working
face is in a high stress state afected by the leading abutment
pressure, the energy accumulation area of the roof is located
in the lower end and the middle and upper part of the
working face, and the energy accumulation area of the foor
is located in the lower end of the working face. Lu et al. [14]
studied the characteristics of pressure behavior in the
process of shallow steeply inclined coal seam mining
through two-dimensional numerical simulation. Te results
show that the law of pressure behavior in the mining process
of the steeply inclined coal seam is obviously diferent from
that of the gently inclined coal seam and the uneven set-
tlement of the steeply inclined coal seam foor is more se-
rious than that of the coal seam roof. Zhang and Shi [15]
carried out the numerical simulation of combined mining of
a large dip angle and a short-distance coal seam by a fnite
element method. By discussing the deformation and failure
characteristics of surrounding rock, they revealed the sci-
entifc nature of combined mining of steeply inclined close
coal seams. Zhang et al. [16] studied the stress redistribution
and coal seam deformation characteristics under the goaf of
a high-dip coal seam by using 3DEC software. Te results
show that, in the process of upper slicing mining, more than
75% of the coal in lower slicing is located in the efective

pressure relief area. Wu et al. [17] analyzed the infuence of
the mining process of steeply inclined coal seams on coal
seam roadway through the numerical simulation and
pointed out that the diference in the rock structure on both
sides of steeply inclined coal seam roadway is the root cause
of roadway asymmetric failure. Qi et al. [8] studied the
failure mechanism and control technology of roadway
surrounding rock in deep steeply inclined coal seams under
the infuence of a weak structural plane by the FLAC3D
numerical simulation and explored the reasonable support
scheme of roadway according to the results of the numerical
simulation.

Te above analysis suggests that the disturbance and
pressure behavior of steeply inclined coal seam mining have
their own characteristics. Moreover, theoretical analysis and
numerical simulation methods play a signifcant role in
revealing the disturbance mechanism in the process of
steeply inclined coal seam mining. However, at present, the
law of pressure behavior and disturbance characteristics in
the process of steeply inclined coal seam mining is rarely
studied. In particular, there are few studies on the interaction
between coal seams and the efect of coal seam mining on
section coal pillars in steeply inclined coal seam mining. In
the process of coal seam mining, the law of mining pressure
manifestation in diferent regions is diferent. How to sys-
tematically study the characteristics of mining pressure
manifestation in diferent regions in the process of large dip
coal seam mining is the key research content of this paper,
which is also the important innovation of this paper. Based
on this, the paper explores the law of pressure behavior in the
process of mining steeply inclined thick coal seams by fo-
cusing on the interaction between coal seams and the rea-
sonable width of the coal pillar in steeply inclined coal seam
mining and the relationship between face mining distance
and roadway mining, which is expected to provide a theo-
retical basis and reference value for the development of on-
site engineering.

2. Theoretical Analysis on the Law of Mine
Pressure Behavior in Working Face

Coal and rock mass are not manually disturbed before coal
mining, and the stress is in a state of equilibrium. At this
point, the measured rock mass stress is the original rock
stress. After coal mining, the mining stress feld is formed,
and the vertical pressure acting on coal seam, rock strata,
and gangue within the range of surrounding rock stress
redistribution is called abutment pressure. Te accurate
calculation of the distribution law and the range of the
abutment pressure in stope have a signifcant application
value for the adoption of reasonable support modes and
methods for stope, the determination of reasonable exca-
vation location and time of adjacent roadway, and the
prevention of accidents related to the abutment pressure.

2.1. Distribution Law of Inclined Abutment Pressure in
Working Face. Tere is a pressure peak in the abutment
pressure distribution range, and the abutment pressure
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distribution is divided into the plastic zone and elastic zone
according to the pressure peak. Te structural mechanic
model is established, as shown in Figure 1.

According to the mechanical model of the inclined
supporting pressure structure shown in Figure 1, the range
of the plastic zone of the inclined abutment pressure in the
working face is established:

x上侧 �
Mβ

2 tanφ0
ln

β σy1 cos α tanφ0 + 2c0 − Mc0 sin α􏼐 􏼑

β 2c0 − Mc0 sin α( 􏼁 + 2Px tanφ0
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2 tanφ0
ln
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β 2c0 + Mc0 sin α( 􏼁 + 2Px tanφ0

⎡⎣ ⎤⎦,
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(1)

where xupperside refers to the range of the plastic zone of the
inclined abutment pressure on the upper side of the stope,M
refers to the thickness of the mining coal seam, β refers to the
lateral pressure coefcient of the face where the ultimate
strength is located, φ0 refers to the friction angle at the
interface between the coal seam and the roof and the foor,
σy1 refers to the peak value of the abutment pressure, α refers
to the dip angle of the coal seam, c0 refers to the cohesion at
the interface between the coal seam and the roof and the
foor, c0 refers to the average volume force of coal, and Px
refers to the binding force of roadway support on the coal
wall along the x direction.

Te upper side of the stope means that the coal pillar of
the goaf is located on the upper side of the upwind roadway,
and the lower side of the stope means that the coal pillar of
the goaf is located on the lower side of the conveyor
roadway. It can be observed from formula (1) that the range
of the plastic zone of the inclined abutment pressure cor-
related with the dip angle of the coal seam. Such a correlation
is not noticeable when the dip angle of the coal seam is small,
but with an increase in the dip angle of the coal seam, the
diference in the plastic zone of the abutment pressure
between the upper side and the lower side of the coal pillar
increases.

In the subsequent analysis of the mining pressure of the
working face, coal pillars in sections, and the interaction
between coal seams, the stress values at diferent positions
were calculated according to the abutment pressure model
shown in Figures 1 and 2. At the same time, the yield
condition and the plastic zone range of coal and rock are
judged according to the corresponding criterion.

2.2. Distribution Law of Strike Abutment Pressure inWorking
Face. Te movement and stress redistribution of the strata
around the stope caused by coal seam mining have a great
impact on the deformation and failure of the surrounding
rock of the steeply inclined coal seam. When backstopping
in the working face, the strata in the irregular caving zone are
in a loose state and the overlying strata are largely in
a suspended state, which makes it necessary to transfer the
weight of the suspended strata to the coal body in front of the
working face. At this point, the goaf is a lower area than the
original rock stress, and the abutment pressure of the coal in
front of the working face is much higher than that of the
original rock, as shown in Figure 2.

Te range of the plastic zone of strike support pressure in
the working face is established according to the mechanical
model of the strike support pressure structure shown in
Figure 2:

x0 �
M

2fkp

ln
KcH cos α + 2Ckp + M0St/2fkp􏼐 􏼑 − M0St/2fkp􏼐 􏼑e

2fkp/M0St( 􏼁 σc−σ∗c( )

kppx + σ∗c +(/)
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In the formula, M refers to the coal seam mining
thickness, f refers to the friction coefcient between the coal
seam and the roof and foor, f� tgφ (φ refers to the internal

friction angle at the coal-rock contact), K refers to the stress
concentration factor,H refers to the buried depth of the coal
seam, α refers to the coal seam dip angle, c refers to the bulk
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Figure 1: Mechanical model diagram of inclined abutment
pressure structure [18].
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Figure 2: Distribution of strike abutment pressure in the mining
face: (a) stress reduction area; (b) stress increase area; (c) original
rock stress area; (d) limit equilibrium zone; (e) elastic zone [19].
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density of the overlying strata, C refers to the cohesion of the
coal layer, M0 refers to the softening modulus of the coal, St
refers to the strain gradient of the coal in the plastic zone, px
refers to the protective force of the supporting plate of the
working face to the coal wall, σc refers to the uniaxial
compressive strength of coal, and kp refers to the internal
friction angle of coal.

3. Analysis and Discussion of Numerical
Simulation Results

3.1. Introduction of the Project and the Establishment of the
Model. Taking the B8 coal seam of Xiaogou coal mine in
Nanshan coal mine in Shihezi city in China as the research
object, this paper examines the law of pressure behavior of
the steeply inclined coal seam. Te dip angle of the B8 coal
seam is 38°∼42°, the thickness of the coal seam is 4.2m, the
old roof is 14.6m fne sandstone, the direct roof is 20.2m
siltstone, and the direct bottom is 1.2m fne sandstone. In
this paper, through feld sampling, the corresponding
physical and mechanical properties of rock are measured by
using indoor rock mechanic testing machine, and then, the
corresponding model is established by using FLAC3D nu-
merical simulation software. In FLAC3D numerical simu-
lation software, the abutment pressure distribution model in
Figures 1 and 2 is used to study the pressure behavior law of
a high-dip coal seam. Te Mohr–Coulomb plastic consti-
tutive relation and the yield criterion are adopted in the
numerical simulation process, and the plastic fow of rock
mass is not considered. Te discriminant expression is

fs � σ1 − Aσ3 + 2B
���
Nφ

􏽱
, (3)

where σ1 and σ3are the maximum and minimum principal
stresses, respectively, B and φ are cohesion and the internal
friction angle, respectively, and Nφ � (1 + sinφ)/(1 + sinφ).
When fs≥ 0, the material is in a plastic fow state. When
fs< 0, the material is in the elastic deformation stage. Te
values of physical and mechanical parameters in the sim-
ulation process are shown in Table 1.

3.2. Research on the Law of Mine Pressure Behavior inMining
Face. According to the theoretical model shown in Figure 2,
the rock pressure behavior law of the mining face is studied
by using the FLAC3D numerical simulation software, as
shown in Figure 3.

After extracting the specifc values from the numerical
simulation results, the vertical stress variation curves at diferent
positions of the mining face are obtained, as shown in Figure 4.

As can be observed in Figures 3 and 4, after mining, the
stress concentration in the lower part of the working face
deviates to the roof, the stress concentration in the upper
face deviates to the foor, the infuence range of stress in the
lower part of the working face is 20m, and the stress
concentration appears in the position of about 3m. Tese
characteristics are obviously diferent from those of the
gently inclined coal seam. Te area within 0–3m from the
lower part of the working face is the stress reduction area, the

area within 3–20m is the stress increase area, and the area
beyond 20m from the lower part of the working face is the
stress stable area. In the process of mining large dip coal
seams, the maximum stress is about 18MPa and the location
is about 5m from the lower part of the working face.

3.3. Research on the Pressure Behavior of the Coal Pillar in the
Coal Seam with a Steeply Inclined Angle

3.3.1. Research on the Stress and Deformation Characteristics
of the Section Coal Pillar. In order to explore the infuence of
the angle on the pressure behavior of the coal pillar in coal
seams with a steeply incline angle, the models of a coal seam
dip angle of 35°, 40°, and 45° and a section pillar of 20m were
established by using FLAC3D numerical simulation soft-
ware. Based on the existing research results, verifcation is
completed and good results are obtained. Te numerical
simulation results are shown in Figure 5 [20].

Te results of the numerical simulation cloud map in
Figure 5 suggest that the maximum concentrated stress of
the coal pillar in the working face of the steeply inclined coal
seam is located at the top of the coal pillar near the roof of the
upper working face. In order to further quantitatively
characterize the efects of diferent dips and distances, the
results in Figure 3 are extracted, as shown in Figure 6 [20].

As can be observed in Figure 6, with an increase in the
dip angle, the concentrated stress action point shifts to the
upper part of the roof (the upper end of the coal pillar) and
to the coal wall of the working face, and the infuence range
of vertical stress becomes smaller with an increase in the dip
angle. When the dip angle of the working face is 45°, the
saddle-shaped stress distribution curve appears in the coal
pillar, indicating that the stress in the working face and the
lateral stress of the coal pillar are no longer superimposed.

3.3.2. Research on Stress and Deformation Characteristics of
the Coal Pillar with Diferent Width. In order to study the
law of deformation and failure of the coal pillar in diferent
width sections under a large dip angle, numerical models
with a coal pillar width of 5m, 10m, 15m, 20m, 25m, and
30m are established, respectively, for numerical simulation
analysis under the condition that the dip angle of the coal
seam is 40 and that the range of the goaf is constant, as
shown in Figure 7 [20].

In order to better refect the law in Figure 7, the variation
results of vertical stress under the coal pillar with diferent widths
with roadway distance are extracted, as shown in Figure 8 [20].

As shown in Figures 7 and 8, the upper side of the coal
pillar, that is, the side near the goaf, is afected by the upper
goaf, resulting in stress concentration. From the vertical
stress curve, it can be observed that when the width of the
coal pillar is about 0∼10m, the overall bearing pressure of
the coal pillar is larger, and on one side of the roadway, the
stress value is obviously higher than that of other width coal
pillars. When the width of the coal pillar is 5m, the max-
imum stress is 14.4MPa, and when the width of the coal
pillar is 10 m, the maximum stress is 20MPa. When the
width of the coal pillar is 15∼30m, the maximum stress is
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18MPa. Although the maximum stress when the coal
pillar width is 15∼30 m is greater than that when the coal
pillar width is 5 m, with an increase in the coal pillar
width, the maximum stress value is gradually far away
from the roadway and the infuence of the goaf roof on
the roadway starts to decrease, thus ensuring the safe
operation of the roadway. When the width of the coal
pillar is more than 20m, the “saddle-shaped” stress on the
side of the coal pillar is no longer superimposed on each
other. Terefore, based on the numerical simulation
results and the recovery rate, the reasonable width of the
roadway is set as 15m∼20 m.

3.3.3. Teoretical Study on the Reasonable Size of the Section
Coal Pillar. In Section 3.3.2, the force and deformation
characteristics of the coal pillar with diferent widths are
numerically simulated, through which the reasonable width
of the coal pillar is determined to be 15∼20m. In order to
further verify the stability and reliability of the numerical
simulation results, a theoretical study on the mine pressure
behavior of the section coal pillar was carried out. Te stress
diagram of the section coal pillar is shown in Figure 9.

Te coal strata at the upper end of the goaf area in the
upper part of the working face are defned as the sliding rock
mass. Te force F1 along the normal direction of the
overlying strata of the sliding rock mass acts on the vertical
plane of the sliding rock mass, and F2 acts on the sliding rock
mass along the bedding direction. At the same time, the
sliding rock mass is also afected by its own gravity com-
ponent F4 along the normal direction, inclination compo-
nent F3, and friction on the upper and lower surfaces. Te
stress relationship along the dip direction when the sliding
rock mass is stable is as follows:

F1f1 + F1 + F4( 􏼁f1 ≥F2 + F3. (4)

In the formula,F1 � q5L0 cos α, L0 refers to the width of the
coal pillar, q5 refers to the load of the overlying strata on the
sliding rock mass, α refers to the dip angle of the coal seam,
F1 � q5L0 cos α, F3 � c1ΣhiL0 sin α, c1 refers to the average
volume force of the sliding rock mass, Σhi refers to the total
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Figure 3: Cloud map of stress distribution in mining face.
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mining face.

Table 1: Physical and mechanical parameters in the simulation process.

Rock stratum Elastic modulus (GPa) Cohesion (MPa) Internal friction angle (°) Tensile strength
(MPa)

Old roof 48.6 5.7 36 4.2
Direct roof 52.1 2.2 32 4.0
Coal 2.9 2.0 30 0.35
Direct bottom 47.8 5.6 35 4.1
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thickness of the sliding rock mass in the upper part of the
working face, F4 � c1ΣhiL0 cos α, and f1 and f2 refer to the
friction coefcients between the upper and lower surfaces of the
sliding rock mass, respectively.Te following expression can be
obtained by bringing the above values into formula (4):

q5 ≥
sin α − f2 cos α

f1 + f2( 􏼁 cos α − sin α
c1Σhi. (5)

When the dip angle of the coal seam is greater than 45°,
the right molecule of formula (5) is a real number greater
than zero, and when the dip angle of the coal seam is less
than 90°, the action load q5 of the overlying strata on the
sliding rock mass is a real number greater than zero.
Terefore, when (f1 + f2)cos α − sin α is negative, q5 ≥ 0 is
always workable. Tus, it can be concluded that there is no
slip and instability of the coal pillar in the section when
α≤ arctan(f1 + f2) and that there is a danger of slip when
α≥ arctan(f1 + f2).

In the above formula h1 � Hm + M, M is the coal seam
mining height of the working face. Te particularity of the
occurrence condition of the steeply inclined coal seam de-
termines that the movement form of the overlying rock in
the working face is diferent from that in the near-horizontal
coal seam.When the hanging width of the upper strata of the
working face is less than the fracture step of the overlying
strata, the overlying strata stop falling, the length of the roof
no longer changes, and the total thickness of the falling strata
can be measured. Terefore, Hm can be determined
according to the actual occurrence conditions of coal strata
in the specifc working face.

A balanced pressure arch structure can be formed among
the upper old roof of the high inclination face, the gangue
flling in the lower part of the working face, and the coal
pillar in the upper section of the working face. At equilib-
rium, the total weight of the overlying strata is supported by
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Figure 5: Cloud map of vertical stress distribution of the coal pillar at diferent dip angles: (a) 35°; (b) 40°; (c) 45°.

0
2
4
6
8

10
12
14
16
18
20

0 5 10 15 20 25 30 35 40 45 50

35°
40°
45°

distance (m)

tunnel

pr
es

su
re

 (M
Pa

)

Figure 6: Stress distribution curve of the coal pillar in the coal seam
with diferent angles.

6 Mathematical Problems in Engineering



-1.0000E+06

2.0238E+03
0.0000E+00

-3.0000E+06
-4.0000E+06

-2.0000E+06

-5.0000E+06
-6.0000E+06

-8.0000E+06
-7.0000E+06

-9.0000E+06

-1.1000E+07
-1.2000E+07
-1.3000E+07
-1.4000E+07
-1.5000E+07

-1.7000E+07
-1.8000E+07
-1.8783E+07

-1.6000E+07

-1.0000E+07

Contour of ZZ-Stress
Calculated by: Volumetric
Averging

(a)

-4.0000E+06
-2.0000E+06
0.0000E+00
2.8563E+03

-6.0000E+06
-8.0000E+06

-1.2000E+07
-1.0000E+07

-1.4000E+07
-1.6000E+07

-2.1249E+07
-2.0000E+07
-1.8000E+07

Contour of ZZ-Stress
Calculated by: Volumetric
Averging

(b)

-4.0000E+06
-2.0000E+06
0.0000E+00
4.2472E+03

-6.0000E+06
-8.0000E+06

-1.2000E+07
-1.0000E+07

-1.4000E+07
-1.6000E+07

-2.0424E+07
-2.0000E+07
-1.8000E+07

Contour of ZZ-Stress
Calculated by: Volumetric
Averging

(c)

-4.0000E+06
-2.0000E+06
0.0000E+00
7.4435E+03

-6.0000E+06
-8.0000E+06

-1.2000E+07
-1.0000E+07

-1.4000E+07
-1.6000E+07

-2.0074E+07
-2.0000E+07
-1.8000E+07

Contour of ZZ-Stress
Calculated by: Volumetric
Averging

(d)

-3.0000E+06
-1.0000E+06
4.1327E+03

-5.0000E+06
-7.0000E+06

-1.1000E+07
-9.0000E+06

-1.3000E+07
-1.5000E+07

-1.9859E+07
-1.9000E+07
-1.7000E+07

Contour of ZZ-Stress
Calculated by: Volumetric
Averging

(e)

-3.0000E+06
-1.0000E+06
1.1290E+04

-5.0000E+06
-7.0000E+06

-1.1000E+07
-9.0000E+06

-1.3000E+07
-1.5000E+07

-1.9818E+07
-1.9000E+07
-1.7000E+07

Contour of ZZ-Stress
Calculated by: Volumetric
Averging

(f )

Figure 7: Cloud map of stress distribution of the coal pillar in diferent width sections: (a) 5m; (b) 10m; (c) 15m; (d) 20m; (e) 25m; (f) 30m.
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the section coal pillar and lower flling gangue of the working
face (the support force of the bracket is negligible in
comparison), as shown in Figure 10.

From the force relationship in Figure 10, it can be ob-
tained that q5 is

q5′ � cHq

L + L0( 􏼁

L + L0
+
1
2

c
L + L0( 􏼁

2

L1 + L0
sin α. (6)

In the formula, q5 refers to the acting force of the
overlying strata on the section coal pillar. With the self-
weight of the coal pillar being excluded, it can be known
from the relationship between the acting force and the re-
action force that the acting force of the overlying strata on
the section coal pillar is equal to that of the underlying strata
on the coal pillar. c refers to the average volume force of the
overlying strata, Hq refers to the buried depth at the upper
end of the coal pillar, L refers to the length of the working
face, and L1 refers to the width of the flling in the lower part
of the working face.

When the section coal pillar is stable, the resultant
moment of each component of the section coal pillar is
supposed to be balanced, and the following equation can be
obtained by calculating the O point in Figure 10:

1
2
F1L0 +

1
2
F4L0 + f1Σhi � F2Σhi +

1
2
F3Σhi. (7)

Since the thickness of the coal seam is smaller than the
buried depth of the working face and the total thickness of
the goaf above the working face, it can be assumed that
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Figure 8: Vertical stress distribution curve of the coal pillar with diferent widths: (a) 5m; (b) 10m; (c) 15m; (d) 20m; (e) 25m; (f ) 30m.
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c � c1. By substituting c � c1 into formula (7) and sim-
plifying it, the following equation can be obtained:

q5 �
L0Σhi − Σhi( 􏼁

2 tan α
2Σhi tan α + 2f1 tan α − L0

c. (8)

Te following equation can be obtained by combining
formulas (7) and (8):

L0 �
P1 +

��������������������������������������������

P
2
1 + 8 sin α tan α Σhi( 􏼁

2
+ 2Hq + L sin α􏼐 􏼑 f1 + Σhi( 􏼁􏼐 􏼑

􏽱

2 sin α
,

P1 � 2f1 sin α tan α − 2Σhi + 2Σhi sin α tan α − 2Hq − L sin α.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(9)

According to formula (9), the relationship between the
setting width of the section coal pillar and the dip angle of the
coal seam and the mining height of the working face can be
obtained. It can be seen that when the coal seam dip angle is
greater than 60°, the setting size of the coal pillar in the working
face is greatly afected by the dip angle, and when the coal seam
dip angle is less than 60°, the setting size of the coal pillar in the
working face section is less afected by the inclination angle.
Te reasonable setting size of the coal pillar width is linearly
proportional to the mining height of the working face.

We set the height of the working face as 4.2m, and the
reasonable reserved size of the section coal pillar at diferent
dip angles can be obtained from formula (9), as shown in
Figure 11.

From Figure 11, it can be concluded that when the coal
seam dip is 38°–42°, the reasonable coal pillar size is
15m∼20m. Terefore, the theoretical calculation result of
the reserved size of the coal pillar in the reasonable section of
Xiaogou subore in Nanshan coal mine is 15∼20m Te

consistency between the theoretical calculation results and
the numerical simulation results refects the stability and
reliability of the numerical simulation results.

3.4. Analysis of theMining Infuence Law of B4Coal Seam and
B8 Coal Seam. In the process of coal seam mining, the
pressure behavior law above the working face is not only
afected by the current abutment pressure above the working
face but also related to the mining of adjacent or similar coal
seams. In addition, the pressure behavior of the roadway
above the working face is greatly afected by the adjacent
mining face in the process of tunneling. Terefore, the study
of the change law of rock pressure behavior caused by the
interaction between mining not only has important theo-
retical signifcance but also has clear practical signifcance.
Tis section examines the infuence of similar mining coal
seams on the pressure behavior in the mining process of
a large inclination face by carrying out the FLAC3D

O
L 1

L 2

L 0

M

q5′

q5′

γ (L+L0)

γHq

Figure 10: Stress diagram of the overlying strata.
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numerical simulation. At the same time, the infuence of the
mining process of the steeply inclined working face on the
ground pressure behavior above the heading roadway of the
adjacent face is numerically stimulated.

3.4.1. Analysis of the Infuence of B4 Coal SeamMining on B8
Coal Seam. Te thickness of the B4 coal seam is between
1.6m and 2.26m, the average thickness is 1.82m, and the dip
angle of the coal seam is about 40°. Most of the strata be-
tween B4 and B8 coal seams are sandstone interbeds, and the
average distance between them is 66.08m. In the process of
the numerical simulation, the thickness of the B4 coal seam
is 2m and the mining length of the working face is 120m.
Te model is shown in Figure 12.

According to the model established in Figure 12, the
infuence of B4 coal seam mining on the B8 coal seam is
numerically simulated from four dimensions: plastic zone
distribution, vertical displacement change, overlying strata
density change, and vertical stress distribution. Te results
are shown in Figure 13.

Te results in Figure 13 show the following:

(1) Te plastic zone of B4 coal seam mining is primarily
caused by shear failure and tensile failure, and the
plastic zone is mainly distributed in the roof and the
foor of the two cross headings. Tere is no plastic
failure in the B8 coal seam in the middle of the B4
working face, so it is believed that the mining of the
B4 coal seam does not afect the B8 coal seam.

(2) Te vertical displacement primarily occurs at the upper
side and roof of the upper cross heading. From the
distribution of the vertical displacement of the roof, the
roof deformation of the B4 coal seam does not afect the
B8 coal seam, and the infuence range of the B4 coal
seam roof is mainly in the middle and upper parts.

(3) Te change area of density primarily occurs in the
position of the roof and foor, and its density does
not afect the B8 coal seam from the variation range
of roof density.

(4) Temaximum vertical stress is in the solid coal of the
two cross headings, the second is mainly distributed
in the roof and foor, and the general stress distri-
bution in the roof is larger in the middle and upper
parts, which is consistent with the feld ground
pressure observation data of the B8 coal seam face.
Te simulation results show that the roof stress of the
B4 coal seam has an infuence on the B8 coal seam
after mining, but the infuence is not signifcant.
From the numerical simulation results, when the
distance between the two coal seams gradually de-
creases, this interaction will become increasingly
signifcant. In addition, the maximum stress value
and infuence range of diferent coal seam spacing
can be obtained from Figure 13(d). Terefore, this
method can be used to judge the range of interaction
of diferent spacing coal seams, but the precondition
is to combine with specifc geological conditions.

Terefore, as can be seen in Figure 13, under the as-
sumption that the overlying strata are hard strata, after B4
coal seam mining, the plastic zone distribution, vertical
displacement change, overlying strata density distribution,
and vertical stress distribution do not afect or slightly afect
the B8 coal seam, and the scope of infuence is limited to the
middle and upper parts. Although the simulation results
show that the mining of the B4 coal seam has little infuence
on the B8 coal seam, this is mainly based on the conclusion
of the actual geological conditions of Nanshan coal mine.
However, the numerical simulation analysis reveals the
infuence range of B4 coal seammining on the overlying coal
seam, which is where the signifcance of this study lies.

3.4.2. Analysis of the Infuence of Mining in Working Face on
the Air Return Way of Adjacent Working Face. Te three-
dimensional numerical model is based on the layout plan of
the B8 working face and the sketch drawing of +1190m
horizontal transport cross heading, and the conditions are
appropriately simplifed. Te length of the numerical model
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Figure 11: Variation law of reasonable coal pillar size with a dip angle of the coal seam.
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is 700m, the width is 250m, the height is 322m, and the
excavation length of the working face is 114m. Te specifc
model is shown in Figure 14.

First of all, on the basis of the initial model, the working
face is excavated 100m, and the return air roadway of the
adjacent lower face is tunneled 100m. At this point, the
distance between the mining face and the heading face is
400m, and the equilibrium is calculated. After mining 40m
in each working face, the distance between the two sides is
shortened by 40m until the mining face tunnels the heading
face; that is, the distance between the two sides is −120m.
Te infuence of two-sided disturbance is simulated, and
some of the results are shown in Figure 15.

As shown in Figure 15, when the mining distance of the
working face is 100m and 180m, the maximum pressure
around the working face is 11MPa and 13.5MPa, re-
spectively, which is located on the side of the transport
roadway. At this point, the maximum pressure of the return
air roadway of the adjacent working face is 6MPa, and the
two sides do not disturb each other. When the mining face is
300m, the maximum pressure around the working face is
16.3MPa, which is located on the side of the two roadways.
Te pressure in front of the working face is less than that of
the two roadways, and the maximum value is 11.2MPa. At
this point, the maximum pressure of the return air roadway
in the adjacent working face is 6.2MPa, and there is some
disturbance on the two sides.When themining face is 540m,
the pressure around the working face obviously afects the
return air roadway of the adjacent working face.

In order to further reveal the infuence of working face
mining on the adjacent return air roadway, the numerical
simulation results are extracted. When the working face is

advanced at diferent distances, the maximum pressure
around the working face and on the return air roadway is
shown in Figure 16.

It can be observed from Figure 16 that the maximum
pressure around the working face and above the return air
roadway has gone through three stages with an increase in
the mining distance of the working face. Te frst stage is
when the mining distance of the working face is less than
260m. In this stage, the maximum pressure around the
working face increases linearly with an increase in the
mining distance and the maximum pressure above the
return air roadway remains unchanged, so there is no
disturbance on both sides. Te second stage is when the
mining distance of the working face is more than 300m and
less than 500m. In this stage, the maximum pressure around
the working face increases gradually with an increase in the
mining distance and the increasing speed gradually slows
down; the maximum pressure above the return air roadway
increases gradually with an increase in the mining distance
but does not increase signifcantly, so there is a slight dis-
turbance on both sides. Te third stage is when the mining
distance of the working face is more than 500m. In this
stage, the maximum pressure around the working face
changes only slightly with an increase in themining distance,
and the maximum pressure above the return air roadway
increases sharply with an increase in themining distance and
gradually approaches the maximum pressure around the
mining face, so there is serious disturbance on both sides.
According to the results shown in Figure 16, when the
distance between the working face and the return air
roadway gradually shortens during the advancing process of
the working face, the interaction between the two gradually
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Figure 13: Cloud map of the infuence of B4 coal seam mining on B8 coal seam: cloud map of (a) plastic zone distribution, (b) vertical
displacement distribution, (c) density variation distribution, and (d) vertical stress distribution.
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Figure 15: Cloud map of vertical stress distribution at diferent mining distances in the working face: (a) working face mining 100m;
(b) working face mining 180m; (c) working face mining 300m; (d) working face mining 460m; (e) working face mining 540m; (f ) working
face mining 620m.
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increases. At this time, the pressure above the working face
and the roadway gradually increases, which may cause
a series of safety problems. Terefore, measures such as
accelerating the advancing speed of the working face,
shortening the roof overhang time, and reducing the top
control distance of the working face can be actively taken to
reduce the concentration of the abutment pressure. At the
same time, when the distance between the working face and
the return air roadway is within the range of the third stage,
reasonable support measures should be taken.

It is worth noting that the numerical simulation results
are obtained according to the specifc geological and mining
conditions of Xiaogou coal mine. Based on the above analysis,
the mining pressure behavior law of the working face, the coal
pillar with diferent widths, and interaction between coal seams
in the Xiaogou coal mine mining process are obtained. At the
same time, the infuence of coal seam mining on the adjacent
air return roadway is analyzed.Te specifc numerical results of
the above analysis are only applicable to Xiaogou coal mine,
however, the above simulation and theoretical analysis
methods can be applied to the mining of large dip coal seams
under diferent geological conditions.

4. Conclusions

Taking the B8 coal seam of Xiaogou coal mine in Nanshan
coal mine as the research object, this paper explores the law
of pressure behavior in the mining process of steeply in-
clined coal seams. Trough the methods of the theoretical
analysis and numerical simulation, this paper delves into the
pressure behavior law of the coal pillar above and the section
of the mining face in a high-dip coal seam, as well as the
interaction between steeply inclined coal seams and the
pressure behavior during the interaction between themining
face and adjacent return air roadway. Te main conclusions
are as follows:

(1) Te range of the plastic zone of the inclined abut-
ment pressure of the working face is related to the
dip angle of the coal seam, which is not noticeable
when the dip angle of the coal seam is small, but with
an increase in the dip angle of the coal seam, the
diference in the plastic zone of the abutment
pressure between the upper side and the lower side of
the coal pillar increases. During the mining of the
steeply inclined coal seams, the stress concentration
in the lower part of the working face deviates to the
roof and the stress concentration in the upper face
deviates to the foor, which is obviously diferent
from that in the gently inclined coal seams.

(2) Te vertical stress above the coal pillar in the section
changes in three stages with an increase in the width
of the coal pillar: In the frst stage, the overall bearing
pressure of the coal pillar is larger and is on one side
of the roadway when the width of the coal pillar is
small. In the second stage, with an increase in the
width of the coal pillar, the peak stress is far from the
roadway and the infuence of the roof of the goaf on
the roadway begins to decrease. In the third stage,
when the width of the roadway coal pillar continues
to increase, the stress on the side of the coal pillar is
no longer superimposed on each other. Terefore,
based on the numerical simulation results and the
recovery rate, this paper proposes a reasonable so-
lution of leaving section coal pillars; that is, the coal
pillar width of the second stage is taken as the section
coal pillar width. Trough the numerical simulation
and theoretical analysis, the reasonable width of the
section coal pillar is analyzed quantitatively, and the
results are consistent, which show the reliability and
stability of this method. When mining the working
face of large inclined seams on-site, corresponding
pressure relief measures should be taken at the lower
roof and upper foor of the working face to reduce
the efect of the abutment pressure.

(3) In the process of mining steeply inclined coal seams,
the maximum pressure around the working face and
above the return air roadway goes through three
stages with an increase in the mining distance of the
working face: the stage of no mutual infuence, the
stage of slight mutual infuence stage, and stage of
serious mutual infuence. When the distance be-
tween the working face and the return air roadway is
within the range of the third stage during the feld
mining of large dip coal seams, measures such as
speeding up the advancing speed of the working face,
shortening the roof extension time, and reducing the
control distance of the top of the working face should
be taken to reduce the top surface pressure con-
centration. At the same time, reasonable support
measures shall be taken.

Data Availability

Te data can be obtained from the corresponding author on
request.
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Tunnel lining falling blocks can cause great threats to trafc safety, resulting in trafc interruptions or speed limits and en-
dangering operational safety. Traditional lining disease remediation measures have low efciency and high costs and are time
consuming. Combining the research methods used in the literature, indoor testing, and model experiments, a very normal
material, namely, polyurea spray flm material, is proposed as a means by which to remediate the lining falling block disease in
tunnels. A 1 :1 tunnel lining structure model was established at the site, and four experimental conditions were tested. Te
experiments revealed that the tensile stress was less than the tensile strength and that no tensile fracture occurred in the polyurea
spray flm material under the joint action of the block’s self-weight and aerodynamic loads. Factors such as side seam treatment,
surface sanding, and spray temperature may infuence the bond strength of the polyurea spray flmmaterial. In order to remediate
the issue of lining blocks falling, we recommended increasing the bond strength between the spray flm material and the concrete
or increasing the thickness of the polyurea spray flm material.

1. Introduction

By the end of 2020, China’s railway operating mileage
reached 145,000 km. A total of 16,798 railway tunnels have
been put into operation, with a total length of about
19,630 km. Te total length of the high-speed railways that
have been put into operation is about 37,000 km, and the
total number of tunnels is 3,631, with a total length of about
6,003 km, as shown in Table 1 [1].

Te railways have a wide distribution range, a high pro-
portion of tunnels, and complex geological and hydrological
conditions [2]. Tunnel lining with high reliability is the key to
ensuring the safety of high-speed railways. In recent years, most
of the new operating railways have been high-density and high-
speed electrifed trunk and passenger-dedicated railways [3].
Tunnel lining that contain falling blocks can cause great threats
to trafc safety, resulting in trafc interruptions or speed limits,
endangering operational safety [4].

In the construction process, under-excavation control,
the installation of subwindows into the mold, centralized
vibrating, mold grouting, equipment modifcations, and
construction method improvements are carried out [5].
However, tunnel vault lining back voids, crack leakage, block
drops, and other issues continue to appear, threatening the
safety of railway trafc seriously [6].

Due to the infuence of hydrogeological conditions, ter-
rain, climate, natural disasters, and various unfavorable
factors in the design, construction, operation, and manage-
ment of tunnels can face various issues after being put into
use, such as lining cracks and block drops [7]. Tese issues
shorten the maintenance cycle and service life of the tunnel
and seriously threaten the safety of trafc and pedestrians in
the tunnel [8]. In recent years, safety accidents caused by
tunnel diseases have abounded. In 1999, there were three
lining block accidents in Japanese railway tunnels [9]. In July
2006, a tunnel in the Boston Central Tunnel Project collapsed
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on top of a concrete slab [10]. Once a falling block accident
occurs in an operational tunnel, the consequences are often
very serious; this has attracted the attention of the trans-
portation departments and tunnel engineering and technical
personnel of various countries [11]. Tey have carried out
inspections and treatments of tunnel diseases. Since the
concrete block drop accident in the tunnels in Fukuoka
Prefecture in June 1999, the Japan Transport Ministry has
required the inspection of 3,360 km of tunnels among the
4,826 tunnels that are part of the national railway line [12].
Most of the tunnels in Italy were built in the 1960s, and
inspections revealed that a large number had varying degrees
of lump-dropping disease due to aging, load variability, en-
vironmental infuences, and other infuences [13].

At present, lining disease remediation measures include
adding bushings, the integral removal of arches, partial dis-
mantling, polymer repair mortar flling, corrugated plate
reinforcement, carbon fber cloth reinforcement, steel belt
plus anchor reinforcement, and lining inner grouting [14].
Te existing measures are commonly applied, and the
technologies are relatively mature. However, for the operation
of tunnels, disease remediation can only be carried out using
skylight time. By deducting the inspection time both inside
and outside of the tunnel, the actual construction time of each
skylight was found to be only a few hours [15]. Te con-
struction process, such as cast-in-place concrete or polymer
mortar, is complex, the labor operation intensity is large, and
the survival speed is slow, resulting in the existing re-
mediation measures having low efciency and high costs [16].

In view of the skylight operation time being short, time-
consuming, inefcient, and with high remediation costs and
other issues for existing lining disease remediation, a polymer
spray flm reinforcement material, namely, polyurea, is pro-
posed in this paper. Tunnel lining disease can be rectifed
through surface spraying and other means. At present, there is
little use of polyurea in railway engineering. It ismostly used for
bridge deck waterproofng. Tis study combines the working
environment and disease remediation requirements of tunnel
lining and adopts the research methods used in the literature,
such as indoor testing and model testing, to study the material
performance indicators, construction process, mechanical
equipment confguration, acceptance standards, construction
efciency, and economic efciency. Finally, a complete set of
spray flm reinforcement technologies and construction
methods for lining disease remediation are formed.

2. Application Status of Polyurea Spray
Film Materials

2.1. Function Mechanism. Polyurea materials are polymers
based on the chemical reaction of isocyanates, which are

generated by the reaction of isocyanates with amino com-
pounds [17]. Te reaction of isocyanate with amines is part
of the gradual addition and polymerization of hydrogen
transfer, which is caused by the nucleophilic center of the
amine attacking the positive carbon ions of the isocyanate
group [18]. Te hydrogen atoms in the active hydrogen
compound are transferred to the N atoms in the -NCO
group, and the remaining groups and carbonyl C atoms are
combined to form a urea group, the essence of which is the
reaction of the semi-prepolymer with the amino polyether
and amine chain extender [19]. Due to the high activity of
amino polyether and the alkalinity of the N atom, the re-
action does not require a catalyst and can be cured and
formed in a very short time.Te reaction process is shown in
the following formula (1):

RNCO + H2 N − R
′ ⟶ R −

O

‖

N − N

| |

H H

− R
′
. (1)

Te formation principle of spray flm is impact mixing.
Te A and R component liquids with high reactivity collide
with each other under a high-pressure drive. Te liquids are
mixed by turbulence in the gun bodymixing room, atomized
by the spray gun, and then mixed evenly and sprayed on the
substrate surface in a very short application period. Finally,
an overall seamless polyurea elastomer spray layer is
formed [20].

Coating adhesion strength refers to the degree of
frmness of the coating flm and the surface of the substrate,
which are bound together by physical and chemical forces
[21]. Te intensity of the adhesion strength depends on the
number of the polymer polar groups and the polar groups on
the surface of the substrate in the coating, as well as their
interaction, which is mainly determined by chemical bonds,
intermolecular forces, and mechanical forces [22]. Te es-
sence of adhesion is an interfacial force, including the co-
hesion of the coating itself and the adhesion of the coating
flm to the substrate, as well as the internal stress after the
coating is formed [23]. Together, these three factors afect
the adhesion of the coating to the substrate. Coating co-
hesion is the characteristic of the coating itself. Te adhesion
is generated by the physicochemical action of the coating
and the substrate [24]. Te stress on the coating comes from
two aspects: one is caused by external forces, and the other is
generated when the flm is formed. Terefore, the adhesion
of the coating to the substrate is mainly afected by the
following two factors:

(1) Te substrate surface treatment, which includes
physical and chemical methods.Te chemical method
is to pickle and then carry out grinding and phos-
phating. Te physical methods include hand sanding,
sand blasting, or blasting. Both the physical and
chemical methods require close and sufcient contact
between the coating substance and the surface

Table 1: Statistical table of China’s high-speed rail tunnel profle.

High-speed rail status Tunnel number Tunnel
cumulative length (km)

Under operation 3671 6003
Under construction 1811 2750
Planning 3525 7966
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material of the substrate. If there are oil stains, rust, or
other substances on the surface of the substrate, these
will hinder the close contact between the coating and
the surface of the substrate [25]. Terefore, the
substrate surface must be treated before coating. In
addition, in order to increase the contact area between
the coating and the substrate surface, the substrate
surface is sand-blasted or shot-blasted to improve the
adhesion of the coating to the substrate.

(2) Te spraying temperature. Te porosity and fracture
rate of the adhesive surface of the coating can have
a certain impact on the adhesion of the coating and
the corrosion resistance of the coating. Terefore, in
the painting process, it is necessary to reduce the
porosity of the coating to improve the performance
of the coating [26]. Porosity is related to the for-
mulation of the coating on the one hand and the
spray temperature on the other hand. Te coating
process of the paint involves the coexistence of
physical and chemical processes. During the coating
process, the coating is heated and melted on the
substrate while the curing reaction of the epoxy resin
occurs. Te spraying temperature refers to the
temperature of the substrate when the powder is
sprayed on the substrate. If the spraying temperature
is low, the viscosity of the resin after melting will be
high, the gelling time will be long, the curing reaction
speed will be slow, the wetting time with the sub-
strate will be long, and the cohesion of the formed
coating will be high. On the contrary, if the spraying
temperature is high, the resin melt viscosity will be
low, the gelling time will be short, the curing reaction
speed will be fast, the wetting time with the substrate
will be short, and the cohesion of the resulting
coating will be low. If considered from the per-
spective of full wetting of the coating and the sub-
strate, the wetting efect due to low-viscosity and
a long wetting time is good. However, low-viscosity
and long-term wetting are contradictory in the
process of powder coating because the speed of the
curing reaction is proportional to the curing tem-
perature. If the spraying temperature is high, the
melt viscosity will be low, but the time for cross-
linking and curing will be shortened at the same
time. It is more important to choose a relatively
reasonable temperature in the spraying process.
When the shear stress of the coating is greater than
the adhesion force of the coating to the substrate, the
coating is easily peeled of of the substrate. Increasing
the temperature of the coating can improve the
movement of the electron cloud, which is conducive
to the formation of covalent bonds between the
substrate and the coating, thereby improving the
adhesion of the coating. However, the porosity of the
coating, especially the porosity of the bonded sur-
face, will increase with the increase in the spraying
temperature, and the increase in porosity will afect
the adhesion of the coating to the substrate [27].

2.2. Prospect of Polyurea Material for Use in Tunnel Falling
Block Disease Remediation. Te advantages of the polyurea
protective coating mainly include excellent mechanical
properties, 100% solid content (zero VOC), green envi-
ronmental protection, convenient spraying construction,
seamless overlapping, and an ultra-long service life. Due to
these excellent properties, spray polyurea elastomer tech-
nology has previously been used in structures such as the
Boston Subway Tunnel and ofshore drilling platforms. Bo
[28] studied the corrosion resistance of anticorrosion
coatings in diferent corrosive environments, and the results
showed that the corrosion resistance of polyurea coatings in
wet and dry circulation, brine soaking, and wet and hot
corrosive environments was far superior to the corrosion
resistance of polyurethane coatings and epoxy cloud iron
coatings. Lü [29] et al. synthesized a new type of polyaspartic
polyurea elastomer with polyaspartic acid grease. Trough
the study of its accelerated aging, dynamic mechanical be-
havior, and marine aging behavior, it was concluded that
polyaspartic polyurea elastomer has good mechanical
properties and corrosion resistance. Liu [30] studied the
resistance to chloride ion permeation of polyurea coatings
under stress conditions and without stress, and the results
showed that spraying polyurea coatings on concrete surfaces
can signifcantly improve chloride ion permeability. Yang
[31] studied the acid and alkali resistance and frost resistance
of concrete protected by polyurea coating and polyurethane
coating, and the results showed that the acid and alkali
resistance and frost resistance of polyurea coating were
better than those of polyurethane coating. Li et al. [32]
studied the application of polyurea in ofshore concrete
protection, analyzed the infuencing factors of adhesion,
studied the corrosion resistance of polyurea protection on
the Qingdao Bay Bridge, and discussed the frost resistance
and chloride ion permeation resistance of coated concrete.
Wang [33] studied the efects of substrate strength, main-
tenance age, primer type, and temperature and humidity on
the adhesion of polyurea coatings on concrete substrates.

Based on the excellent properties of polyurea materials,
they have been widely used in China, such as in the Beijing
Olympic Venues, Qingdao Jiaozhou Bay Cross-Sea Bridge,
Beijing-Shanghai High-Speed Railway, and Te Immersed
Tube Tunnel part of the Hong Kong-Zhuhai-Macao Cross-
Sea Bridge. Polyurea has been recognized by an increasing
number of people and has been increasingly applied inmajor
projects. Polyurea technology has gradually become one of
the most promising materials of this century. According to
the existing research and applications, polyurea spray flm
reinforcement materials are currently mostly used for wa-
terproofng of new projects in the feld of underground
engineering. Tey are less frequently used in tunnel disease
remediation, and the only cases mainly concern water
leakage.Tere are many types of railway tunnel diseases, and
diseases such as hollows and falling blocks are especially
important as they endanger driver’s safety. Tere is no re-
search on or application of polyurea spray flm materials in
this feld. From the perspective of improving the efciency of
rectifcation and reducing the cost of remediation, the
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research on the use of spray flm reinforcement materials for
tunnel lining disease remediation technology is of very
important theoretical signifcance and practical
engineering value.

3. Analysis and Assumptions of the Mechanical
Properties of Polyurea Materials

3.1. Te Main Function of Polyurea Spray Film Material.
Regarding spray flm reinforcement materials used for
tunnel lining disease remediation, the main role of polyurea
spray flm is to cover the lining block to prevent falling
blocks and their threat to the safety of driving.

As shown in Figure 1, on the concrete lining with
a thickness of T, there is a circular concrete test block
AA′BB′ with a diameter of r1 and a mass of m. At the initial
moment, the test block is not separated from the lining and
is supported by a polyurea elastomer with a diameter of
r1 + 2r2 and a bond strength of ψ. It can be seen that the
protective efect of the spray polyurea elastomer on the
separated concrete test block on the lining is essentially the
support force provided by the ring polyurea elastomer with
width r2, while the polyurea elastomer with the diameter of
the r1 part at the bottom of the test block does not provide
force.Terefore, the most dangerous points of the entire care
system are point A and point A′.

Since the polyurea spray flm is a fexible material, the
vertical and horizontal directions of the load at point A and
point A′ do not provide the supporting force that the rigid
body does. Te support of the test block depends on the
adhesion of the spray polyurea elastomer and the dragging
force of the flm after the spray flm is disengaged.

3.2. Loads on the Spray Film Material. Under diferent test
conditions, the spray flm material was mainly subjected to
tensile pressure and shear efects caused by the self-weight of
the arch drop block and the additional aerodynamic efect.

3.2.1. Self-Weight of the Arch Drop Block. When lining block
falling occurs, the spray flm material must frst withstand
the gravity applied by the self-weight of the falling block,
which is determined by the concrete bulk weight and the size
of the test block.

3.2.2. Aerodynamic Loads. When the multiple unit (EMU)
passes through a short tunnel, the impact of aerodynamic
loads on the pressure change inside the vehicle is small, while
the impact on the tunnel structure and its ancillary facilities
cannot be ignored.Te high-speed passage of the train in the
tunnel causes a drastic change in the air pressure inside the
tunnel, and the aerodynamic efect generated has a great
impact on the spray flm material. High-speed trains pro-
duce an aerodynamic fatigue load when running in the
tunnel. Te role of the pneumatic fatigue load is to cause the
spray flm material and the initial stable small crack on the
lining to quickly develop. At the same time, new cracks can
also occur around the periphery of the existing cracks. Te

new cracks extend towards the weak points in the material
and connect with the existing cracks, causing macroscopic
damage to the material.

3.3. StressModel Assumptions. Te antifall block of lining in
this study refers to the loosening area of the lining locally.
Under the premise of not afecting the overall stability of the
lining structure, the spray flmmaterial is used to achieve the
purpose of creating an antifall block. Focusing on the tensile
strength of the spray flm and the bonding strength between
it and the concrete, the calculation ignores the friction
between the test block and the lining wall.

3.3.1. Calculation of the Spray Film Material Force of the
Circular Concrete Test Block

(1) Spray Film Bond Strength When Only the Self-Weight of
the Test Block is Considered. Te bonding strength and
tensile strength of the spray flm material to the lining
concrete surface on the concrete test block at the top of the
lining is calculated according to the principle of the
minimum circumference of the circular boundary, as
shown in Figure 2. Combined with the actual situation of
the tunnel section, the diameters of the test block r1 are
0.5 m, 1 m, 2m, 3m, 4m, 5m, and 6m, respectively. Te
thickness is T � 0.5m, and the concrete bulk weight is
c � 23 kN/m3. Te bond strength of the spray flm material
ψ is assumed to be outside the boundary of the falling
block according to the force area, L1 � 0.01m. Te tensile
strength is calculated under the assumption that faulting
of the block end is h1 � 0.005m after spraying, and it is
assumed that the material is still within the elastic range at
this time.

According to the principle of force balance, in order to
prevent the test block from falling, the following conditions
must be met:

cπ
r
2
1
4

T � πr1L1ψ. (2)

From this, the calculation formula for the spray flm
bond stress ψ is as follows:

ψ �
cr1T

4L1
. (3)

(2) Bond Strength of the Spray Film When Both the Block
Weight and Aerodynamic Loads are Taken into Account.
According to the additional pressure recommendation
values for auxiliary facilities in tunnels as found in the China
high-speed railway design code, the bond strength of the
spray flm material to the concrete surface is shown in
Table 2 under the condition of single and double lines at
diferent speeds.

According to Table 2, the worst operating condition is
when trains meet in double lines with a speed of 350 km/h.
Te bond strength of the sprayed flm material to the surface
of the lined concrete should be greater than 14.8 kPa
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(0.0148MPa). Terefore, the aerodynamic loads on the test
block under the most unfavorable operating conditions can
be calculated as follows:

P � 14.8π
r
2
1
4

. (4)

A schematic diagram for the calculation of the bond
strength of the spray flm material, taking into account both
the self-weight of the test block and the aerodynamic load, is
shown in Figure 3.

Combining equations (3) and (4) with Figure 3, the spray
flm bond stress calculation formula under this condition is
as follows:

ψ �
(cT + 14.8)r1

4L1
. (5)

(3) Tensile Strength of the Spray Film When Both the Block
Weight and Aerodynamic Loads are Taken into Account. Te

tensile strength ξ of the spray flm is calculated according to
Figure 4. When the test block falls, it is caught by the drag
action of the spray flm. Te component of the spray flm
tension in the vertical direction is canceled out by the gravity
and aerodynamic load of the test block, and the components
of the ring spray flm tension in the horizontal direction
cancel each other out. Te entire care system reaches
a balanced state.

Width of the torn spray flm can be calculated as follows:

l �

������

L
2
1 + h

2
1

􏽱

. (6)

Angle between spray flm and test block can be calculated
as follows:

θ � arc tan
L1

h1
. (7)

Te component of the spray flm tension in the vertical
direction can be calculated as follows:

Concrete block

Concrete lining

Polyurea spray film material

G

BB'

AL 1

r1

A'
CC'

D
D'

T

h 1

Figure 2: Schematic of the calculation when only gravity is considered.

Concrete block
Polyurea spray film material

Concrete lining

r1 h

Lr 2

AA'

BB'

T

Figure 1: Schematic diagram of the calculation of the bearing of the spray polyurea material.

Table 2: Additional pressure recommendation values in high-speed rail tunnels.

Nos Operating condition Positive
peak pressure (kPa)

Passive
peak pressure (kPa)

Bond
stress requirement (kPa)

1 Single line, 70m2, 300 km/h, 2.6 −3.9 >6.4
2 Single line, 70m2, 350 km/h 3.4 −5.1 >8.5
3 Double lines, 100m2, 300 km/h 1.6 −2.8 >4.4
4 Double lines, 100m2, 350 km/h 2.2 −3.5 >5.7
5 Double lines, 100m2, 350 km/h, trains meet 5.9 −8.9 >14.8
6 Double lines, 92m2, 250 km/h 1.2 −1.8 >3.0
7 Double lines, 92m2, 250 km/h, trains meet 3.5 −5.4 >8.9
8 Single line, 58m2, 250 km/h 2.2 −3.3 >5.5
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Fy � F cos θ. (8)

Spray flm tension can be calculated as follows:
F � πr1lξ. (9)

Combining formula (2) and (4) and formula (6)∼(9), the
tensile stress ξ of the spray flm can be obtained as follows:

ξ �
(Tc + 14.8)r1

4
������

L
2
1 + h

2
1

􏽱

cos arc tan L1/h1

. (10)

(4) Tensile Strength of the Spray Film When Only the Self-
Weight of the Test Block Is Considered. When only the self-
weight of the falling test block is considered, without
consideration of the aerodynamic load, the schematic dia-
gram of the force of the spray flm support system is shown
in Figure 5.

According to equation (10) and Figure 5, the tensile
stress of the spray flm at this time is calculated as follows:

ξ �
Tcr1

4
������

L
2
1 + h

2
1

􏽱

cos arc tan L1/h1

. (11)

3.3.2. Calculation of the Spray Film Material Force of the
Rectangular Concrete Test Block. According to the calcu-
lation result of the circular falling block, the force condition
of the spray flm material under the rectangular falling block
can also be obtained.

(1) Spray Film Bond Strength When Only the Self-Weight of
the Test Block is Considered. As can be seen from Figure 2,
when the concrete test block is r1 long and r2 wide, equation
(2) can be converted to

cr1r2T � 2L1+r1( 􏼁 2L1 + r2( 􏼁 − r1r2􏼂 􏼃ψ. (12)

From this, it is possible to obtain the formula for cal-
culating the bonding stress of the spray flm material when
considering only the self-weight of the test block:

ψ �
cTr1r2

2L1 2L1+r1 + r2( 􏼁
. (13)

(2) Bond Strength of the Spray Film When Both the Block
Weight and Aerodynamic Loads Are Taken into Account. For
rectangular test blocks subject to aerodynamic loads,
equation (3) can be converted to

P � 14.8r1r2. (14)

Te bond stress of the spray flm material when both
aerodynamic loads and the self-weight of the test block are
taken into account can be calculated by combining formula
(13) and formula (14):

ψ �
r1r2(cT + 14.8)

2L1 2L1 + r1 + r2( 􏼁
. (15)

(3) Tensile Strength of the Spray Film When Both the Block
Weight and Aerodynamic Loads Are Taken into Account.
Assuming that the spray flm material at this time is still in
the elastic stage and is not damaged by plastic stretching,
the spray flm area S squeezed out by the test block is as
follows:

S � 2 r1 + r2( 􏼁l. (16)

Te tensile stress calculation formula of the spray flm
material under this condition can be obtained as follows:

Concrete block

Polyurea spray film material

Concrete lining

G

P

BB'

AL 1

r1

A'
CC'

D
D'

T

h 1

Figure 3: Schematic diagram of the calculation of bond stress taking into account both gravity and aerodynamic loads.

Lining Lining
Concrete block

Polyurea material
G
P

r1

h 1

L1θ

F

Fx

Fy

Figure 4: Calculation schematic diagram of spray flm tensile
stress.

Lining Lining
Concrete block

Polyurea material
G

r1

h 1

L1

θ

F

Fx

Fy

Figure 5: Calculation schematic diagram of spray flm tensile stress
when subjected to gravity alone.
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ξ �
(Tc + 14.8)r1r2

2 r1 + r2( 􏼁

������

L
2
1 + h

2
1

􏽱

cos arc tanL1/h1

. (17)

(4) Tensile Strength of the Spray Film When only the Self-
Weight of the Test Block is Considered. At this point, the
aerodynamic load is subtracted in equation (17) to obtain the
tensile stress calculation formula for spray flmmaterials that
only consider the self-weight of the test block:

ξ �
Tcr1r2

2 r1 + r2( 􏼁

������

L
2
1 + h

2
1

􏽱

cos arc tanL1/h1

. (18)

3.4. Te Main Required Mechanical Properties of Spray Film
Materials. Te mechanical properties of the spray flm
material should be calculated according to the most un-
favorable circular test block to provide a sufcient safety
factor in actual construction. Based on this principle, the
calculation results are described below.

3.4.1. Circular Test Block

(1) When only Self-Weight is Considered. Te calculation
results are shown in Table 3.

Te results show that the minimum bond strength of the
sprayed flm material and the lining concrete is positively
correlated with the diameter of the falling block. Te the-
oretical analysis suggests that the minimum bond strength
requirement is no less than 1.73MPa and that the minimum
tensile strength is no less than 3.45MPa.

(2) When Both Self-Weight and Aerodynamic Loads Are
Considered. Te calculation results are shown in Table 4.
According to the analysis of the calculation results, the
single-hole, double-line 100m2 tunnel with a speed of
350 km per hour when trains meet is the most unfavorable
working condition. Te required minimum bond strength is
no less than 3.95MPa, and the minimum tensile strength is
no less than 7.89MPa.

Considering the aerodynamic efect, the dragging efect
of the spray flm layer on the falling block, and the use of the
spray flm layer to ensure that the lining cracks meet the
specifcation limits, it is recommended that the bonding
strength of the spray flm material and the concrete be no
less than 3.95MPa and that the tensile strength of the spray
flm material be no less than 7.89MPa. In addition, if the
structure is subjected to a large external force load and needs
to meet the crack width limit requirements, the tensile
strength of the spray flm material still needs to be analyzed
according to the specifc force situation.

3.4.2. Rectangular Test Block

(1) When Only Self-Weight is Considered. Te calculation
results after the substitution of the parameters are shown in
Table 5.

Te theoretical analysis suggests that the minimum bond
strength requirement is no less than 1.565MPa and that the
minimum tensile strength is no less than 1.69MPa when
only the self-weight of the test block is taken into account.

(2) When Both the Self-Weight and Aerodynamic Loads Are
Considered. Te calculation results are shown in Table 6.

It can be seen that for rectangular lining drop blocks, the
bonding strength of the spray flm material should not be
less than 3.580MPa and the tensile strength should be no less
than 3.865MPa when considering both the self-weight and
aerodynamic load of the test block.

4. Lining Disease Remediation Model
Experiment Using Polyurea Spray
Film Material

In order to verify the actual strength of the spray flm
material under the action of the self-weight of the concrete
test block and aerodynamic load and whether it can support
the tunnel lining block to achieve the purpose of disease
remediation, a 1 :1 tunnel lining structure model was
established at the site to simulate the disease of the tunnel
lining block. Trough this model experiment, the consis-
tency of the material performance indicators and the the-
oretical analysis were verifed, and the antilining blocking
efect of the polyurea spray flm material was clarifed.

4.1. Model Experiment Scheme

4.1.1. Purpose of the Experiment. According to the con-
struction of the tunnel model and the construction process
of spray flm reinforcement, a total of four working-
condition experiments were carried out. Te lining thick-
ness was 0.5m with a rectangular test block of 2× 3m in size
and a circular test block of Φ � 2m in diameter. Te
thickness of the polyurea spray flm in each set of test blocks
was 5mm, and the spray flm was extended along the edge of
the test block for 2m, as shown in Figure 6. Sandbags were
used in the test to simulate aerodynamic loads.

When implemented, the on-site cast-in-place reinforced
concrete test model was poured 20m at a time, and the
facility joint was installed every 10m with a waterstop belt.
When the concrete was poured, it was divided by steel plates
to form an independent test block, which was suspended

Table 3: Mechanical indicators of flm spray flm materials for
circular falling blocks under self-weight.

Nos Block diameter
(m)

Minimum bond strength
(MPa)

Minimum
tensile

strength (MPa)
1 0.5 0.14 0.287
2 1.0 0.29 0.575
3 2.0 0.58 1.150
4 3.0 0.86 1.725
5 4.0 1.15 2.300
6 5.0 1.44 2.875
7 6.0 1.73 3.450
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under the gantry crane after reaching the edge. Te polyurea
material was sprayed on the inner edge of the arch to
simulate the remediation of lining diseases. After the pol-
yurea spray flm material reached its strength, the suspen-
sion was lifted; thus, the disease of the tunnel lining falling
block was simulated.Te testing and monitoring was carried
out at the same time.

4.1.2. Experimental Conditions. According to the purpose of
the model test and the actual service status of the tunnel
lining, the shape of the test block was considered according
to the most unfavorable consideration. Terefore, the
rectangular and circular test blocks were adopted. Te ex-
perimental conditions are shown in Table 7.

4.2. Model Experimental Structural Design

4.2.1. Model Size. According to the model test scheme, the
China Reference Diagram of the Lining Structure of a two-
line tunnel at a Speed of 160 km/h was used as the
benchmark for the real simulation of the tunnel structure.
Te inner contour of the tunnel is shown in Figure 7.

We mainly studied the remediation efect of polyurea
spray flm material on lining block drop disease, focusing on
verifying the supporting efect of polyurea spray flm ma-
terial. Due to the certain randomness of the actual tunnel
lining block drop disease, the model test considered the most
unfavorable working conditions, and the drop block was set
with the tunnel vault position. Considering the operating
space requirements in themodel, the headroom height in the
model was set to 3m, thus determining the model height.
Unlike the surrounding rock constraints around the actual
tunnel, the bottom of the test model had a large arch foot
structure, and a bar foundation and antishear keys were set
in the upper part of the arch foot to resist the horizontal
thrust of the model arch foot and to ensure safety.

Te dimensions of the test model are shown in Figure 8.

4.2.2. Structural Calculation. According to the test scheme,
there were two types of loading conditions for the test
model: self-weight and self-weight + aerodynamic load.Te
most unfavorable working conditions were self-
weight + aerodynamic load, and the structural calculation
was carried out according to this working condition. Te
additional surface loads formed by personnel and equip-
ment on the surface of the model under the loading
conditions were considered at the same time.Te structural

Table 4: Spray flm bond stress and tensile strength requirements under diferent circular drop diameters.

No Block diameter (m) Minimum
bond strength (MPa)

Minimum tensile strength
(MPa)

1 0.5 0.33 0.6575
2 1.0 0.66 1.315
3 2.0 1.32 2.630
4 3.0 1.97 3.945
5 4.0 2.63 5.260
6 5.0 3.29 6.575
7 6.0 3.95 7.890

Table 5: Mechanical indicators of flm spray flm materials for
rectangular falling blocks under self-weight.

Nos Block size (m) Minimum
bond strength (MPa)

Minimum tensile
strength
(MPa)

1 1× 2 0.381 0.413
2 2× 3 0.687 0.620
3 3× 4 0.983 1.062
4 4× 5 1.275 1.377
5 5× 6 1.565 1.690

Table 6: Spray flm bond stress and tensile strength requirements
under diferent rectangular drop sizes.

Nos Block size (m) Minimum
bond strength (MPa)

Minimum tensile
strength
(MPa)

1 1× 2 0.871 0.945
2 2× 3 1.572 1.700
3 3× 4 2.248 2.430
4 4× 5 2.916 3.149
5 5× 6 3.580 3.865

Sandbag Sandbag

Concrete block

Gantry crane

Midline

Construction joint
Block

3 
m

8.5 m
10.8 m

10
.8

 m

4× 10 m=40 m

Figure 6: Schematic diagram of the model experiment.
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calculation load combinations and values are shown in
Figure 9 and Table 8, respectively.

Te reinforcement diagram is shown in Figure 10.
According to the structural internal forces obtained by

the analysis, the model structure and foundation re-
inforcement were designed with reference to the China
Railway Tunnel Design Code. Te main rib of the structure
was confgured with φ18@250. In particular, the gravity of
the test block should be borne by the stirrup because the test
block was suspended by steel rope. According to the cal-
culations, the stirrup within the test block was encrypted to
φ8@100. At the same time, the hanging ring was buried in
the test block and welded with the steel bar of the test block.
Te test block lifting ring should be made of Q235B round
steel, which meets the provisions of the current China
National Standard Carbon Structural Steel GB/T 700. It is
strictly forbidden to use cold-drawn steel bars and other
substitutions, and φ32 Q235B round steel was used
according to the calculation of the lifting ring.

4.3. Model Structure Construction

4.3.1. Construction Processes

(1) Model Construction. After pouring the frst plate foun-
dation, the tunnel arch model was constructed using the
bracket method. Te inner layer of the model was supported
by an I18 I-beam steel, and, from top to bottom, the bracket
arrangements were: external mold (5× 20 cm, square
wood)⟶ inner mold (poly board + 5× 20 cm plank)⟶
I18 I-beam steel⟶Φ76× 8 steel pipe support. Te tunnel
model was poured using mixing station concrete. After the
rebar lashing and formwork installation were completed,
a 6mm steel plate was used to separate the test block, which
was removed after completing the lining concrete pouring.
Te frst plate lining reserved three test blocks of 1× 2m,
Φ2m and 1× 3m.Te second board lining reserved two test
blocks of 2× 3m. Te model pouring process is shown in
Figure 11.
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(2) Safety Control. Te inside, outside, and test blocks of the
tunnel model were fully enclosed and isolated by metal
mesh, and safety warning signs were set up to ensure the
safety of on-site construction workers and test personnel, as
shown in Figure 12.

4.3.2. Polyurea Material Spraying. After the base surface
treatment of the bottom and edge seam extension of the
circular test block, 5 cm of epoxy consolidation material
was infused at the edge gap between the test block and the
incision. Te substrate was sprayed with epoxy

Surface load + Aerodynamic load 

Sandbag load Sandbag loadMidline

Self-weight

Venue floor

600

01

Figure 9: Te designed model structure load.

Table 8: Structural calculation loads.

Model self-weight standard
value (kN·m³) Aerodynamic loads (kPa)

Additional surface loads
for personnel and
equipment (kPa)

Sandbag load (kN·m³)

25 15 10 20

Midline

Venue floor

Q235B round steel lifting
ring, welded with the lower
part of the steel skeleton 

Q235B round steel shear key

01

N6

N3

18@250

N7 18 @250

N2 18@250

N4 8@100

N3 12@250

N3 12@250

N3 12@250

N3 12

N1 18@250

12
N8

8

32

@250

@250

Figure 10: Model structure reinforcement diagram.
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(a) (b)

(c) (d)

Figure 11: Construction of the experiment model. (a) Lining formwork installation of the frst plate. (b) Concrete pouring of the frst plate.
(c) Lining formwork installation of the second plate. (d) Concrete pouring of the second plate.

(a) (b)

(c) (d)

Figure 12: Construction safety control. (a) Tunnel model entrance isolation. (b) Tunnel model internal isolation. (c) Te tunnel model was
fully enclosed and isolated. (d) Warning signs around the vault test block.
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consolidation materials, followed by primers and polyurea
spray materials. Te specifc process is shown in
Figures 13–15.

4.4. Simulation Test under Diferent Working Conditions

4.4.1. Tensile Stress of Polyurea Material Spray Film. Te
tensile stress of the polyurea spray flm material can be
analyzed by testing the elastic strain of the spray flm ma-
terial at the measuring point under each loading condition,
for which the resistive strain gauges were used to test the
elastic strain of the polyurea spray flm material under the
corresponding loading conditions.

Te arrangement of the measuring points for spray flm
material near the inner surface of the tunnel on the rect-
angular and circular test blocks and the pasting method of
the strain gauges at the measuring points are shown in
Figures 16 and 17, respectively.

4.4.2. Block Sinking Measurement. In the model test, the
amount of vault sinking and staggering that occurs when the
test block of the tunnel arch is supported and reinforced by
the spray flm material can be tested using a total station and
a steel ruler, respectively. Te test method for determining
the amount of sinking of the test block vault and the amount
of misalignment between the test block and the surrounding
lining is shown in Figure 18.

Te amount of vault sinking hi can be obtained by
measuring the height diference between the tunnel model
vault measurement points A, B, and C during the experi-
mental loading process.

4.4.3. Misalignment between the Block and Surrounding
Concrete. Te misalignment Δh between the test block and
the surrounding concrete lining in the tunnel model can be
obtained by the displacement amount that occurs before
and after the sinking of the test block on measurement
points A and B. Te specifc test method is shown in
Figure 19.

5. Experimental Results

5.1. Results of Experimental Condition 1

5.1.1. Te Bond Strength between the Polyurea Material and
Concrete Surface. According to the test results at diferent
points, the average bond strength of working condition 1
was 3.83MPa.

5.1.2. Polyurea Material Spray FilmTickness. According to
the test results at diferent points, the average spray flm
thickness in working condition 1 was 5.7mm.

5.1.3. Tensile Strain and Stress of Spray Film Material.
For the cylindrical test block supported and reinforced by
spray flm material with a thickness of 5mm, the largest
strain values were at measuring points D and G, as shown in
Figure 16(b). Te spray flm material was in a tensile state
along the tunnel ring and in the axis direction. Taking the
strain at points D and G as an example, the relationship
curve of the longitudinal tensile strain with time at pointD is
shown in Figure 20, and the relationship curve of the lateral
tensile strain with time at point G is shown in Figure 21.

As can be seen from Figures 20 and 21, under the load
condition of the test block weight and with an additional
load of about 8.6 t, the maximum tensile strain measured at
points D and G was εt � −42.65 με.

According to the feld test conditions, the test time
under the action of the arch test blocks and sandbags with
a self-weight of about 8.6 t lasted for almost 80min. During
this test, the spray flm materials were in the linear elastic
deformation stage, and no plastic yield or brittle fracturing
occurred. Te spray flm material modulus of tensile
elasticity E after curing was about 8MPa. According to the
stress and strain relationship of the spray flm material in
the elastic stage after curing, the tensile stress σt of the
central part of the spray flm material can be obtained as
follows:

σt � Eεt, (19)

Surface sanding, water sandblasting

Brush the frst consolidated material

Patch the gap between test block and cut

Infuse reinforcement material

Test temperature and humidity, prepare
spray film equipment Spray film material maintenance

Film material spraying

Primer spray

Surface cleaning

Figure 13: Process of polyurea material spraying.
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(a) (b) (c)

Figure 14: Surface treatment. (a) Adjusting the incision. (b) Burnishing. (c) Water sandblasting.

(a) (b) (c)

Figure 15: Primer spraying. (a) Greasing the side seams. (b) Epitaxial spraying. (c) Final rendering.
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Figure 16: Strain measurement points on the spray flm material for the circular test block. (a) Front view. (b) Top view.
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where E is the tension elasticity modulus of the spray flm
material, MPa, and εt is elastic tensile strain value produced
by spray flm material, με.

Te maximum tensile stress at point D can be calculated
by equation (19): σt � 0.341 kPa.

Te tensile strength of the spray flm material measured
in the laboratory was 13MPa. It can be seen that under the
joint action of the Φ2.0m cylindrical test block with
a sandbag with a weight of about 8.6 t, the maximum tensile
stress (σt � 0.341 kPa) of the spray flm material with
a thickness of 5mm was much less than the tensile strength.

Due to the infusion of epoxy consolidation materials in
the cracks, the adhesion force between the test block and the
concrete around it was far greater than the weight of the test
block and the load. Tere were no sinking or misalignment
phenomena in the test block after the sling was detached.
Terefore, the role of the spray polyurea in lifting the test
block and the total weight of the load was not played out at all.

It was found that the 5mm thick spray flm material in
the test could withstand a cylindrical test block ofΦ2× 0.5m
and an aerodynamic load of 8.6 t.Te tensile stress was much
smaller than the tensile strength, and no tensile yield or
brittleness failure occurred in the spray flm material during
the test.

Te stress analysis of the spray flm material tested in
working condition 1 showed that the spray flm material
with a thickness of 5mm was pulled along the tunnel loop
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Figure 17: Strain measurement points on the spray flm material for the rectangular test block. (a) Front view. (b) Top view.
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and the tunnel axis under the combined efect of the test
block gravity and the aerodynamic efect of the high-speed
railway tunnel. Te spray flm material was in a tensile state,
and the maximum tensile stress at the measuring point was
less than the tensile strength of the spray flm material.

5.1.4. Misalignment between the Block and Lining.
Because the test block did not sink during loading condition
1, its sinking amount was zero, and the amount of mis-
alignment was also zero. Te condition of the spray flm
surface during loading is shown in Figure 22.

Based on the model test of the tunnel lining reinforced
with a spray flm material with a thickness of 5mm, com-
bined with the analysis of the strain and stress test, the
following conclusions were reached. Te tensile stress was
between 0.264 and 0.341 kPa under the action of the lining
arch drop and the aerodynamic efect of the high-speed
railway tunnel with a load of 8.6 t on the spray flm material
with a thickness of 5mm. Te spray flm material was in
a pulled state along the tunnel ring and the tunnel axis. Te
tensile stress of the 5mm spray flm material in the model
test condition was less than its tensile strength of 13MPa.
Tis shows that the spray flm material with a thickness of
5mm was able to bear the combined efect of the tunnel arch
lining block and aerodynamic efect without shear or tensile
failure in test condition 1.

5.2. Results of Experimental Condition 2

5.2.1. Bond Strength. According to the test results at dif-
ferent points, the average bonding strength of working
condition 2 was 4.5MPa.

5.2.2. Polyurea Material Spray FilmTickness. According to
the test results at diferent points, the average polyurea spray
flm thickness in condition 2 was 5.6mm.

5.2.3. Tensile Strain and Stress of Spray Film Material.
Tedimensions of the rectangular test block used to simulate
the lining of the tunnel arch in condition 2 were
2.0× 3.0× 0.5m. In the test of the spray flm material it
strained under the combined action of the block self-weight
and the aerodynamic efect. Te 5mm thick spray flm

material was afected by internal tension stress during
loading. At the beginning of the loading, the internal tensile
strain and compressive strain were small. Te tensile and
compressive strain values of each measurement point
changed greatly with the increase in the applied loads, and
the compressive stress changed from compressive stress to
tensile stress. Te maximum tensile strain in the spray flm
material occurred at the moment when the test block was
close to sinking. According to the analysis of the spray flm
material strain value at each measurement point, shown in
Figure 17, the strain values at the three points of mea-
surement points A, H, and J were the largest. In the process
of loading the spray flm material until it sank, the spray flm
materials at measuring points A, H, and J were in a state of
tensile stress. Te tensile strain curves for measuring points
A, H, and J are shown in Figures 23(a)–23(c), respectively.

As can be seen from Figure 23, under the loading
condition of being subjected to the block’s own weight and
the weight of 14 t sandbags, the maximum tensile strain of
the polyurea spray flm material measured was 63334.11 με.

According to working condition 2 of the feld test, the
test time under the weight of the arch test block and the
sandbag with a load of about 14 t lasted for nearly 50min.
Te spray flm material was in the linear elastic deformation
stage during the sinking process of the test block, and no
brittle fracturing occurred. Te tensile elastic modulus was
E� 8MPa after the spray flm material was cured, thus
obtaining the maximum tensile stress of σt � 506.7 kPa.

Te tensile strength of the sprayed flm material was
13MPa. It can be seen that under the combined action of
a test block of 2.0× 3.0× 0.5m and a sandbag with a weight
of about 14 t, the maximum tensile stress of the spray flm
material with a thickness of 5mm during the sinking process
of the test block was 506.7 kPa. Tis is still less than the
tensile strength of the spray flm material of 13MPa.

In case 2, the test block sank during loading and peeled
of the spray flm material within a certain range around
the test block. Tis phenomenon indicates that the bond
strength between the spray flm polyurea material and the
tunnel lining concrete surface reduced gradually, which,
in turn, caused the spray flm polyurea material to be
stripped from the surface of the concrete by the sinking
test block.

For the spray flm material with a thickness of 5mm in
case 2, it was subjected to pressure and tensile stress before

Figure 22: Te state of the spray flm material in the inner wall of the tunnel after loading.
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the test block sank under the combined action of the self-
weight of the rectangular test block and the simulated
aerodynamic efect of the high-speed railway tunnel with
a load of about 14 t. When the test block sank, the spray flm
material was all in a state of tensile stress, but the maximum
tensile stress obtained by the test was still less than the tensile
strength of the spray flm material.

Te thickness of the spray flm material in this loading
test was 5mm. Although there was a sinking phenomenon
for the test block in condition 2 during loading, the tensile
stress in the spray flm material did not exceed its tensile
strength during the sinking period. Te failure phenom-
enon of tension cracking and tearing did not occur on the
spray flm material, which showed that the spray flm
material with a thickness of 5mm in condition 2 could
withstand and drag the sinking test block to prevent it from
falling to the foor completely. Te main reason for the
sinking of the test block during loading may be due to the
decrease in bond strength between the spray flm material
and the concrete wall, and the bonding tension caused by
the increased weight of the test block could not be resisted.
Terefore, in order to prevent the tunnel lining arch test
block from falling, measures such as increasing the bond
strength between the spray flm material and the concrete
or increasing the thickness of the spray flm material can
be taken.

5.2.4. Test Block Misalignment and Spray Film Material
Peeling Area. During the model test, the arch cube test block
sank under the combined action of its self-weight and the
simulated aerodynamic efect loads, but it did not fall to the
ground completely. Between the test block and the tunnel
lining, there was a misalignment. Te maximum settlement
of the concrete block tested on-site was 29 cm, and the
maximum amount of misalignment between the test block
and the surrounding concrete lining was 28 cm. Due to the
sinking of the test block during loading, the spray flm
material around the test block was stripped from the tunnel
concrete lining, as shown in Figures 24–26.

Te sinking amount and misalignment of the test block
in condition 2 is shown in Figure 27. Te maximum

settlement of the test block was 29 cm, and the misalignment
between the test block and the surrounding concrete lining
reached 28 cm.
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Figure 23: Te relationship between strain and time of spray flm material. (a) Measurement point A. (b) Measurement point H. (c)
Measurement point J.

Sinking rectangular test block

Stripped polyurea spray film material

Figure 24: Te condition of the cuboid test block after sinking.

Stripped polyurea spray flm material

Final status of the test block

Strain gauges

Figure 25: Te tensile status of the spray flm material after the test
block sank.

Mathematical Problems in Engineering 17



According to the feld test, the foor plan of the stripped
spray flm material area around the 3× 2× 0.5m rectangular
test block is shown in Figure 28.

It can be seen from Figure 28 that the length of the slope
of the spray flm material that peeled of along the sinking of
the test block was about 0.65 to 0.67m on the horizontal
plane. Te projection of the spray flm material sinking with

the test block on the horizontal plane was a rectangle of
3.42× 4.31m. From this, it can be calculated that the area of
the spray flm material stripped from the concrete lining was
about 8.6m2.

Te cross-section of the spray flm material around the
test block peeled of from the lining due to the weight of the
test block and sandbag load is shown as Figure 29.

From Figure 29, it can be concluded that the peeling
spray flm material around the test block in condition 2 was
within 1.0m.

According to the model test of the spray flm material
with a thickness of 5mm used to prevent the tunnel lining
falling block disease under working condition 2, the fol-
lowing conclusions can be made:

(1) For the test block in working condition 2, when the
5mm thick spray flm material’s extension range was
2m, the tensile stress caused by the block drop was
506 kPa under the action of the block’s self-weight
and the aerodynamic efect of the high-speed railway
tunnel of about 14 t. Te spray flm material was in
a tensile and compressive state along the tunnel ring
and the tunnel axis during the loading test, and the
tensile stress was greater than the compressive stress.
Te whole spray flm material was in a tensile stress
state after the test block sank. Te maximum tensile
stress of the spray flm material in model test case 2

Stripped polyurea spray film material

Rectangular block

Figure 26: Te fnal status of the sunken test block and the stripped spray flm material.
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Figure 27: Misalignment between the block and surrounding lining (mm).
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Figure 28: Floor plan of the peeling range of the spray flmmaterial
around the rectangular test block (mm).
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was less than its tensile strength (13MPa). Tis in-
dicates that the spray flm material with a thickness
of 5mm can bear the combined efect of the tunnel
arch lining block drop and the aerodynamic efect
without shear or tensile failure.

(2) Te use of 5mm thick spray flm material failed to
prevent the concrete test block from sinking in
model test condition 2, but the test block did not fall
to the foor of the tunnel completely and was dragged
and supported by the stripped spray flm material.
After the test block sank, the misalignment between
the test block and the surrounding concrete lining
reached 28 cm, and the area of the spray flmmaterial
on the inner wall surface of the model tunnel con-
crete lining was about 8.6m2 due to the sinking and
pulling of the test block.

(3) It can be concluded that the reason for the block
sinking was related to the decrease in the bond
strength between the spray flm material around the
test block and the concrete. Te range of the stripped
flmmaterial around the test block was less than 1.0m.
Terefore, it is recommended that the bond strength
between the spray flm material and the concrete
within 1.0m of the spraying range around the test
block should be appropriately increased. In addition,
in order to reduce the tensile stress concentration
caused by the uneven thickness of the spray flm
material due to the spraying construction process, it is
recommended that the thickness of the spray flm
material should be appropriately increased.

5.3. Results of Experimental Condition 3. Te test block in
condition 3 was a cuboid block of 2× 3× 0.5m. In this
condition, the cracks between the test block and the sur-
rounding concrete were treated with perfusion epoxy and
were not reinforced with spray flmmaterial. Terefore, only
destructive loading tests were performed on the shear-to-
vandal resistance of the perfused epoxy material. However,
the test block did not sink or fall under the action of its own
weight or under the weight of the upper sandbag with a total
load of 11.5 t during the loading period. Under the action of
the 11.5 t load, the perfusion of the epoxymaterial was free of
destruction. Te test block in condition 3 did not sink or
misalign, and its test value was zero.

5.4. Results of Experimental Condition 4

5.4.1. Tensile Strain and Stress of Spray Film Material.
Te loading test for working condition 4 consisted of
spraying 5mm thick polyurea material in the arch of the
tunnel model and repairing the cracks between the test block
and the concrete lining with infused epoxy material. Te test
block was a circular block of Φ2× 0.5m. Te loads on the
cylindrical test block included its own weight and the ad-
ditional loads applied by the sandbag on its upper part, and
then the load carrying capacity of the spray flm material
under the two loads was analyzed.

Te strain values at measurement points B and C were
the largest for the cylinder test block ofΦ2× 0.5m, shown in
Figure 16.Te spray flm material was in a tensile state along
the tunnel ring and axis direction. Te relationship curve of
the longitudinal tensile strain at point B is shown in
Figure 30.

As can be seen from Figure 30, the maximum tensile
strain measured by the spray flm material with a thickness
of 5mm at point B and point C under a sandbag load of
about 9.5 t was εt � 156.03 με.

According to the conditions of the feld test, the test
lasted for nearly 250min under the combined action of the
arch test block weight and a sandbag load of about 9.5 t. Te
spray flm material was in the linear elastic deformation
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Figure 29: Te spray flm material that was peeled of around the periphery of the sunken cuboid test block.
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Figure 30: Strain curve at point B.
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stage during the test, and no plastic yield or brittle fracturing
occurred, nor did any signifcant sinking or falling appear.

Te tensile elastic modulus was E� 8MPa after the spray
flm material was cured. According to the stress and strain
relationship of the spray flm material in the elastic stage
after curing, it was calculated from equation (19) that the
maximum tensile strain was εt � 156.03 με. At the peripheral
measuring point B, the tensile stress was σt � 1.25 kPa. Te
tensile strength of the sprayed flm material was 13MPa. It
can be seen that under the combined action of the Φ2.0m
cylindrical test block weight and a total sandbag weight of
about 9.5 t, the maximum tensile stress (σt � 1.25 kPa) borne
by the spray flm material with a thickness of 5mm was
much less than the tensile strength of the spray flmmaterial.

It was found that the spray flm material with a thickness
of 5mm in working condition 4 of the loading test was able
to support the joint action of the cylindrical test block of
Φ2× 0.5m and an additional load of about 9.5 t. Te tensile
stress of the spray flmmaterial was much less than its tensile
strength, and the spray flm material did not undergo tensile
yield or brittle damage during the test, nor was there any
signifcant sinking or falling.

5.4.2. Misalignment between the Block and Surrounding
Concrete. After the misalignment test on the lower arch test
block supported and reinforced by a 5mm thick spray flm
material, the arch test block in model test condition 4 did not
sink or fall during loading. Te sinking amount was zero,
and the amount of misalignment was also zero. Te spray
flm material was not peeled of from the inner wall of the
concrete. Te condition of the spray flm surface during
loading is shown in Figure 31.

From the test in experimental condition 4, the following
conclusions can be addressed: In the destructive test sim-
ulating the action of the railway tunnel lining arch block
falling under an additional aerodynamic load of about 9.5 t,
the tensile stress test value inside the spray flm material was
between 0.76 and 1.25 kPa. Te spray flm material was
under tensile stress along both the tunnel ring and the tunnel
axis. Te tensile stress of the spray flm material in the test

was less than its tensile strength of 13MPa, indicating that
the spray flm material with a thickness of 5mm in this
destructive test was still able to bear the joint efect of the
block weight and tunnel aerodynamic efect in the model
tunnel. Te spray flm material did not have tensile or shear
damage, and the cylindrical test block did not sink or fall.

6. Discussion

For all of the four model tests, only the spray flm under
working condition 2 fell of. Terefore, the mechanical
properties of the spray flm material under working con-
dition 2 need to be verifed.

6.1. Validation of the Assumptions in the Calculation of the
Spray FilmMaterial Bond Strength. Te length and width of
the rectangular test block were as follows: r1 � 3m, r2 � 2m;
the thickness of the block: T� 0.5m; the bulk weight of the
block: c � 23 kN/m3; the simulated aerodynamic load:
P � mg � 14 × 9.8 � 137.2 kN; and the average width of the
spray flmmaterial bevel that peeled of as the test block sank
projecting on the horizontal plane: L1 � 0.66m. According
to the measured data, the actual bond strength of the spray
flm material can be calculated by equation (15).

ψ �
2 × 3 × 23 × 0.5 + 137.2

2 × 0.66 ×(2 × 0.66 + 2 + 3)
� 24.72 kPa. (20)

From Table 6, for rectangular concrete test blocks with
a length×width� 3× 2m, the theoretical bond strength of
the polyurea spray flm material was 1.572MPa. Te mea-
sured value is only 1.57% of the theoretical value. Te
calculations show that the supporting efect provided by the
material after actual construction was much smaller than the
theoretical analysis value. On the other hand, the average
bond strength of the spray flm material under the measured
working conditions was 4.5MPa. Te test results had values
much greater than the calculated values, but the polyurea
spray flm material failed in experimental condition 2. In
view of the above situation, the reasons for this are analyzed
as follows:

Te cylindrical test block before loading

(a)

Te cylindrical test block afer loading

(b)

Figure 31: Te appearance of the spray flm material of the tunnel arch cylinder test block. (a) Before loading. (b) After loading.
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6.1.1. Diferences between the Measured Bond Strength
Calculation and the Teoretical Bond Strength Calculation

① Reasonableness of the assumptions regarding the
stressed region of the spray flm material:
In the theoretical analysis of Section3.3.1, the force
area of the spray flm material’s bond strength was
assumed to be 0.01m outside the boundary of the
falling block. Te actual measured spray flm peeling
width was 0.66m, which is 66 times the hypothesized
value. Terefore, the hypothesized value is
conservative.

② Reasonableness of the aerodynamic load
assumptions:
In the theoretical analysis, the aerodynamic load of
88.8 kN for double trains meeting at a speed of
350 km/h was given to calculate the bond strength
between the spray flm material and the lining
concrete surface. In the model test, the aerodynamic
load was simulated by accumulating 14 t sandbags,
with a load of 137.2 kN. Te dynamic load of the
model test was 1.55 times that of the theoretical
assumption, so the assumed load is small.

③ Reasonableness of the elasticity hypothesis:
Te theoretical calculations assumed that the poly-
urea spray flm material was still in the elastic de-
formation stage when peeling. However, plastic
damage may occur in the spray flm material during
actual engineering. Te elasticity assumption may
therefore not be satisfed. In addition, the theoretical
calculation assumed that the supporting area of the
entire spray flm material was evenly stressed.
However, the spray flm was the most stressed at the
edge of the contact between the test block and the
lining.Tere was a decreasing trend along the edge of
the spray flm material.

6.1.2. Diferences between the Measured Bond Strength and
the Calculated Bond Strength

① Test position. Te actual bond strength failure oc-
curred in the side seam position. However, in order
to conduct bond strength tests, a small part of the
membrane material is destroyed. To avoid this, the
test position was far from the side seam. Terefore,
the bond strength of the seam position in condition 2
was not detected. Afected by the test method, the
bond strength of the spray flm material was not
measured at the edge of the test block, that is, at the
most dangerous A and A′ points in Figure 1.
Terefore, the measured values were much larger
than the theoretically calculated values.

② Side seam treatment process. Te width of the side
seam was about 1.5 cm in working condition 2. Te
surface of the side seam was irregular, and more
special putty was used for screeding. Te strength of
the putty selected for the test was low, and the ad-
hesion strengths of the primer and the flm material

did not match.Tis resulted in the special putty being
peeled of from the concrete surface frst, then
causing the local peeling of the membrane material.
Te low strength of the special putty is one of the
main reasons for the failure of the local bonding
strength.

③ Surface sanding process. Te particle size and
strength of the quartz sand used in condition 2 were
small. Additionally, the grinding time was short.
Terefore, the surface grinding process was one of the
main reasons for the failure of local bond strength in
condition 2.

6.2. Validation of the Assumptions in the Calculations of the
Spray Film Material Tensile Strength. Te amount of rect-
angular test block misalignment was h1 � 0.28m. As can be
seen from equation (16), the theoretical calculation of the
tensile stress ξ of the spray flm material at this time is as
follows:

ξ �
2 × 3 × 23 × 0.5 + 137.2

2 ×(2 + 3) ×
�����������
0.662 + 0.282

􏽰
× cos arc tan L1/h1

� 103.1 kPa.

(21)

Te maximum tensile stress of the spray flm material
measured in Section 5.2 was 506.67 kPa, which shows that
the tensile stress of the spray flm material measured in the
model test was 4.9 times that of the theoretical calculation
result. Te actual tensile stress was much greater than the
tensile strength of the spray flm material, so the spray flm
material was destroyed.

7. Conclusions

In this study, a model test of the polyurea spray flmmaterial
used to prevent lining block from falling was carried out.
Four diferent working conditions were set up, and the bond
strength and tensile strength of the spray flmmaterial under
each working condition were measured. According to the
actual measurement results, the proposed theoretical cal-
culation model was verifed. According to the results of this
study, the following main conclusions can be made:

(1) After crack epoxy consolidation + surface epoxy
consolidation + surface spray polyurea treatment,
the average bonding strength measured was
3.83MPa and the maximum tensile stress was
0.341 kPa. Tis bonding strength could bear the joint
action of tunnel arch lining block drop and the
aerodynamic efect without shear or tensile damage.
Te test block did not fall, and the spray flmmaterial
was not peeled of.

(2) After the surface spray polyurea treatment, the av-
erage bonding strength measured was 4.5MPa, and
the maximum tensile stress was 506.7 kPa. Under the
combined action of the test block’s self-weight and
an aerodynamic efect of about 14 t load, the tensile
stress was less than the tensile strength, and no
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tensile fracture occurred in the spray flm material
during the test.

(3) Te test block sank during the loading process, and
the spray flm material within a certain range around
the test block was peeled of, indicating that the bond
strength within the peeling range between the spray
flm polyurea material and the tunnel lining concrete
surface was gradually reduced. In order to prevent
the tunnel lining arch test block from falling, mea-
sures such as increasing the bond strength between
the spray flmmaterial and the concrete or increasing
the thickness of the spray flm material are recom-
mended to be taken.

(4) Te theoretical supporting force of the polyurea
spray flm material is 1.572MPa, but the measured
value is only 1.57% of the theoretical value. Te
calculation shows that the supporting efect provided
by the material in the actual construction was much
smaller than the theoretical analysis value. Te
maximum tensile stress of the spray flm material
was 506.67 kPa, and the tensile stress of the spray
flm material measured in the model test was
4.9 times that of the theoretical calculation result.

(5) After the crack epoxy consolidation treatment, the
test block was able to withstand its own weight and
the weight of the upper sandbag for a total load of
11.5 t without sinking or falling.

(6) After crack epoxy consolidation + surface epoxy
consolidation + surface spray polyurea treatment,
the maximum tensile stress measured was 1.25 kPa,
which was much less than the tensile strength of the
spray flm material.
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After mining, upward fractures develop from bottom to top, and they are key channel for groundwater and gas fow and also sand
burst; therefore, it is important to study the development mechanism and criterion of upward fractures. Combining with physical
simulation and theoretical analysis, the development law of mining-induced upward fractures was revealed, and the mechanism
and criterion of fracture propagation was studied.Te results show that the development of mining-induced upward fractures can
be divided into the following three stages: with the face advances from the open cut, the vertical fractures are generated at the
mining boundary, and the roof is fexural but not caved; it is “Fractures generate stage.” After roof caves, the upward fractures
extend and develop upward along the caving angle with continue advances; it is “Fractures develop and extend stage.” When the
face reaches critical mining, the development height of the upward fractures is at its maximum and is basically invariable; it is
“Fractures stabilization stage.” Mining-induced fractures can be analyzed as mixed-type fractures in fracture mechanics; when the
combined stress exceeds the critical strength of stratum, it will extend downward until penetrate through the stratum, and the
upward fracture develops and extends upwards. Te parameter controlling the fracture of the rock stratum is the maximum hoop
tensile stress σ(θ)max, at the fracture end, the theoretical model of fracture propagation was established, and the criterion of upward
fractures was proposed.

1. Introduction

Te upward fractures are the key channel of water and gas
conduction. In order to realize water conservation mining
and mine disaster prevention, it is important to study the
criterion of upward fractures. Te development essence of
upward fracture is that the concentrated stress reaches the
tensile strength, it develops continuously with the face ad-
vances, and it fnally reaches a stable stage.

Lots of research studies relating to the development law
of upward fractures by feld measurement have been pub-
lished. Zhu and Teng [1] concluded that the development
height of the upward fracture is directly proportional to the
total mining thickness. Zhang and Zhang [2] analyzed the
overburden of thick coal seam mining fracture propagation
mechanics and principle based on the related theories of
elastic-plastic and fracture mechanics. Bai and Tu [3]

summarized the mining-induced fracture characteristics in
shallow coal seam. Trough engineering tests, Tan et al. [4]
obtained the height of water-conducting fracturing zone.
Huang et al. [5] studied the height of upward fracture by
transient electromagnetic and drilling in Wanli mining area.

Besides, physical simulation, numerical calculation, and
theoretical model were applied to study the development law
of upward fractures. Wen et al. [6] established a fracture
expansion model. By using the elasticity and Winkler
foundation theory, Li et al. [7] established the numerical
calculation model of fracture and the evolution of over-
burden strata under the condition of seepage-stress coupling
and analyzed the dynamic change process of overburden
strata fracture development height. By using physical sim-
ulation experiment, Bai et al. [8] revealed the failure
mechanism of water-conducting fracture zone. Xu et al.
[9, 10] revealed that the position of main key strata of
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overlying strata will afect the upward crack development
height of coal seam roof. Based on partial flling mining in
shallow coal seams, Zhang and Huang [11] found that
diferent backflling parameters directly afect the develop-
ment height of upward fractures. Zhao et al. [12] established
the development height of upward fractures with the sub-
sidence of key strata and analyzed the dynamic development
process of upward fractures with the longwall face advances.
Cao and Huang [13] obtained the development character-
istics of fractures in shallow single seammining and repeated
mining, and the relationship between pillar staggered dis-
tance and fractures is revealed. Besides, fractal theory was
used to quantitatively study the development process of
fractures [14–28].

Above all, at present, based on various research methods,
there are lots of studies on the upward fractures develop-
ment in single seam and multiseams mining. Fractures
development is a macroscopic phenomenon, which contains
fracture generation and expansion fracture mechanics is an
efective method to analyze the development of upward
fracture; however, there are few studies in this area.
Terefore, based on fracture propagation theory in fracture
mechanics and physical simulation, the development law of
mining-induced upward fractures was revealed in this paper,
and mechanism and criterion of fracture propagation were
studied.

2. Development Law of Mining-Induced
Upward Fractures

2.1. Fractures Development Based on Physical Simulation
Experiment

2.1.1. Fractures Development of No. 1-2 Coal Seam Mining in
Daliuta Coal Mine

(1) Physical Simulation Experiment Model. Physical simu-
lation experiment was established to reveal the development
stage of mining-induced upward fractures. Based on the
mining condition of the No. 1-2 coal seam in Daliuta Coal
Mine, the average thickness of the coal seam is 4m, and its
buried depth is about 73m. Te experiment model is 1.5m
long× 1.3mwide× 0.16m height (Figure 1). Sand was adopted
as the aggregates, cementitious materials are gypsum and
calcium carbonate, and the material ratio is shown in Table 1.

(2) Fractures Development with Longwall Face Advances. Te
coal seam was excavated from left to right. When the
longwall face advances to 15m, the immediate roof caves.
Tere is no fracture development in the overburden, and the
roof caving height is 1.4m, as shown in Figure 2.

When it advances to 46m, the overlying strata above
immediate roof suddenly cave, and it is the frst caving of
main roof. Te roof caving angle is about 55°, as shown in
Figure 3.

When it advances to 54m, the main roof produces the
frst periodic caving, the development height of fracture
reaches 20.5m, the separation height of fracture is 3.2m, and
its separation width is 31.8m. As the longwall face advances,

when the longwall face advances to 64m, 76m, . . ., 120m,
the main roof produces the 2nd, 3rd, . . ., 7th periodic roof
caving, respectively, and simultaneously, the fractures de-
velop upwards, as shown in Figure 4. When it advances to
120m, it reaches critical mining, and the mining-induced
fractures have developed to the ground surface (Figure 4(d)).
Te relationship between fracture development height and
face advances distance is shown in Figure 5.

(3) Te Relationship between Fractal Dimension and Face
Advances Distance. Te two-dimensional slice image is
obtained from 3DEC numerical calculation, the image ob-
tained is often RGB color image, and it is converted into gray
image, the processed gray image is imported into MATLAB,
and the image is binarized by using the threshold seg-
mentation method. Te gray transformation discriminant
function of binary processing is as follows:

f(x, y) �
0, f(x, y)≤ t,

1, f(x, y)≥ t.
􏼨 (1)

FracLab toolbox is used to calculate the fractal dimen-
sion of the processed digital image, and the fractal di-
mensions of fractures with diferent advance distances are
shown in Figure 6.

Figure 6 shows that in normal mining stage, the fractal
dimension increases gradually while the longwall face ad-
vances, and when it reaches critical mining, the development
height of fractures does not change signifcantly while the
longwall face advances.

2.1.2. Fractures Development of No. 4-2 Coal SeamMining in
Hongliulin Coal Mine

(1) Physical Simulation Experiment Model. Taking the No. 4-
2 coal seam mining in Hongliulin Coal Mine as the back-
ground, the average thickness of the coal seam is 2.1m, and
its buried depth is about 115.7m. Te experiment model is
2.0m long× 1.5m wide× 0.2m height (Figure 7), the geo-
metric similarity ratio is 1 : 200, and the material ratio is
shown in Table 2.

(2) Fractures Development with Longwall Face Advances. Te
coal seam was excavated from left to right. When it advances
to 22m, the immediate roof caves and roof of longwall face is
defected, as shown in Figure 8. When it advances to 50m,

No. 1-2 coal seam

Figure 1: Physical simulation experiment model of Daliuta Coal
Mine.
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the overlying strata above the immediate roof suddenly cave,
and it is the frst caving of main roof; the roof caving angle is
about 60°, as shown in Figure 9. When it advances to 50m,
the roof caving and fracture development are shown in
Figure 10; when the longwall face reaches critical mining, the
roof caving and fracture development are shown in Fig-
ure 11. It can be known that the fracture development height
increases when the longwall face advances.

2.2. Development Stage ofMining-InducedUpward Fractures.
With the longwall face advance, under the force of the
concentrated tensile stress and gravity, the overlying
strata gradually become fexural and then cave. At the
same time, the upward fractures continue to develop
upward along a certain caving angle, which is usually
about 60. According to the development characteristics,
the development of mining-induced upward fractures can
be divided into the following three stages, and it is shown
in Figure 12.

(1) Fractures generate stage: With the longwall face
advances from the open cut, the vertical fractures are
generated at the mining boundary, and the roof is
fexural but not caved, as shown in Figure 12(a).

(2) Fractures develop and extend stage: After the roof
caves, the upward fracture develops upward along
the caving angle of the roof. With the longwall face
advances and the roof caves from bottom to top, the
upward fracture extends upward along the caving
angle of the roof, and the development height of the
fracture increases with it, as shown in Figures 12(b)
and 12(c).

(3) Fractures stabilization stage: When the advance of
the longwall face reaches critical mining, the
development height of the upward fractures ba-
sically reaches the maximum value. Terefore, the
longwall face continues to advance, and the up-
ward fractures on the open cut side no longer
developed, while the fractures on the longwall
face side represent periodic development process
of “fractures generation—fractures development
and propagation—fractures stabilization—
fractures closure-new fractures generation,” but
its development height is basically invariable, as
shown in Figure 12(d).

Table 1: Te material ratio of physical simulation experiment.

Lithology Tickness (m) Depth (m)
Consumables (kg)

Sand Plaster Calcium carbonate Fly ash
Loess 21.79 21.79 Sand (37.69): loess (37.69): silicone oil (8.29)
Fine-grained sandstone 6.03 27.82 19.21 0.73 1.81
Siltstone 16.86 44.68 58.23 1.91 4.60
Fine-grained sandstone 1.77 46.45 6.04 0.23 0.53
Siltstone 1.50 47.95 5.18 0.17 0.41
Fine-grained sandstone 0.95 48.90 3.24 0.12 0.28
Medium-grained sandstone 4.13 53.03 14.09 0.37 1.40
Coarse-grained sandstone 4.37 57.4 14.91 0.39 1.49
Siltstone 2.54 59.94 8.77 0.30 0.68
Fine-grained sandstone 3.86 63.80 13.18 0.48 1.15
Siltstone 1.81 65.61 6.25 0.21 0.49
Fine-grained sandstone 1.79 67.40 6.11 0.23 0.53
Siltstone 2.33 69.73 8.05 0.27 0.62
Fine-grained sandstone 1.87 71.60 6.38 0.24 0.56
Medium-grained sandstone 1.36 72.96 4.64 0.12 0.46
No. 1-2 coal seam 4.00 76.96 5.44 0.28 1.36 5.44
Siltstone 6.04 83.00 20.84 0.72 1.63

Figure 2: Te immediate roof caves.

55°

Figure 3: Te frst caving of main roof.
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3. Development Mechanism of Upward
Fractures Based on Fracture Growth Theory

3.1. Stress Analysis of Fracture End. Te development of
upward fractures is the result of the vertical force (weight of
overlying strata) and concentrated tensile stress induced by
roof caving. When the comprehensive stress reaches the
ultimate tensile strength of rock, the rock strata will be

damaged and generate fracture. Fracture mechanics can
correlate the fracture strength of rock with the stress and is
an efective method to analyze the development mechanism
of upward fractures; therefore, fracture mechanics were used
to analyze the stress and growth process of the fracture
(Figure 13).

When the gravity G of the rock layer and the overburden
load q act on the vertical direction of the fracture end, it can

20.5 m 

(a)

(b)

(c)

Fractures develop
to surface

(d)

Figure 4: Periodic roof caving as face advances: (a) face advances to 54m; (b) face advances to 64m; (c) face advances to 76m; (d) face
advances to 120m.
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Figure 6: Te fractal dimensions of fractures with diferent advance distances.

No. 4-2 coal seam

Figure 7: Physical simulation experiment model of Hongliulin Coal Mine.

Table 2: Te material ratio of physical simulation experiment.

Lithology Tickness (m) Depth (m)
Consumables (kg)

Sand Plaster Calcium carbonate Fly ash
Loess 39.00 39.00 Sand (56.16) : loess (16.16) : silicone oil (12.48)
Red soil 30.80 69.80 Sand (56.16) : loess (16.16) : silicone oil (12.48)
Siltstone 4.00 73.80 11.52 0.38 0.90
Fine-grained sandstone 2.40 76.20 6.83 0.26 0.60
Sandy mudstone 0.80 77.00 2.30 0.03 0.23
Fine-grained sandstone 2.50 79.50 7.11 0.27 0.62
Siltstone 10.60 90.10 30.53 1.02 2.37
Fine-grained sandstone 3.00 93.10 8.53 0.32 0.75
Medium-grained sandstone 2.10 95.20 5.97 0.15 0.60
Fine-grained sandstone 1.50 96.70 4.32 0.14 0.34
Medium-grained sandstone 7.40 102.60 21.05 0.52 2.11
Fine-grained sandstone 3.30 105.90 9.39 0.35 0.82
Coarse-grained sandstone 8.60 111.20 24.46 0.61 2.45
Medium-grained sandstone 3.20 114.40 9.10 0.23 0.91
Siltstone 2.40 113.60 6.91 0.23 0.54
No. 4-2 coal seam 2.05 115.65 2.31 2.31 0.12 0.58
Medium-grained sandstone 1.40 117.05 3.98 0.10 0.40
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lead to in-plane shear fractures (Fracture type I in
Figure 14(a)). When the boundary concentrated tensile
stress σθ acts on the direction which is perpendicular to the
upward fracture propagation direction, it can lead to tensile
fractures (Fracture type II in Figure 14(b)).

Te propagation of mining-induced fractures is the
combined action of the previous two types of fractures.
Terefore, it should be analyzed as mixed-type fractures
(Fracture type I and II) in fracture mechanics, as shown in
Figure 15.

Figure 10: Te roof caving with advances to 70m.

Figure 11: Te roof caving with critical mining.

Figure 8: Te immediate roof caves.

Figure 9: Te frst caving of main roof.
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Figure 14: Two diferent fractures types: (a) in-plane shear fractures (fracture type I); (b) tensile fractures (fracture type II).

G+q

σθ

Figure 15: Mining-induced mixed-type fracture.
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Figure 12: Development stage of mining-induced upward fractures: (a) fractures generate; (b) fractures develop; (c) fractures extend; (d)
fractures stabilization.

Advance direction 

Figure 13: Stress analysis of fracture end.
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3.2. Development Mechanism of Upward Fractures. It is
known that after longwall face mining, there are three zones
along the vertical section of the rock strata. In caving zone,
the caving roof represents disorder caving state, fractured
zone is above caving zone, its roof shows as orderly caving,
and broken roof shows that the upper part is stretched and
the lower part is squeezed. In continuous deformation zone,
there are no fractures that exist.

Due to the fact that the roof represents layered caving
with mining, in order to analyze the development mecha-
nism of the upward fracture in the fractured zone and
determine its development height, the strata in the fractured
zone were numbered from bottom to top (1, 2, . . ., n), as
shown in Figure 16.

Te broken propagation of strata in fractured zone is
calculated layer by layer from bottom to top. When the
tensile stress and the vertical stress exceed its critical
strength, fracture is frst generated at the top of the rock
layer, and then, under the efect of combined stress, the
fracture will extend downward. If it penetrates through the
rock layer, it will be broken and become a channel for water
or gas conduction, and at the same time, the upward fracture
develops and extends upward.

3.3. Determination Method for the Development Height of
Upward Fractures. According to the development mech-
anism of upward fractures, with the increase of the cal-
culated layer in fractured zone, when the fracture of No.
n− 1 layer can penetrate through the layer’s free surface,
this rock layer is completely broken, and the upward
fracture can develop upwards. When the No. n layer is
calculated, if the resultant stress is not large enough and
cannot result in fracture propagation, the No. n layer is not

broken completely; therefore, the upward fractures cannot
develop upwards.

Based on the critical mining conditions, the method for
the development height of upward fractures can be deter-
mined. Its development height is from the top of the coal
seam to the bottom of the No. n rock layer, as shown in
Figure 17.

4. Theoretical Model and Criterion of
Fracture Propagation

4.1. σ(θ)max Teoretical Model of Fracture Propagation.
According to the σ(θ)max theory proposed by Li et al. [29], the
parameter controlling the fracture of the rock stratum is the
maximum hoop tensile stress σ(θ)max at the fracture end.
Based on this, the theoretical model of fracture propagation
is established (Figure 18).

Te stress state at the fracture end is given as

σr �
1

(2πr)
(1/2)

cos
θ
2

KI 1 + sin2
θ
2

􏼠 􏼡 +
3
2
KII sin θ − 2KII tan

θ
2

􏼢 􏼣 + · · ·

σθ �
1

(2πr)
(1/2)

cos
θ
2

KI cos θ −
3
2
KII sin θ􏼔 􏼕 + · · ·

τrθ �
1

(2πr)
(1/2)

cos
θ
2

KI sin θ + KII(3 cos θ − 1)􏼂 􏼃 + · · ·
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⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

, (2)

where θ is the fracture propagation angle, °. r is the distance
from infnitesimal to fracture end,m.KI is the strength factor
of fracture type I, MPa ·

��
m

√
. KII is the strength factor of

fracture type II, MPa ·
��
m

√
. KI and KII can be calculated by

the equations (3) and (4).
KI � σθ

��
πc

√
, (3)

KII � τ
��
πc

√
, (4)

where σθ is the tensile stress at point A, MPa. τ is the shear
stress at point A, MPa. c is the half-length of the fracture,m,
take c� 1, r/c≪ 1.

4.2. Establishment of Fracture Propagation Criterion. Te
fracture extends in the radial direction at its end. When
σ(θ)max reaches the critical strength factor of the rock
formation, the fracture starts to extends. According to

Continuous
bending zone

Fractured zone

Caving zone

n

3
2

1

α

Figure 16: Development mechanism of upward fractures.
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equation (2), it can be expressed as equations (5) and (6)
mathematically:

cos
θ0
2

KI

KIc
cos2

θ0
2

−
3
2

KII

KIc
sin θ0􏼠 􏼡 � 1, (5)

cos
θ0
2

KI sin θ0 + KII 3 cos θ0 − 1( 􏼁􏼂 􏼃 � 0, (6)

where KIc is the critical stress strength factor of fracture
type I (material constant), MPa ·

��
m

√
. KIIc is the critical

stress strength factor of fracture type II (material constant),
and MPa ·

��
m

√
. θ0 is the fracture propagation initiation

angle, °. According to equations (5) and (6), the fracture
initiation trace of the σ(θ)max theory is obtained as shown in
Figure 19.

Te criterion for fracture propagation is as follows:

(1) According to equations (3), (4), and (6), the fracture
propagation initiation angle θ0 can be obtained.

(2) According to equations (3)–(5) and the value θ0
calculated above, combining with Figure 19, it can be
judged whether the fracture extends (whether the
upward fractures develop).

If the coordinate (KI/KIc,KII/KIIc) is inside the fracture
initiation trace, the fractures do not extend, and the
mining-induced upward fractures do not develop up-
wards. On the contrary, if it is outside the fracture

initiation trace, the fracture extends until it reaches the
free surface, and the upward fracture continues to develop
upwards.

5. Conclusions

Te development of upward fractures can be divided into the
following three stages: with the face advances from the open
cut, the vertical fractures are generated at the mining
boundary, and the roof is fexural but not caved; it is
“Fractures generate stage.” After roof caves, the upward
fractures extend and develop upward along the caving angle
with continue advances; it is “Fractures develop and extend
stage.” When the face reaches critical mining, the devel-
opment height of the upward fractures is at its maximum
and is basically invariable; it is “Fractures stabilization
stage.”

Mining-induced fractures can be analyzed as mixed-type
fractures (in-plane shear fractures and tensile fractures) in
fracture mechanics; when the combined stress exceeds the
critical strength of stratum, it will extend downward until

yc

r

A

x

θ

σθσr

Figure 18: Teoretical model of fracture propagation.
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Figure 19: Fracture initiation trace of the σ(θ)max theory.
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Figure 17: Determination of development height of upward fracture.
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penetrate through the stratum, and the upward fracture
develops and extends upwards.

Te parameter controlling the fracture of the rock
stratum is the maximum hoop tensile stress σ(θ)max at the
fracture end, the theoretical model of fracture propagation
was established, and the criterion of upward fractures was
proposed. If the coordinate (KI/KIc,KII/KIIc) is inside the
fracture initiation trace, the upward fractures do not develop
upwards; on the contrary, the upward fracture continues to
develop upwards.
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Controlling the surrounding rock in soft rock roadways under deep high stress, strong rheology, and intensive mining is critical
for the safety, efciency, and economy of mine production. In this study, the mechanical properties, large deformation
mechanism, and support countermeasures of surrounding rock in the high-stress roadway in the Yuwu coal mine were sys-
tematically explored through laboratory tests, numerical calculations, and feld measurements. It is shown that mudstone and
sandstone are mainly composed of chlorite and kaolinite, respectively. Also, mudstone features elastoplasticity and experiences
argillization and swelling in water. Te mechanism of surrounding rock deformation in the high-stress roadway in the Yuwu coal
mine was determined. As the V-shaped shear zone in the side corner expanded to the deep under high deviatoric stress, large-scale
tensile damage occurred in the shallow surrounding rock. Consequently, discontinuous stresses in deep and shallow parts induce
the expansion and fracturing of the roadway.Te deformation velocity and damage degree of surrounding rock rise exponentially
under diferent stress release coefcients, so the reduced distance of the face roof under control and timely support is important for
restricting the free surface. An idea of “timely and active reinforcing the side and strengthening the bottom” was proposed. Tis
approachmade the loads on all the support objects within the working range.Te overall deformation of the surrounding rock was
controlled within 350mm, ensuring the long-term stability of the roadway.

1. Introduction

Due to its mechanical properties and complex stress felds,
deep roadway surrounding rock features signifcant strength
attenuation and fast deformation [1–6]. Under the super-
imposed efect of high stress and strong mining, sur-
rounding rock experiences continuous and discontinuous
deformation and even disasters [7]. Terefore, clarifying the
microscopic characteristics and macromechanical proper-
ties of deep surrounding rock and the stress release char-
acteristics of deep roadways is crucial for developing deep
roadway control technology.

In order to increase the stability of surrounding rock in
deep roadways, researchers have carried out extensive work

in terms of the type, mechanism, and control technology of
surrounding rock deformation.Te deformation of roadway
surrounding rock is mainly induced by the nature of rock
strata (e.g., the signifcant strength attenuation due to
argillization in water), stress (the postpeak rock dilation,
integrity reduction, and strength attenuation caused by the
joint efects of pure shear, bending and tensile shear), and
structure (e.g., special geological tectonic zones) [8, 9]. Based
on numerical calculations, Liu and Sun [10] proposed that
the failure mode of deep roadway surrounding rock changes
from tensile failure to shear failure with increased depth.
Wang et al. [11] suggested a method for the support of
roadways in deep mining areas with high-strength bolt-
grouting. Based on a self-developed deep-ground testing
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device, Xu et al. [12] generalized the whole process of
roadway instability using various monitoring methods and
concluded that the surrounding rock instability is induced
by discontinuous stresses (as a result of internal stress drop)
in the shallow and deep. Li et al. and Wang et al. [13, 14]
identifed the zonal fracturing characteristics of deep sur-
rounding rock and developed a constitutive applicability
model. Deep roadway control mainly enhances the coupling
strength and enlarges the angle of high-stress coordinated
deformation of surrounding rock. Te main methods in-
clude passive support, active support, repair and rein-
forcement, pressure release and transfer, and the joint
method [15, 16]. Diferent types of surrounding rock should
be reinforced by diferent methods. Based on the reserved
deformation, Yu et al. [17] proposed a comprehensive
support and repair strategy using a bolt, metal mesh,
shotcrete, grouting, anchor cable, and combined anchor
cable. Considering the boundary shape characteristics of the
plastic zone, Guo et al. [18] reported the evaluation criterion
of the location of potential hazards and critical evaluation
points of dynamic roadway disasters. Yang et al. [19] con-
sidered that the shallow tensile fracturing and large ex-
pansion are the root causes of roadway foor heave and roof
cut-of and presented a new joint support method of “anchor
bolt-anchor cable-metal mesh-sprayed concrete and shell.”
Concerning the asymmetric stress and damage zone of
roadways, Zhu et al. [20] introduced the “three shells”
collaborative support technology for large-section chambers
in deep mines. Li et al. [21] explored the infuence of an-
choring agent with high sand content, mechanical anchoring
means, or grouting reinforcement on the anchoring force.

Te failure mechanism of surrounding rocks in deep
roadways has always attracted much attention. Zhao et al.
[22] considered that the maximum and minimum stresses
deteriorated gradually with the increase of time after
roadway excavation, and the failure zones in soft rock mass
expanded increasingly over time. Zhan et al. [23] analyzed
the stability control theory of soft-rock roadways based on
the Nishihara model and Drucker–Prague’s modifcation of
the Mohr–Coulomb yield condition. Jia et al. [24] proposed
the nonlinear creep constitutive model of soft rock and its
numerical realization method by the indoor creep test of soft
rock and the large-scale triaxial creep tests on-site. Zhan
et al. [25] reported that combining the parts organically and
coordinating their bearing performance efectively realize
the stability control of large nonlinear deformation. Zhu
et al. [26] divided the surrounding rock stress and roadway
deformation characteristics into advance infuence, rapid
change, and stability stages. Te new support technologies
for deep soft rock roadways were put forward based on
mechanism research. Li et al. [1] proposed a “double layer
bolt-mesh-shotcrete and U-shaped steel” supporting scheme
by numerical simulations and feld tests, efectively solving
the problem of large deformation and failure of deep soft
rock roadway. Yuan et al. [27] introduced a method of bolt-
net-cable-grout coupling support and achieved good results
in practical application, efectively solving the support issues
of high-stress broken soft rock roadway in deep mines. Yang
et al. [28] explored a new, improved method of support

called the “bolt-cable-mesh and shell” support scheme,
which could change the stress state of surrounding rock
especially roadway foor. Zhao et al. [29] proposed “shot-
creting, grouting anchor bolt, anchor bolt, grouting anchor
cable, and anchor cable” compound timbering fashion. Te
rationality of the supporting technology was corroborated by
theoretical analysis, engineering analogy, engineering
practice, and numerical simulations.

Te above studies have enriched the theory and practice
concerning stability control of deep roadway surrounding
rocks [30, 31]. However, these analyses were made from a
macroscopic perspective, neglecting the stress release
characteristics of surrounding rock corresponding to the
actual roadway support timing. Terefore, considering the
large buried deep roadways in the Yuwu coal mine as the
case study, the microstructure, macromechanical properties,
grade classifcation, and damage characteristics of sur-
rounding rock under diferent stress release coefcients were
analyzed in this paper. On this basis, a surrounding rock
reinforcement method was proposed to provide a reference
for supporting deep roadways in similar geological
conditions.

2. Occurrence Conditions and Macro and
Microcharacteristics of Roadway
Surrounding Rock

2.1. Occurrence Conditions of Roadway Surrounding Rock.
Te Yuwu coal mine is located southeast of Shanxi province,
west of the Lu’an mine area. Its longitude and latitude range
is 112°47′–112°54′ east and 36°15′–36°25′ north (Figure 1).
Te mine has its railroad line linked to the Chinese railroad
system, which can realize the transportation of coal na-
tionwide, and the transportation is very convenient. Te
geographical location map involves copyright and issues
related to confdentiality. On average, the No. 3 coal seam of
the Yuwu coal mine is 6.4m thick. Along the foor of the
S5203 transportation roadway, its main roof, immediate
roof, and immediate foor are medium sandstone, sandy
mudstone, and mudstone, with average thicknesses of 18m,
1.3m, and 3.2m, respectively. Te roadway, whose size is
5,400mm× 3,800mm, presents the phenomenon of roof
water trickling in its partial area. Te maximum principal
stress is in the vertical direction of the mine, i.e., the vertical
stress is the maximum stress, and the horizontal stress is
0.5–1.0 times as high as the vertical stress. Te principal and
horizontal stresses of the S5203 transportation roadway are
14.3MPa and 13.1MPa, respectively.

2.2. Macro and Microcharacteristics of the Surrounding Rock.
Samples were taken from the roof and foor of the S5203
roadway on-site and processed into a standard cylinder size
(50mm diameter× 100mm height) in the laboratory for a
uniaxial compression test. Also, rock powders with diferent
lithologies were processed for X-ray difraction tests to
analyze their mineral compositions. Te specifc test results
are shown in Figure 2. Mudstone has a long compression
phase, strong postpeak plasticity, a small elastic modulus
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(0.8 GPa), and a low peak strength (13.1MPa). Sandstone
exhibits a high fracturing strength and a remarkable elastic
brittleness, with an elastic modulus and a peak strength of
2.0GPa and 43.2MPa, respectively. It can be seen from the
mineralogical compositions of mudstone and sandstone that
mudstone is mainly comprised of sodium feldspar (22%)
and chlorite (47%). Chlorite has a faky microstructure, and

these fakes rub strongly with each other when damage
occurs. However, chlorite softens while encountering water,
inducing severe deformation of the roof and foor. Sand-
stone mainly comprises kaolinite (48%) and quartz (22%),
with closely packed microscopic particles. Tis type of rock
fractures severely when it fails, which is consistent with the
laboratory observation of rock compression and fracturing.
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Figure 1: Geographic location and mining map of the Yuwu coal mine.
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Figure 2: Macro and microcharacteristics of rocks of diferent lithologies: (a) stress-strain curves and (b) mineral compositions.
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2.3. Grade of Roadway Surrounding Rock. From the me-
chanical properties of the roof and foor of roadways, the
level of ground stress, and the “Engineering Rock Classif-
cation Standard,” it can be determined that the roof of
roadways belongs to the high-stress area [32]. Te foor and
the two sides belong to the extremely high-stress area. Te
strength-to-stress ratio can be expressed as follows:

Sr �
kvRc

σmax
, (1)

where kv is the integrity factor, taken as 0.3–0.5 in this paper;
σmax is the maximum principal stress perpendicular to the
direction of the roadway axis, MPa; Rc is the uniaxial
compressive strength of the rock, MPa. Hence, the sur-
rounding rock on the two sides and foor can be classifed as
Grade V, which is Grade II on the roof.

3. Stress Release and Deformation
Characteristics of Surrounding Rock in a
Deep Roadway

3.1. Model Validation and Large-Scale Modeling. In this
paper, the deformation and damage characteristics of
roadway surrounding rock were analyzed by the block
distinct universal element code-grain boundary model
(UDEC-GBM) [33, 34], as shown in Figure 3. Te me-
chanical behavior of blocks is controlled by the mechanical
properties of the crystal interface and the geometric features
of the polygon. Once it exceeds the shear or tensile strength,
the bond between particles breaks, producing compressive
shear fractures, tensile fractures, or sliding fractures.
Terefore, it can be considered an efective tool for studying
the generation, initiation, and extension of fractures.

A uniaxial compression numerical model of the same
size as the laboratory model was developed (including two
steel plates on the roof and foor of the sample). Te model
employed inhomogeneous particle size distribution and a
proven reasonable block length (3mm). Te upper and
lower steel plates were applied with a constant velocity of
0.01m/s in the Y-direction to guarantee a quasistatic state of
the sample. Te total reactive forces (which are continuously
recorded) at the contact between the sample and the roof
loading plate were the axial stresses.

Te stress-strain responses of the sample exhibit an
initial linear elastic trend without a compression phase. Tis
is due to the disparity between the numerical calculations
and laboratory results. Te yielding phase was not notice-
able. Te sample mainly experienced axial splitting and
tensile fracturing, consequently bearing macroscopic frac-
tures parallel to the loading direction. Tus, tensile fractures
were generated at the low-loading stress stage, and the shear
fractures were generated at an accelerating rate during the
yielding phase. Moreover, the shear fracture generation stage
lasted longer, indicating that mudstone is strongly plastic.

Meanwhile, the rock compression process witnessed a
shear localization efect and mixed damage of the axial
splitting/shear zone, which belongs to the fnal phase.
Sandstone had 1.3 times as many tensile fractures as

mudstone. Nevertheless, the two types of rock were close in
the number of shear fractures, indicating that postpeak
tensile fracturing can indirectly characterize the elastic
brittleness of the sample. Te numerical calculation and
laboratory test results can confrm the reasonableness of the
simulation parameters and methods, which can be used to
analyze the scenarios of large-scale roadway fracturing.

Te large-scale numerical calculation model was close to
the actual geological conditions (58m length× 38m height).
Te upper boundary of the model was stress constraint,
which could characterize the overlying stratum load
(14MPa), and the left, right, and lower boundaries of the
model were roller supports. Te numerical model, local
detail image of the roadway location, and numerical cal-
culation model are shown in Figure 4 and Table 1.

3.2. Damage Characteristics of Deep Roadway Surrounding
Rock

3.2.1. Deformation and Principal Stress Evolution Charac-
teristics of a Roadway. Te monitoring curves of displace-
ments of the roof, foor, and the two sides at diferent stress
release coefcients after mining are shown in Figure 5. Te
overall deformation of the roadway develops in a stepwise
manner with a decrease in the stress release coefcient. Te
roadway deforms unevenly under unsupported conditions,
with serious roof subsidence, foor heave, and side shrinkage
occurring simultaneously. Te left roof subsidies for about
520mm. Te heave of the right foor is slightly larger than
that of the left foor; however, both are no larger than
530mm. Te left and right sides deform for 630mm and
930mm, respectively. In addition, the side deformation and
foor heave are consistent.

It can be seen from the principal stress evolution under
diferent stress release efects (Figure 6) that the stress is
concentrated on the roadway surface, especially on the side
corners where the stress is intensively concentrated. When
the defective stress reaches the shear strength, the sur-
rounding rock becomes damaged, and the bearing capacity
of the shallow surrounding rock is reduced. As the tensile
stress zone continues to expand deeper, a large stress re-
laxation zone around the roadway is consequently formed.
Hence, roadway support should be timely provided because
a large stress release coefcient (little energy release) can
efectively mitigate the overall displacement of the roadway
and the magnitude of the stress environment. Given the
synergistic deformation of the two sides, roof, and foor, the
sides and foor should be supported synergistically; other-
wise, the enlarged displacement of the sides will lead to stress
transfer to the foor, thus inducing foor heave.

3.2.2. Damage and Fracturing Evolution of Surrounding
Rock. Since the instability of underground engineering
surrounding rock is closely related to the stress environ-
ment, plastic zone, and extension of fractures [18], it is of
great signifcance to clarify the generation and extension of
fractures in surrounding rock after mining in deep road-
ways. Blue and red lines mark unit and joint shear and
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Figure 4: Numerical calculation model of severe deformation in a deep high-stress roadway.

Table 1: Numerical calculation parameters of severe deformation in a deep high-stress roadway.

Lithology
Block Block/contact Contact

Elasticity modulus (GPa) Cohesive force (MPa) Internal friction angle (°) Tensile strength (MPa) Normal/tangential
stifness (GPa)

Mudstone 0.8 1.2/3.8 24/30 0.8/1.5 90/70
Sandstone 2.0 4/10 38/40 1.2/2.8 160/100
Coal seam 0.6 1.1/3.2 21/28 1.1/1.4 80/48

1.0
1.0

0.8

0.6

0.4

0.2

0.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1
0.0

0.0 0.5

0 10000 20000 30000
Calculation step

D
isp

la
ce

m
en

t (
m

)

Measuring point

Displacement vector

m

Release coefficient

Floor
Roof
Lef side
Right side
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tensile damages. Shear fractures that frst appear in the side
corners may cause shear extrusion damage, which is con-
sistent with the principal stress distribution given in the
previous study. As the V-shaped shear damage zone grad-
ually deepens, the stress it releases will give rise to damage on
the roof and foor, leaving a huge shear fracture zone in the
deep and a tensile damage zone around the roadway surface.
Compared with Figure 7, it is apparent that the tensile
damage zone is exactly the area where surrounding rock
displacement is large (Figure 5), as the tensile damage in-
duces the fragmentation, expansion, and separation of
surrounding rock. Since the surrounding rock is severely
fragmented, the rock masses almost no longer rub or embed
each other.

Te unit damage evolution resembles the joint damage
evolution, both surging at the stress release coefcient of 0.4.
At a 0–30% relaxation state, the internal support pressure of
the surrounding rock is sufcient to withstand spalling
damage. However, the back-support pressure plummets at a
60% relaxation state, accompanied by a signifcant plasticity
index. Spalling and roof-falling accidents are likely to occur
near the roadway. Tus, it is critical to choose appropriate
support measures and installation timings for the safety of
workers and equipment. Installation timing is an important
aspect of roadway reinforcement/support design. If the
system is installed too early, the inducing roadway load may
exceed the bearing capacity of the structural units. If too late,
rock masses may already be irreversibly damaged and
slackened.

3.3. DeformationMechanism of Roadway in YuwuCoalMine.
From the analysis presented previously, the deformation
characteristics and mechanism of high-stress roadways in
the Yuwu coal mine can be described as follows.

(1) Contradiction between high-ground stress and low-
strength rock: Te ground stress is high, while the
surrounding rock is loose and soft. Te mining-in-
duced stress relief on the free side increases defective
stress, and hence, the high stress damages shallow
surrounding rock around the roadway. As fractures

expand from the middle of the roadway to the in-
terior and surface, shallow surrounding rock loses its
bearing capacity. In addition, the foor containing a
large number of clay minerals will aggravate the
deformation and damage when contacted with mine
water during the mining process.

(2) Poor stress state around the roadway: Due to the
poor stress state of the right angle, the high stress
tends to be concentrated in the side corners. After
the formation of a shear zone, the shallow part of the
roadway becomes a free rock layer, which indirectly
increases the span of the roadway and leads to a
bending of the foor. Floor damage is inconducive to
roadway stability because it causes roadway con-
traction and exacerbates roof subsidence. Tis vi-
cious cycle will eventually result in the occupation of
free space on the roadway.

4. Deep Surrounding Rock Control Technology

4.1. Support Idea and Scheme. From the results presented
previously and the deformation characteristics and mech-
anism of deep surrounding rock in the Yuwu coal mine, the
deep surrounding rock should be reinforced by timely and
coordinated support to the roof, foor, and sides. Te joint
active support of anchor bolts (cables) and double steel joists
is adopted in the roadway to improve the coupling per-
formance of deep and shallow surrounding rock. Besides,
passive support is adopted to control the initial and surface
deformation of surrounding rock, i.e., I-shaped steel sheds
are installed on the heading face.

For the roof, it is supported by yielding bolts with an
interrow spacing of 830mm× 700mm and anchor bolts
(cables) with an interrow spacing of 1,660mm× 700mm (in
a 3-2-3 layout). Te lengths of the bolt and cable are
2,400mm and 6,300mm, respectively. Te two sides and the
roof are equipped with metal meshes and double steel
ladders. Te specifc parameters are given in Figure 8.

4.2. Efectiveness of Roadway Surrounding Rock Control.
In order to verify the reasonableness of the support pa-
rameters proposed above, grasp the characteristics of sur-
rounding rock deformation of deep surrounding rock
roadways in the Yuwu coal mine, and test the efect of
surrounding rock control, on-site monitoring was con-
ducted on the S5203 roadway by taking surface displacement
(at cross measuring points), anchor bolt stress, and anchor
cable stress as indicators.Temonitoring started at 5m from
the heading face.

Surface displacements of the roadway at diferent times
are shown in Figure 9. Te roof-to-foor and side-to-side
convergences were 210mm and 140mm, respectively.
Overall, the roadway just deformed mildly, and roof sub-
sidence was slightly larger than the foor heave. Te de-
formation of the two sides and the roof and foor stabilized
on the 10th and 15th days, respectively. Meanwhile, during
excavation, a thin sandy mudstone stratum was found in the
immediate roof. On the 6th day, small fractures began to
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Figure 6: Evolution characteristics of principal stress.
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appear on the roof. Subsequently, they grew wider and
became more widespread, in line with serious roof subsi-
dence during the 6th–15th days.

Te anchor bolt and cable experienced a signifcant
increase in load at the beginning of roadway excavation and
began to stabilize on the 15th day. In descending order, the
magnitudes of load are as follows: the roof anchor cable
(190 kN), the roof anchor bolt (96 kN), the left side anchor
bolt (78 kN), and the right side anchor bolt (75 kN). Such an

order is attributed to the fact that the ground stress was
vertical. Te anchor bolt and cable had not yet reached their
yield limits, indicating that they were in a good stress state
with abundant factors. Hence, they could withstand more
dynamic loads. In conclusion, with these support parame-
ters, the roadway boasts strong integrity, small surrounding
rock deformation, coordinated load on support objects, and
high efciency of multiple support measures. Tese factors
can guarantee a long lifespan of the roadway.
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5. Conclusions

In this work, the microstructure, macromechanical prop-
erties, grade classifcation, and damage characteristics of the
surrounding rock under diferent stress release coefcients
are analyzed, and a surrounding rock reinforcement method
applicable to a specifc deep roadway is proposed. Tis
method has been successfully applied to supporting deep soft
rock roadways in the Yuwu coal industry. However, it has
not been tested in other mines, so the study lacks breadth.
Te scope of application of this study lies in support of deep
high-stress soft rock roadways with large span character-
istics. Te following conclusions are drawn.

(1) Mudstone, which is mainly composed of sodium
feldspar (22%) and chlorite (47%), has strong plas-
ticity in the compression phase. However, mudstone
will aggravate deformation during the mining pro-
cess and damage the foor when encountering mine
water. Sandstone mainly comprises kaolinite (48%)
and quartz (22%) and exhibits pronounced elasticity
and brittleness. Te surrounding rock on the two
sides and foor can be classifed as Grade V, while
that on the roof is Grade II.

(2) Te damage process of a deep soft rock roadway was
successfully reproduced by the microparameter
calibration model. At an over 60% relaxation state,
the roadway surrounding rock will become more
plastic and undergo increasingly severe displacement
and damage. In this case, appropriate support timing
is critical for preventing strong load or irreversible
relaxation damage. Postpeak tensile fracturing can
indirectly characterize the degree of elasticity and
brittleness of the sample.

(3) Te mechanism of the large deformation in deep soft
rock roadways in the Yuwu coal mine is as follows.
Te high deviatoric stress causes the formation of the
deep V-shaped shear zone. Te shallow large-scale

tensile free-state surrounding rock gives rise to the
discontinuity of stresses in the deep and shallow
surrounding rock.

(4) An idea of “timely and active + reinforcing the side
and strengthening the bottom” is proposed. Under
this approach, the overall convergence of sur-
rounding rock was managed within 350mm. Te
stabilization time was about 15 d, and the anchor bolt
corresponded to a large abundant factor, thus en-
suring the long lifespan of roadways.
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�e isolated working face has always been the hardest hit area for the occurrence of rockburst, and the spatially isolated working
face with multiple coal seams is often easily overlooked due to its hidden nature, which leads to the occurrence of rockburst
accidents. �is paper takes the Liuhuanggou coal mine (9–15) 08 isolated working face as the engineering background, used �eld
research, theoretical analysis, numerical simulation, and �eld monitoring, investigated the coal body stress evolution law during
mining, and revealed the overall instability rockburst mechanism of the working face and deduced the limit advance distance
when the working face was in a state of boundary instability. �e research results show the following: (1) with the increase of
advancement, the overlying strata on the working face are dynamically transformed from the “C” spatial structure with hollowing
on both sides to the “θ” spatial structure with coal body support in themiddle; (2) when the dynamic load stress on the coal body of
the working face exceeds 1.5 times its integrated compressive strength, there is a risk of overall instability rockburst; (3) when the
working face advances to 430m from the open cutting, the superimposed stress on the coal body exceeds its comprehensive
compressive strength and reaches a critical instability state, which is veri�ed by numerical simulation. Based on the analysis of the
mechanics and mechanism of the overall instability rockburst of the working face, this paper proposes a set of targeted safe mining
solutions: (1) �e joint monitoring system of microseism-stress-drilling cutting is adopted to monitor and warn the dangerous
rockburst areas. (2)�e “rockburst-gas” drilling technique is used to unload the pressure on both sides of the working face and the
coal wall. (3)�emining speed shall not exceed 3.2m/d when the working face is mined before 350m, and shall not exceed 2.4m/d
when the working face enters the in�uence area of mined-out LW(4-5)02 (350∼550m). �e microseismic monitoring results and
�eld practice con�rmed the reasonableness and e�ectiveness of the safe mining technology plan.

1. Introduction

With the continuous mining of coal resources, the coal
deposit conditions are becoming more and more complex,
so that rockburst accidents occur frequently [1–8].
According to statistics, the number of rockburst mines in
China has rapidly increased from 142 in 2012 to 177 as of
2017, and rockburst has become one of the most dangerous
disasters in China’s coal mines [9–13]. �e frequent oc-
currence of rockburst has brought serious damage to the
safety production and economic e�ciency of mines. Among
them, the isolated working face, which is generated by strip
mining or unreasonable mining layout, is the hardest hit

area for the occurrence of rockburst. Compared with other
types of working face, the stress concentration around the
roadway of an isolated working face is higher, and the roof
movement is also more intense. Coupled with the mining
conditions, complex geological conditions, and other fac-
tors, it is more likely to occur rockburst, which brings great
di�culties to the safe mining of coal resources [14–20].

�ere has been a lot of research on the mechanism and
prevention of rockburst induced by the overall instability of
the isolated working face. Zhu et al. [21, 22] scienti�cally
classi�ed the types of rockbursts in longwall workings by
means of stress and microseismic monitoring, studied the
mechanism of overall instability-induced rockbursts, and
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proposed a risk assessment method for such rockbursts.
Wang et al. [23] and Deng and Gu [24] analyzed the
mechanism of mine seismic and rockburst triggered by
isolated coal pillars using mechanical models, studied the
overlying strata movement law of isolated coal pillars, and
proposed reasonable width design criteria for isolated coal
pillars. Liu et al. [25] explored the distribution of stress field
on the isolated longwall working face by mechanical model,
theoretical calculations, seismic computed tomography, and
energy density, studied the stress distribution characteristics
on the isolated longwall working face under three different
surrounding rock conditions, and evaluated the rockburst
risk of four longwall isolated working faces in ZhaoLou coal
mine as an example. Xue et al. [26] revealed the mechanism
of rockburst occurring in mine coal pillars from the per-
spective of energy evolution and the bursting liability of coal
specimen through theoretical calculations and numerical
simulations, proposed the energy density criteria for rock-
burst hazard evaluation, and analyzed the energy density
factor and the characteristics of the changing trend in the
vertical direction. Zhao et al. [27] established a micro-
structure model of coal based on the theory of coal grain
friction generating charge, studied four different friction
coefficient variation laws of coal, and then used the elec-
tromagnetic radiation method for potential rockburst
ground pressure hazard at isolated coal pillar working face.

'e above scholars have conducted a lot of researches on
the law of overburden movement of isolated working face
and the prevention and control technology of rockburst of
isolated working face, which provide theoretical reference
for this paper, but there are fewer researches on the critical
judgment basis of the overall instability rockburst of coal
body and its safe mining technology when the isolated
working face with multi-seam spatial distribution advances
to the mined-out area. In view of this, this paper takes the
Liuhuanggou coal mine (9–15) 08 isolated working face as
the engineering background and studies the critical insta-
bility width of the isolated working face through mechanical
analysis, theoretical calculation, and numerical simulation,
in order to provide a reference for similar engineering
practice.

2. Engineering Background

2.1. Overview. (9–15) 08 spatially isolated working face(SIW)
of the Liuhuanggou coal mine mainly mining 9–15 coal seam.
'e average mining depth of the working face is 430m, and
the average thickness of the coal seam is 14m, which belongs
to an extra-thick coal seam with stable seams and a simple
structure. 'e roof of the coal seam is dominated by gritstone
and medium-grained sandstone, and there is a group of hard
sandstone groupwith a thickness of 26.84m about 38m above
the coal seam, which may have a large impact on the working
face during mining, as shown in Table 1. According to the
results of coal rockburst tendency identification, both the
9–15 coal seam and its top and bottom plates have a strong
burst tendency.

(9–15) 08 spatially isolated working face(SIW) of the
Liuhuanggou coal mine is the successor of (4-5) 06 longwall

working face (LW) SIW(9–15) 08 is partially located below
the mined-out LW(4-5) 04 and (4-5) 06 of the 4-5 coal seam,
and the average distance from 4-5 coal seam is about 27m.
In addition, about 110m to the southwest of the SIW(9–15)
08 is the old mined-out area of the adjacent mine, and about
548m to the east from the open cut is the mined-out LW(4-
5) 02. It has a strike length of about 1713.2m and an inclined
length of about 130m. 'e plan location is shown in
Figure 1. 'e tendency profile is shown in Figures 2 and 3.

2.2. Rockburst Risk Analysis. SIW(9–15) 08 has a relatively
high degree of stress concentration in the coal body of the
working face due to the influence of the extra-thick coal
seam, mountain stress, and the mined-out areas on both
sides. When the working face advances to mined-out LW(4-
5) 02, it gradually forms a spatially isolated working face with
four sides of mining, the stress concentration of the coal
body on the working face further rises, and the overall
instability of the coal body is very likely to occur when
mining the coal body in this area, so the coal wall and the
trackgate have strong rockburst hazard. 'e beltgate has a
weak rockburst hazard because it is arranged below the
mined-out area. In summary, through macro evaluation, the
preliminary judgment of (9–15) 08 working face rockburst
hazards is shown in Figure 4.'is paper focuses on the stress
changes in the coal body when the SIW(9–15) 08 is ad-
vancing towards the mined-out LW(4-5) 02 and provides
safe mining technology solutions based on this, with a view
to providing a reference for the actual project.

3. Mechanism of Overall Instability Rockburst

3.1. Overburden Spatial Structure and Stress Evolution
Characteristics. According to the actual mining situation of
the coal seam in the Liuhuanggou coal mine and the actual
measured data of surface subsidence, it is known that during
the mining period of SIW(9–15) 08, all the mined-out areas
after the mining of 4-5 coal seams are in a non-fully mined
state, and the overlying strata of SIW(9–15) 08 form an
asymmetric pressure arch structure [28, 29]. With the in-
creasing advancement of the working face, the stress dis-
tribution on the coal body roughly shows 4 patterns, as
shown in Figure 5.

At the early stage of mining, the coal body of SIW(9–15)
08 is affected by themined-out areas which on both sides, the

Table 1: Stratigraphy statistics table.

Serial number Lithology 'ickness (m)
R19 Siltstone 1.00
R18 Gritstone 12.80
R17 Interbedded fine-sandstone 5.00
R16 Siltstone 8.04
R15 Mudstone 0.20
R14 Fine-sandstone 3.31
R13 Mudstone 3.42
R12 Fine-sandstone 1.00
R11 Mudstone 2.2
R10 4-5 coal seam 6.94

2 Mathematical Problems in Engineering



stress concentration of the coal body is much higher than
that of the ordinary working face. But the coal body of the
working face at this stage has a large bearing width, the peak
stress distribution is not yet superimposed on both sides of
the coal body, and the middle of the coal body is still in the
original rock stress area, showing a “bimodal” distribution,
as shown in Figure 5(a). 'ere is no risk of overall instability
rockburst in this stage.

At the middle stage of mining, as the working face con-
tinues to advance, the roof strata gradually break and are
connected with the overlying faulted strata in the surrounding
mined-out areas, forming a spatial structure similar to the “C”
shape [30].'e stress peak gradually shifts to the middle of the
coal body, and the stress in the center of the coal body rises
above the original rock stress. At this point, the stress distri-
bution is presented as a “saddle type,” as shown in Figure 5(b).

North
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Figure 1: SIW(9–15) 08 plan location diagram.
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Figure 2: Schematic diagram of A–A tendency profile.

Trackgate

Beltgate

+775 m

+726 m

Mined-out LW (4-5) 04, 06

Adjacent mine 
mined-out area

+779 m

24°

+902 m

+857 m

4-5 
Coal seam

9-15
Coal seam

Central rock 
stratum

SIW (9-15)08

Figure 3: Schematic diagram of B–B tendency profile.

Mathematical Problems in Engineering 3



At the end stage of mining, the overburden spatial
structure develops continuously upward, forming a dy-
namic “C” type overburden spatial structure. When the
working face enters the influence range of side abutment
pressure of mined-out LW(4-5) 02, the overlying strata on
the working face gradually connect with the overlying
broken strata of mined-out LW(4-5)02, forming a nearly
“θ” type overlying rock spatial structure with coal body
support in the middle [31]. At this time, the isolated coal
body stress is “platform type” or even “unimodal type”
distribution, as shown in Figures 5(c) and 5(d). 'e central
region of the coal body stress increases sharply, the core
stress homogenizes, and the overall instability rockburst is
very easy to occur.

3.2. Mechanism and Mechanical Analysis. According to the
previous analysis of the spatial structure and stress evolution
of the overburden during the mining of (9–15) 08 working
face, the mechanism of the overall instability rockburst of
(9–15) 08 working face is: before working face mining, the
coal body is not affected by mining disturbance, and the
stress on the coal body mainly comes from the self-weight of
the overlying strata and the transfer stress of the overlying
strata on both sides of the mined-out areas and is in a state of
stress equilibrium. During the working face mining, the
isolated coal body will be affected not only by the above
stresses, but also by the advanced support pressure of the
working face, and gradually enter the side abutment pressure
influence range of the mined-out LW(4-5)02, the advanced

Mined-out
LW (4-5)02

Mined-out LW (4-5)04
Beltgate

SIW (9-15)08

Trackgate

Weak rockburst zone
Medium rockburst zone
Strong rockburst zone

Figure 4: Rockburst danger zones of SIW(9–15) 08.
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Figure 5: Schematic diagram of superimposed force field distribution. (a) Bimodal type. (b) Saddle type. (c) Platform type. (d) Unimodal
type.
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support pressure of the working face and the side abutment
pressure of the mined-out areas are superimposed, which
further increases the risk of the overall instability rockburst
of the coal body of the isolated working face.

In order to visually analyze the stresses on the coal body
when the working face advances, the stresses on the isolated
coal body are roughly divided into three parts: the working
face inclined abutment pressure, the working face strike
abutment pressure, and the self-weight of the overlying
strata of the coal body.

3.2.1. Inclined Abutment Pressure Distribution
Characteristics. According to the actual mining situation of
the coal seam in the Liuhuanggou coal mine and the
measured parameters of surface subsidence, it is known that
the overlying strata of 4-5 coal seam are in a non-sufficient
mining state after the working face of 4-5 coal seam had been
mined. Since the 4-5 coal seam and 9–15 coal seam are only
about 28m apart, in order to simplify the calculation, it is
assumed that (9–15) 08 working face is in the same plane as
the mined-out areas on both sides. Accordingly, a static
distribution model of the inclined abutment pressure of the
coal body at the isolated working face is established, as
shown in Figure 6.

'e area S1 of the red area on the left side is shown in

S1 �
l1sinθ
2

H1 −
l1sinθ
2

􏼠 􏼡 1 + cotα1( 􏼁 +
l
2
1sin2θ
16

1 + cotα1( 􏼁
2

+
cot α1 − θ( 􏼁

2
H1 −

l1sinθ
2

􏼠 􏼡

2

.

(1)

'e area S2 of the red area on the right side is shown in
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'e area S3 of the yellow area on the left is shown in

S3 �
l
2
1
16

1 + cotα1( 􏼁. (3)

'e area S4 of the yellow area on the left is shown in

S4 �
l
2
2
16

1 + cotα2( 􏼁. (4)

'en, the average side abutment pressure on the isolated
coal body is shown in

σl � 􏽘

4

i�1
Si

c

d
, (5)

where l1 and l2 are the width of the mined-out areas on both
sides of the isolated working face, H1 and H2 are the burial
depth of the mined-out areas on both sides; d is the width of
the isolated working face; α1 and α2 are the strata movement
angles of the mined-out areas on both sides; θ is the dip angle

of the coal seam; and c is the volume weight of the overlying
strata.

3.2.2. Strike Abutment Pressure Distribution Characteristics.
'e strike abutment pressure on the isolated working face is
divided into two parts: mined-out LW(4-5) 02 strike
abutment pressure and advanced support pressure when the
working face advances. Taking the workface open cut as the
coordinate origin and the direction of workface advance as
the positive direction of the x-axis to establish the coordinate
system, the incremental pressure of mined-out LW(4-5) 02
bearing pressure on the isolated work face is shown in

Δσ3 �

0, 0, L − 2Hi3
cotβ3􏽨 􏽩,

2σmaxi3
1 −

(L − x)

2Hi3
cotβ3
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σmaxi �
Lwi + Hicotβ( 􏼁Mic

2Hicotβ
, (7)

where σmaxi is the maximum abutment pressure generated
by the ith key stratum on the coal body on the side of the
mined-out areas; Hi is the distance from the center of the
thickness of the ith key stratum to the coal floor; β is the rock
fracture angle in the mined-out areas; Lwi is the span of the
key stratum i; and L is the length of the working face strike
direction from the mined-out area.

'e workface advanced abutment pressure stress in-
crement Δσ4 is shown in

Δσ4 �

σmaxi(x + a)tanβ
Hi4

, 0, Hi4
cotβ􏽨 􏽩,

2σmaxi 1 −
(x + a)

2Hi4
cotβ

􏼢 􏼣, Hi4
cotβ, 2Hi4

cotβ􏽨 􏽩,

0, 2Hi4
cotβ, L􏽨 􏽩,
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⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(8)

where a is the working face advance distance, taking the
value range 0∼L.

Combining equations (6)–(8), the strike average abut-
ment pressure on the isolated coal body is shown in

σt �
􏽒

L−a

0 Δσ4dx + 􏽒
L

a
Δσ3dx

L − a
. (9)

'e self-weight stress of the coal body at the working face
is shown in

σq � cH, (10)

where H is the depth of the working face.
Considering the effect of dynamic disturbance on the

coal body of the isolated working face by mining activities
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[32, 33], introducing the dynamic load coefficient k, the
average stress of the working face is shown in

σ � k σl + σt + σq􏼐 􏼑. (11)

3.3. Analysis of the Overall Instability Rockburst Hazard of a
Spatially IsolatedWorking Face. 'e necessary condition for
the occurrence of an overall instability rockburst on the coal
body of an isolated working face is that the average abutment
pressure on the isolated coal body exceeds 1.5 times its
comprehensive compressive strength [34, 35]. We have the
following equation:

Ic �
σ

μ σc􏼂 􏼃
> 1.5, (12)

where [σc] is the uniaxial compressive strength of the
coal body, MPa, and μ is the average comprehensive
compressive coefficient of the coal body, taking the value
range of 3∼5.

It can be seen that when the average abutment pressure
on the coal body of the isolated working face is equal to 1.5
times its comprehensive compressive strength, the isolated
coal body is in the critical state of overall instability rock-
burst. Equation (13) can be obtained by associating equa-
tions (11) and (12):

k
􏽒

L−a

0 Δσ4dx + 􏽒
L

a
Δσ3dx

L − a
+ 􏽘

4

i�1
Si

c

d
⎛⎝ ⎞⎠ � 1.5μ σc􏼂 􏼃. (13)

Substitute the specific parameters of the working face
into equation (13) and solve for the unknown a in the
equation to obtain the limit advance distance of the working

face when the isolated working face reaches the critical
instability state.

3.4.Determinationof theOverall InstabilityRockburstHazard

3.4.1. Estimation of Inclined Abutment Pressure.
According to the relevant parameters of the adjacent mine
and the working face of 04 and 06 of 4-5 coal seam, take the
depth of the mined-out areas H1 � 350m, H2 � 486m; the
width of the mined-out area l1 � 140m, l2 � 330m; the rock
movement angle of the mined-out areas α1 � α2 � 80°; (9–15)
08 working face width d� 130m, coal seam dip angle θ� 24°,
overlying strata volume weight c � 2.5 t/m3.

Substitute the above parameters into equations (1)–(5) to
obtain the inclined abutment pressure as shown in

σl � 29.85MPa. (14)

3.4.2. Estimation of Strike Abutment Pressure. To simplify
the calculation, the overlying strata of the mined-out areas
are regarded as a whole rock formation, thenHi � hmax +Mi/
2. According to mined-out LW(4-5) 02 and SIW(9–15) 08
drilling stratigraphic parameters and field monitoring data,
take mined-out LW(4-5) 02 depthH3 � 358m, pressure arch
maximum height hmax3 � 70m, working face from the
mined-out area strike length L� 548m, (9–15) 08 working
face buried depth H4 � 430m, hmax4 � 65m, β4 � 74°, key
stratum span Lwi � 417m.

Substituting the above parameters into equations (6)–(8)
to obtain the strike abutment pressure and self-weight stress
as shown in

l1

d

α1

α2

l2

H2

l

H1

θ

S1 S2

S3
S4

2
l1

2
l2

Figure 6: Static distribution model of inclined abutment pressure on the isolated working face.
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Δσ3 �
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⎪⎪⎩
(16)

σq � 10.75. (17)

3.4.3. Estimation of Limit Advance Distance. According to
the identification data of coal seam 9–15 in the Liu-
huanggou coal mine, the single axis compressive strength
of coal body [σc] � 21MPa, the average comprehensive
compressive stress (CCS) coefficient of coal body μ� 3, the
dynamic load coefficient k� 1.3, and the comprehensive
equations (14)∼(17) can obtain the relationship between the
average stress(AS) on the coal body of the isolated working
face and the advancing degree of the working face as shown
in Figure 7.

As can be seen from Figure 7, the AS on the coal body as
the working face advances from the open cut to the mined-
out LW(4-5) 02 is roughly divided into the following three
stages:

(1) When the working face advances 350m in the first
stage, the AS of the coal body rises slowly with the
advance of the working face, and the dynamic load
stress of the working face increases slowly from
59MPa to 76MPa.

(2) When the working face advances 350∼470m and
enters the influence range of mined-out LW(4-5) 02,
the average stress on the coal body increases sharply,
and the dynamic load stress on the working face
increases rapidly from 76MPa to 105MPa.When the
working face advances 430m, the average stress on
the coal body reaches the critical value of the overall
instability rockburst, and the overall instability
rockburst is very likely to occur.

(3) When the working face is pushed past the stress peak
point of 470m, the AS of the coal body decreases
rapidly to below the critical value with the decrease
of abutment pressure on the isolated coal body.

4. Numerical Analysis

4.1. NumericalModel. According to the geology and mining
conditions of the Liuhuanggou coal mine (9–15) 08
working face, the model size is established as
L×W×H� 680m× 700m× 387m, with an inclination
angle of 24°, using Mohr–Coulomb criterion, fixing the
horizontal displacement at both ends of the model, con-
straining the horizontal and vertical displacement at its
bottom, and the top as a free surface. Apply a uniform load
on top of the model to simulate the self-weight of the
overlying strata. Model X-axis direction is (9–15) 08 working

face tendency, and Y-axis direction is (9–15) 08 working face
direction. 'e numerical calculation model is shown in
Figure 8.

4.2. Analysis of Stress Concentration. According to the actual
mining situation of the adjacent mine and Liuhuanggou coal
mine, the excavation sequence is adjacent mine working
face⟶ (4-5) 02 working face⟶ (4-5) 04 working face-
⟶ (4-5) 06 working face. 'e effect on the change of stress
in the coal body of (9–15) 08 working face was recorded.'e
details are shown in Figure 9.

As can be seen from Figure 9, with the gradual hollowing
around the (9–15) 08 working face, the stress on the coal
body of the working face can be broadly divided into two
areas:

(1) From Figures 9(a) and 9(c), it can be seen that when
the adjacent mine working face is mined out, the
working face coal body stress rises from 10.75MPa to
about 15MPa. With the completion of mining of 04
and 06 working face of 4-5 coal seam, (9–15) 08
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Figure 8: Numerical calculation model.
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working face forms a spatial isolated working face
with hollow mining on both sides, and the stress of
coal body of working face rises obviously, from
15MPa to about 40MPa rapidly.

(2) From Figure 9(b), it can be seen that after (4-5) 02
working face is mined, the stress on the coal body of
(9–15) 08 working face rises to about 17.5MPa from
the original rock stress by the influence of the mined-
out area. When (9–15) 08 working face advances to
the mined-out area, the abutment pressure trans-
ferred from the overlying strata of the mined-out
area to the isolated coal body is gradually super-
imposed, and the stress on the coal body further
increases. When the stress on the coal body exceeds
its 1.5 times comprehensive compressive strength,
there is a risk of overall instability rockburst.

4.3. Analysis of Stress Evolution during Mining. In order to
study the stress changes of the isolated coal body at different
advancement degrees of the working face, based on the
results of the previous theoretical calculations, measurement
lines were arranged along the middle of the inclination in the
coal body of (9–15) 08 working face, focusing on monitoring
the stress changes of the coal body when the working face is
200m away from mined-out LW(4-5) 02, and recording the
stress changes of the coal body at every 20m advancement of
the working face, as shown in Figure 10.

As can be seen from Figure 10, when the working face
advances toward the mined-out LW(4-5) 02, the abutment
pressure on the isolated coal body is distributed in a single
peak, and the maximum point of the abutment pressure is
about 100m in front of the working face. When the working
face advances in the range of 350∼430m, the abutment
pressure on the isolated coal body increases continuously,
and the peak stress increases from 55MPa to 79MPa, which
increases the risk of overall instability rockburst on the coal
body. After the working face advances 430m, the stress
decreases and tends to be stable. 'e abutment pressure
drops back to about 53MPa. From the numerical simulation
analysis, it can be obtained that when the isolated working
face gradually advances to about 430m, the coal body
abutment pressure gradually increases, and the risk of
overall instability rockburst is higher.

5. Analysis of Safe Mining Plan and Effect

Based on the previous research on the overall instability
mechanism of the isolated working face, the safe mining plan
is designed from the perspective of monitoring and early
warning, pressure relief for the actual situation of (9–15) 08
working face.

5.1. Monitoring and Early Warning Technical Measures.
Monitoring and early warning technology are one of the
most effective methods to prevent and control rockburst
[36–41]. According to the previous analysis, “microseism-
stress-drilling cutting” joint monitoring is carried out within
200m from the front of mined-out LW(4-5) 02.

5.1.1. Microseismic Monitoring System Arrangement. Six
microseismic probes are arranged within 200m in front of
the coal body of the working face and 100m in the back
mined-out area, among which three are arranged in the
trackgate and beltgate respectively, using 100m interval and
cross arrangement to focus on monitoring the area with
overall instability rockburst hazard. 'e microseismic probe
arrangement is shown in Figure 11.

5.1.2. Online Stress Monitoring System Arrangement.
During the mining of the working face, a measuring site is
arranged every 25m along the advancing direction, two
measuring points are arranged in each site, and the in-
stallation depth of the borehole stress gauge is 14m and 8m,
respectively, with an interval of 1m. In the process of
working forward to disassemble forward in time to ensure
that the monitoring range is always not less than 200m, as
shown in Figure 12.

5.1.3. Arrangement of Drilling Cuttings Pulverized Coal
Monitoring System. Pulverized coal monitoring is carried
out within 60m of the upper part of the beltgate and the
lower part of the trackgate in the working face, with a hole
depth of 15m and a spacing of 20m, and monitored twice a
week. For the early warning areas monitored by the online
stress monitoring system, one drilling cutting detection hole
is constructed at a location 2∼5m from the early warning
point, with the same drilling parameters as above.

5.2. Pressure Relief and Anti-Rockburst Technical Measures

5.2.1. Pre-Unloading Measures on Both Sides of the Working
Face along the Gate. (9–15) 08 working face beltgate is
located below the mined-out areas and has weak rockburst
risk, so it is mainly monitored. If the rockburst hazard is
found and then take pressure relief measures. (9–15) 08
working face trackgate is located in solid coal, with strong
rockburst hazard, need to construct drilling relief with large
diameter to unload pressure, drilling parameters as shown in
Table 2.

5.2.2. Prepressure Relief Measures for Coal Wall at Working
Face. According to the theoretical calculation and numer-
ical simulation results, (9–15)08 working face will form a “θ”
type overburden spatial structure when it is about 120m
away from mined-out LW(4-5) 02, which has the risk of
overall instability rockburst, and it is necessary to take
penetration pressure relief to eliminate the elastic core of
coal column.

'e original design was to take deep holes in the coal wall
to relieve pressure after the working face entered the overall
instability danger zone, due to the difficulty of the construction
of this method, considering that (9–15) 08 working face needs
to extract and release the gas in the coal body before mining,
the research group proposed the “rockburst-gas” drilling
technology, increasing the diameter of the gas extraction holes
from 94mm to 133mm, with a spacing of 2m and an
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inclination of 86°. 'e drill hole arrangement is shown in
Figure 13.

During drilling construction, a large number of mi-
croseismic events were induced due to drilling activities. A

comparison of microseismic events before and after the
drilling construction is shown in Figure 14. Figure 14(a)
shows the microseismic events during the normal mining
period from July 6 to July 31 at (9–15) 08 working face, and

Adjacent mine 
mined-out area

SIW (9-15)08
trackgate

SIW (9-15)08
beltgate

0.0000E+00
-2.5000E+06
-5.0000E+06
-7.5000E+06
-1.0000E+07
-1.2500E+07
-1.5000E+07
-1.7500E+07
-2.0000E+07
-2.2500E+07
-2.5000E+07
-2.7500E+07
-3.0000E+07
-3.2500E+07
-3.5000E+07

(a)

Mined-out LW (4-5)02

SIW (9-15)08
trackgate

SIW (9-15)08
beltgate

0.0000E+00
-2.5000E+06
-5.0000E+06
-7.5000E+06
-1.0000E+07
-1.2500E+07
-1.5000E+07
-1.7500E+07
-2.0000E+07
-2.2500E+07
-2.5000E+07
-2.7500E+07
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(b)

Adjacent mine 
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-1.0000E+07
-2.0000E+07
-3.0000E+07
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-5.0000E+07
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-8.0000E+07
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(c)

Figure 9: Stress evolution cloud diagram after mining at the working face. (a) Vertical stress cloud map of the adjacent mine working face
after hollowing. (b) Vertical stress cloud map of the (4-5) 02 working face after hollowing. (c) Vertical stress cloud map of the (4-5) 04, 06
working face after hollowing.
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Figure 11: Schematic layout of the microseismic monitoring system.
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Figure 12: Schematic diagram of the measuring site layout.
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Figure 14(b) shows the microseismic events during the
construction of the “rockburst-gas” drill hole at the coal wall
of the isolated working face fromAugust 28 to November 20.

As can be seen from Figure 14, a large number of micro-
seismic events occurred during the construction of “rock-
burst-gas” drilling in the overall instability rockburst hazard

Beltgate

Trackgate Mined-out
LW (4-5)02

86°

2 m

2 m

Φ 133 mm

Φ133 mm

Figure 13: (9–15) 08 working face “rockburst-gas” drilling layout diagram.

232m

Beltgate

Trackgate

Advanced mining influence scope

(a)

225m 270m

Range of microseismic events induced by 
construction “rockburst-gas”drilling

Advanced mining 
influence scope

Beltgate

Trackgate
Mined-out

LW (4-5) 02

(b)

Figure 14: Comparison of microseismic events before and after the construction of “rockburst-gas” drilling. (a) Range of microseismic
events during normal mining. (b) Range of microseismic events during drilling construction.

Table 2: Prepressure relief measures and specific parameters of the two sides of the gate.

Rockburst hazard zone level Measures Parameters
Weak Monitoring —
Medium Drilling relief with large diameter Hole depth 25m, drilling diameter 120∼150mm, hole spacing 2m
Strong Drilling relief with large diameter Hole depth 25m, drilling diameter 120∼150mm, hole spacing 1m
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area of the working face, which released the elastic energy in
the isolated coal body in advance and reduced the stress
concentration in the coal column.

5.3. Control Mining Speed. Studies have shown that con-
trolling the mining rate plays a crucial role in the prevention
and control of rockburst [42, 43]. Excessive mining speed
will lead to larger rock damage size, increased elastic energy
released, abutment pressure peak in front of the coal body
gradually approaching the coal wall, and the peak stress will
increase.

According to the mining speed statistics of other
working faces of 9–15 coal seam, the average mining speed of
9–15 coal seam is 2.8m/d and the maximummining speed is
5.6m/d, which occurs in (9–15) 06 working face, during
which no rockburst warning occurs. According to the results
of theoretical calculation and numerical simulation, con-
sidering the high degree of stress concentration in the
isolated coal body of (9–15) 08 working face and the risk of
overall instability rockburst during the mining period, it is
determined that the mining speed of the working face should
not exceed 3.2m/d when it is mining the fist 350m of coal
body, and the mining speed should not exceed 2.4m/d when
it enters the influence range of mined-out LW(4-5) 02
(350∼550m).

5.4. Strengthen the Strength and Distance of Advanced
Support. From Figure 14, it can be seen that the advance
disturbance range during the mining process of the working
face is about 220m, and the current advance support length
of the mine is 120m, so it is recommended to strengthen the

advance support of the gateways of the working face to
220m, and strengthen the strength of the advance support to
improve the rockburst resistance and disturbance energy of
the advance support system.

5.5. Analysis of Prevention and Treatment Effects. In order to
test the prevention and control effect after taking targeted
measures, the frequency and total energy of microseismic
events (ME) occurring within 200m of the initial advance of
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the working face mining and 200m of the advancement to
the mined-out LW(4-5) 02 are compared, as shown in
Figures 15 and 16.

From Figures 15 and 16, it can be seen that when the first
200m of coal body was mined at the (9–15) 08 working face
without special anti-rockburst measures, the highest number of
microseismic events per day is 73. 'e total energy of micro-
seismic events is up to 2.07×106 J, and 71.2% is concentrated in
the range of 105∼106 J. After taking special measures for safe
mining, the number of dailymicroseismic events duringmining
of the isolated coal body decreased to 10∼40, and the total daily
microseismic energy is all less than 106 J, mostly located in the
range of 104∼105 J (76.4%). It can be seen that after the adoption
of special measures for safe mining, the daily microseismic
events and total energy decreased significantly compared with
the initial stage of mining, which achieved the expected results
and realized the safe mining of the overall instability rockburst
hazard area of the isolated coal body.

6. Conclusion

Based on the Liuhuanggou coal mine (9–15) 08 spatially
isolated working face as the engineering background, this
article studies the stress evolution law of the isolated coal
body, reveals the mechanism of its occurrence of overall
instability rockburst of isolated coal, and pushes to the limit
width when the coal body reaches the critical instability
state. According to the actual mining situation of (9–15) 08
working face, this study proposes safety mining measures for
isolated coal body. 'e effectiveness of the safety mining
measures is verified by comparing the onsite microseismic
monitoring data, and the following conclusions are drawn:

(1) Spatially isolated working face with increasing ad-
vance distance, the overlying strata show a dynamic
transformation process from “C” type spatial
structure to “θ” type spatial structure, and its sus-
ceptibility to overall instability rockburst is the result
of the comprehensive effect of stress transfer from
the working face and the overlying strata in the
mined-out areas.

(2) According to the actual coal body storage condition,
a mechanical analysis model is established to obtain
the relationship between the internal stress of the
coal body and the advancement degree, and the
criterion for the limited advancement distance of the
working face when the critical instability state is
reached is derived.'e results show that the working
face reaches a critical instability state when it reaches
430m from the open cut, and there is a risk of overall
instability rockburst.

(3) Based on the results of the theoretical analysis, we
have developed comprehensive prevention and
control measures for monitoring and early warning,
pressure relief and prevention, and control of mining
speed, and proposed an innovative “rockburst-gas”
drilling technology to ensure the safe mining of the
isolated working face.
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�e northern Guizhou coal�eld exhibits complex geological conditions and well-developed structures. Hard rock formations are
damaged by faults, causing frequent water inrush accidents. To study the damaging e�ect of faults on roof key strata and the
mechanism of water inrush accidents, this paper chose the 5914 coal mining faces of the Longfeng coal mine as the engineering
background, determined the water inrush source and key strata through �eld investigation, hydrochemical analysis, and the-
oretical calculation, and used RFPA-�ow numerical simulation software to simulate the hydraulic coupling e�ect. �e char-
acteristics of the shear stress, damage degree, and hydraulic gradient were analyzed, and �nally, the high-density electrical method
was employed for simulation veri�cation. �e results indicated that the key stratum can control water inrush, but under the
in�uence of faults, the roof formsmultiple separation layers, and several sudden increases in displacement occur (the sudden jump
phenomenon). A stress concentration area is formed in the head-end tunnel through the fault, and the number of AE events
increased to 1150. �e water-force gradient exhibits a uniform local large-scale evolution process, and �nally, the height of the
water-conducting fracture reaches 60m through the aquifer. �is height is 3 times that without fault in�uence. �e numerical
simulation results are consistent with the theoretical calculation and �eld analysis results, which veri�es that the fault imposes a
highly signi�cant weakening e�ect on the key stratum, providing data support for later engineering.

1. Introduction

As the third largest coal �eld in Guizhou, China, the
northern Guizhou coal�eld is rich in coal resources, but this
coal�eld is located in a unique tectonic location and exhibits
a complex regional geological structure, including concealed
structures and karst development; coupled with the in�u-
ence of the Yanshan and Himalayan movements, large-scale
faults and folds were formed [1], causing the geological
structure and hydrogeological conditions in the northern
Guizhou coal�eld to be highly complex and the types of
water hazards to be varied. In particular, this coal�eld is
seriously impacted by karst water in roof strata [2, 3]. On
August 21, 2019, the Longfeng coal mine of the Guizhou

Lindong Group Mining Co., Ltd., is located in the northern
Guizhou coal�eld. Due to the in�uence of hidden faults,
water inrush caused by karst cave water in the roof of the
coal seam resulted in 2 deaths and a direct economic loss of
more than 5 million yuan. �e investigation of the accident
shows that there is a fault during the excavation of the
working face on June 19, and the water from goaf roof at the
outlet under the mining face increased. �en, during July 22
to August 6, the roof burst several times, and on August 21,
gangue and water from the roof suddenly poured into the
working face, causing the accident. Nowadays, many un-
derground projects involve water-force coupling [4, 5], and
for mine water damage, the water source and water inrush
channel are highly hidden. �erefore, it is necessary to
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clarify the occurrence conditions of the water inrush source,
actionmechanism of the geological structure in regard to the
water-conducting fracture, especially to study the coupling
relationship between faults and the roof lithology under
water-force action, and action characteristics and evolution
pattern of the roof water-conducting fracture zone.

Scholars have performed much work regarding the
prevention of karst water damage and the mechanism of
water inrush. Based on mechanics theory, research has been
conducted to determine the failure pattern of water-con-
ducting fracture zones. Among these studies, the most
representative theories include the three-zone theory [6],
four-zone model [7], and key stratum theory [8]. According
to the key stratum theory, when there are multiple hard
strata among the overlying strata in the stope, these strata
control all or part of rock mass activities, which are referred
to as key strata. Based on this theory, most experts have
conducted in-depth studies of filling mining, co-mining of
coal and gas, prediction of water-conducting fracture zones,
and other aspects [9–11]. (e stress transfer path and stress
distribution near key strata exhibit notable characteristics in
the coal mining process [12], and the difference in the
fracture deformation zone of the key stratum affects the roof
waterproofing performance [13]. In addition, scholars ac-
knowledge that the key stratum provides a good control
effect on the formation of water-conducting fracture zones
[14], the failure pattern of overburden rock [15], and water
inrush from the mine roof and floor [16]. However, as a
specific geological structure, faults are widely found in the
northern Guizhou coalfield [17]. (e faults destroy the
continuity of coal seam and roof strata, enlarge the breaking
range of surrounding rock, and seriously threaten the safe
production of mine. According to statistics, 80% of water
inrush accidents are related to faults [18, 19]. Faults not only
control the structural morphology of water-bearing systems
but also control the dynamic conditions of groundwater
[20]. A lot of studies have been done on the relationship
between fracture evolution and rock fracture, and it is be-
lieved that the existence of fracture seriously affects rock
fracture behavior [21, 22]. When the tunnel face occurs close
to a fault, the fracture activation frequency of the sur-
rounding rock increases, and the fault can penetrate the hard
waterproof layer, resulting in water inrush accidents be-
tween the surrounding rock and aquifer [23].

With the continuous development of computer tech-
nology, numerical simulation has become an important
method to research the failure mechanism of roof overlaying
rock and themechanism of water inrush.(e commonly used
numerical simulation software programs include RFPA,
UDEC, and FLAC3D. Among the above software packages,
RFPA numerical simulation software is based on finite ele-
ment and meso-damage statistics theory, and fully considers
the heterogeneity of rock material, the randomness of defect
distribution, and the influence of water on rock mass fracture
development which makes it to be widely used in the study of
rock fracture, roof and floor rock and failure laws, and water
inrush from roof and floor of coal seam. Liu et al. [24, 25]
combined the RFPA and fractal theory to study the fracture
evolution characteristics of sandstone and single joint

sandstone. Ma et al. [26] applied RFPA-2D to study the
fracture behavior of rock mass near faults. Yu et al. [27]
applied the rock fracture process analysis system RFPA-2D to
analyze the dynamic development process of overburden rock
failure under the influence of mining. Zhang et al. [28]
simulated the hydraulic fracturing and studied the evolution
law of crack propagation and acoustic emission by RFPA-
flow. Wang et al. [29] used RFPA-flow to study the influence
of confining pressure and pore pressure crack propagation
and permeability of rock mass under uniaxial compression
and, on this basis, analyzed the formation mechanism of floor
water inburst channel.

Previous studies have studied the theoretical research on
mine water inrush by studying the movement, deformation,
and failure of roof overburden under the influence of faults
and the development law of water-conducting fracture zone,
but the formation of water inrush accidents involves a very
complex process. Structural damage, control of key strata,
and water-rock interactions constitute some of the multiple
factors leading to roof water damage, and research on this
aspect is scarce in the northern Guizhou coalfield.(erefore,
it is necessary to select typical coal mines in the northern
Guizhou coalfield as examples to study the weakening effect
of faults on key strata and the mechanism of mine water
inrush under the action of water and rock.

2. Engineering Background

In the Longfeng coal mining area, the strata are gently sloping,
and the geological structure is simple, but a concealed structure
is developed. During the exploration period, 11 hidden faults
were exposed through drilling, andmore than 100 small hidden
faults were revealed. Coal seams in the area mainly occur in the
Upper Permian Longtan Formation (P3l), and the average
thickness of the Longtan Formation reaches approximately
98m, belonging to marine and continental cross-deposits. At
present, the main mining target is the 9# coal seam. (e direct
roof of the 9# coal seam is silty mudstone, and the upper part
comprises siltstone or fine sandstone. (e direct floor is ar-
gillaceous siltstone, while silty mudstone and siltstone occur
locally. (e overlying water-filled aquifers include the
Yulongshan Member of the Triassic Yelang Formation (T1y2)
and the Upper Permian Changxing Formation (P3c). (e
vertical distance between coal seam no. 9 and the bottom
boundary of the Changxing Formation limestone karst water
aquifers is 34.98m, and the thickness of the Changxing For-
mation aquifers ranges from 24.13 to 35.50m, with an average
thickness of 29.44m. In the absence of atmospheric water
supplementation, the water level of the aquifer remains stable at
approximately 50m.(e roof lithology of 5914 working face is
mainly determined according to borehole ZK2-5 and drilling
data of advanced geological exploration. (e rock formation
combination and rock parameters are shown in Figure 1.

(e mining face of the Longfeng coal mine adopts the
backwall-type mining method, and the roof mining method
is adopted tomanage the roof. Meanwhile, the 4# and 5# coal
seams above the 9# have not been mined. (e roof is stable
and does not easily collapse, which plays an obvious con-
trolling role on rock stratum activities, and the key stratum
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features are obvious. However, during the advancement of the
5914 working face of the 9# coal seam, several water gushing
and slurry collapse events occurred in the roof, and the water
outlet of goaf roof under mining face increased on June 19,
2019. (e subsequent investigation determined that there
occurred an east-west fault fracture with a dip angle of 43° and
a length of 12m above the roof in this accident. (is fault is
located below the key stratum, which resulted in a connection
between the aquifer and C9 coal seam, thus causing the
aforementioned water inrush accident. A field geological
survey found that there were several similar concealed faults
east of the 5914 mining face, and small faults were connected
with the F1 fault traversing the northern and southern parts of
the mining area, which became a potential risk factor in the
later advancement process. An overview of the 5914 working
face and the accident site is shown in Figure 2.

3. Determination of RoofWaterDamage Source
and Key Strata

3.1. Determination of Water Hazard Sources. To further
determine the source of water damage, before the arrival

of the heavy rainfall period (thus excluding the influence
of external water sources on the water sample compo-
sition under the action of precipitation), outlet water
point S-1 below the working face, water interception
point S-2 in a 300m borehole in the 5914 working face,
and water seepage point S-3 at the no. 11 support (the
water intake point is shown in Figure 2) were considered,
and water samples of the overlying aquifer were analyzed
to determine the water quality. (e results are listed in
Table 1.

(e mass concentration of Ca2+ in the gushing water at
S-1, S-2 and S-3 ranged from 3.55 to 48.42mg·L−1, and the
mass concentration of K+ +Na+ ranged from 101.06 to
129.06mg·L−1. Moreover, the hydrochemical type of the S-1
and S-3 samples is HCO3·SO4-Mg·K+Na, and the hydro-
chemical type of the S-2 sample is HCO3·SO4-Mg·K+Na·Ca.
Comparison reveals that the ion concentration in the water
samples is similar to that in the Changxing Formation
aquifer, and the water chemical type is consistent, indicating
that water inrush in the 5914 mining face stems from the
Permian Changxing Formation limestone karst water
aquifer in the roof.

Formation Lithologic
profile Lithology Thickness

(m)

Elasticity
modulus

(×103MPa)

Density
(kg–m–3)

Compressive
strength
(MPa)

Poisson
ratio

Additional
information

overburden 38.23 19.6 268045.0 0.25 Additional
information

limestone 33.00 47.3 282040.9 0.16

mudstone 1.23 11.9 274013.1 0.21
argillaceous
limestone 1.55 33.0 272037.5 0.20

fine sandstone 3.41 38.7 278050.0

silty
mudstone 1.53 14.9 261040.1

0.28

0.21

limestone 0.99 47.3 282040.9 0.16

mudstone 1.40 11.9 274013.1 0.21

Aquifer

fine sandstone 6.57 38.7 278050.0 0.28

siltstone 1.40 18.5 266044.5 0.29

mudstone 1.29 11.9 274013.1 0.21

4# 2.49 16.0 152018.0 0.30

siltstone 1.75 18.5 266044.5 0.29

5# 1.92 16.0 152018.0 0.30
mudstone 1.51 11.9 274013.1 0.21

fine sandstone 4.90 38.7 278050.0 0.28

siltstone 3.01 18.5 266044.5 0.29

siltstone 6.91 18.5 266044.5 0.29

bed rock 35.00 50.0 290050.1 0.26

9# 2.88 16.0 1520
5914

Working
face

18.0 0.30

Key strata

water level (m)

–4.8 –2.4 2.4 4.80
12 24 36 48 60

Simple hydrological
observation

consumption (m3/h)

Yelang
(T,y)

Changxing
(P3c)

Longtan
(P31)

Maokou
(P2m)

Figure 1: Columnar and rock formation parameter map of the ZK2-5 borehole in the Longfeng coal mine.
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3.2. Determination of the Key Stratum. Because of the dif-
ferent properties of coal and rock, the breaking patterns of
the rock strata are different from those of the fully mech-
anized mining face. (e overall weight of the overburden is
borne by hard and thick rock strata, which can control the
roof collapse distance and are collectively denoted as the key
stratum [8]. (e position of the key stratum is determined
according to equation (1), and a corresponding calculation
model is shown in Figure 3.

If the 1 to m hard strata are deformed but the m+ 1
stratum is not deformed, the latter hard stratum then
constitutes the second layer. Since the strata are deformed
from the first layer to the m-th layer, the load on the hard
strata in the first layer [30] is

q(m)1 �
E1h

3
1 􏽐

m
i�1 hiri

􏽐
m
i�1 Eih

3
1

, (1)

where q(m)1 is the load of the m-th rock layer on the hard
rock layer; hi is the thickness of layer i, m; ri is the bulk
density of rock layer i, MN/m3; and Ei is the elastic modulus
of rock layer i, GPa.

It is assumed that the m+ 1 layer is another hard layer.
Since its deflection is smaller than that of the lower layer, the
m+ 1 layer does not synchronously deform with the lower
layer. (erefore, the following applies:

q(m+l)l < q(m)l. (2)

Substituting equations (1) into (2), an evaluation
equation of the position of the hard rock layers can be
obtained after simplification as [31]

Em+1h
2
m+1 􏽘

m

i�1
hirirm+1 􏽘

m

i�1
Eih

3
1. (3)

In actual assessment, the calculation starts from the first
layer of the working surface and proceeds upward layer by

Table 1: Water quality analysis results.

Sample pH
Mass concentration of each ion/(mg·L−1)

Type of water
Ca2+ Mg2+ K+ +Na+ Cl− SO2−

4 HCO−
3 NO−

3

T1y-1 7.61 77.21 2.98 10.02 13.12 33.75 286.48 4.80 HCO3-Ca
T1y-2 7.80 70.20 3.68 31.61 10.35 51.04 227.53 6.00 HCO3-Ca
P3c-1 7.70 17.96 67.86 271.22 13.93 264.25 273.17 3.60 HCO3·SO4-Mg·K+Na
P3c-2 8.30 25.48 63.65 143.61 15.42 267.91 199.04 2.40 HCO3·SO4-Mg·K+Na
S-1 7.94 10.65 53.20 129.06 20.49 271.24 248.71 2.80 HCO3·SO4-Mg·K+Na
S-2 8.34 48.42 68.74 101.06 18.01 294.7 246.76 2.80 HCO3·SO4-Mg·K+Na·Ca
S-3 7.87 3.55 50.15 115.98 28.58 196.73 216.37 2.00 HCO3·SO4-Mg·K+Na
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Figure 2: Overview of the working face and accident site.
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Figure 3: Key stratum load model.
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layer. When equation (3) is satisfied, the corresponding rock
layer is the first hard rock layer. (e calculation process is
continued upward until the top hard layer can be identified,
after which the calculation is stopped. (e specific location
of hard and soft rock layers can be ensured through the
above calculation process.

Based on geological drilling data of borehole ZK2-5
(Figure 1) and combined with the above derivation equation,
it is concluded that the key stratum of the 5914 working face
is a 6.57-m-thick fine sandstone layer (Figure 1).

4. Numerical Simulation of Roof Water
Gushing under the Weakening Effect of a
Fault on the Key Stratum

4.1. Model Calculation Method. RFPA2D-flow is a numerical
analysis system based on finite element theory, which can fully
consider nonlinear, nonuniform, and anisotropic changes in
rock strata and karst water in the process of coal seammining
and can better analyze the evolution process of roof water
damage under the coupling action of seepage and stress. (e
mechanical parameters of the RFPA material model of the
meso-structure are based on laboratory test results, the karst
water aquifer follows Biot consolidation theory, and the
material stress-permeability coefficient relationship can be
described by a negative exponential equation [32]:

Kf � K0e
− bσ , (4)

where K0 is the initial permeability coefficient, σ is the
normal stress, and b is a coupling parameter.

(e seepage behavior of fluid varies with the damage
degree of the rock mass. (erefore, the coupling effect of
seepage, stress, and damagemust be considered to accurately
reflect the real conditions through numerical simulation.
(e basic equation of fluid-solid seepage coupling is as
follows:

(e equilibrium equation is

zσij

zxij

+ ρXj � 0,

(i, j � 1, 2, 3).

(5)

(e geometric equation is

εij �
1
2

ui,j + uj,i􏼐 􏼑,

εv � ε11 + ε22 + ε33.
(6)

(e seepage equation is

K∇2p �
1
Q

zp

zt
− α

zεv

zt
. (7)

(e seepage-stress coupling model is

K(σ, p) � ξK0e
− β σii/3( )− αp( ), (8)

where ρ is the density, σij is the sum of the normal stresses, εv
and εii are the volumetric strain and normal strain,

respectively, δ is the Kronecker constant, Q is Biot’s con-
stant, G and λ are the shear modulus and Ramet coefficient,
respectively, ∇2 is the Laplace operator, P is the pore water
pressure, and ξ, α, and β are the permeability coefficient
jump ratio, pore water pressure coefficient, and coupling
coefficient (stress-sensitive factor), respectively. (e values
are determined via experiments and exhibit certain changes
between different states.

Numerous experimental results have demonstrated that
the permeability coefficient is not only a function of stress but
also a function of the evolution of stress-induced damage and
rupture. According to the coupling equation of seepage and
damage, when the stress state or strain state of a given element
meets a certain damage threshold, the element is damaged,
and the elastic modulus of the damaged element is [33]

E � (1 − D)E0, (9)

where D is the damage variable and E and E0 are the elastic
modules of the damaged and lossless elements, respectively.

Choosing the uniaxial tensile constitutive model as an
example, the seepage-damage coupling equation of the el-
ement is expressed below [34]:

When the element strength reaches the tensile strength ft
damage threshold, the following applies:

σ3 ≤ − ft. (10)

(e damage variable is

D �

0, εt0 ≤ ε,

1 −
ftr

E0ε
, εtu ≤ ε< ε0,

1, ε≤ εtu,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(11)

where ftr is the residual strength and εt0 and εtu are the
maximum and ultimate tensile strains, respectively.

(e unit permeability coefficient is

K �

K0e
− β σ3− αp( ), D � 0

ξK0e
− β σ3− αp( ), 0≤ ε< 1

ξ′K0e
− β σ3− p( ), D � 1

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(12)

Similarly, the permeability-damage coupling equation of
the uniaxial compression unit can be obtained, as shown in
Figure 4.

4.2. Model Settings. (e evolution process of roof water
gushing under the weakening action of faults is considered.
Based on the actual working conditions of Longfeng coal
mine, the size of the model was set to 150m× 300m, and
300× 600 grid cells were divided. An equivalent load of
1MPa of the overburden layer and a 50m water head
(reflecting the water pressure of the Changxing Formation
aquifer) were applied to the upper part of the model.
According to the revealed faults, the dip angle of the fault is
45° and the length was set 12m. Because only the evolution
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process of roof water inrush under the influence of faults on
the weakening of key layers was analyzed, the horizontal
displacement of both sides of the model boundary and
vertical displacement of the bottom surface were con-
strained, and fault parameters were set based on the
weakening element method. (e plane strain model was
adopted for calculation. Due to the boundary effect, 50m
coal pillars were reserved on the left side of the model, and
continuous excavation was carried out starting from the
second step, with 10m excavated at each step. (e simpli-
fication of the established numerical calculation model is
shown in Figure 5, and the attributes and physical and
mechanical parameters of the rock strata in the model are
shown in Figure 1.

4.3. Evolution of the Shear Stress Field in the SurroundingRock
of theRoof. Since a rockmass occurring at the intersection of
the maximum and minimum principal stresses is highly
prone to failure and the failure form mainly involves shear
failure [35], only shear stress characteristics were analyzed.
Four measuring points in the roof of the coal seam were set
for y-direction displacement monitoring at the 60m level
(without fault influence), 20m level (with minor fault in-
fluence), 10m level (affected by the fault), and 0m level
(fault layer). (e monitoring results are shown in
Figure 6(d). As shown in Figure 6(a), the roof of the coal
seam is affected by mining, and the maximum principal
stress is distributed at the junction of soft and hard coal rock
layers and the face of the mined-out area. With eastward
advancement of mining, the stress in the roof shear stress
concentration area uniformly increases, deformation of the
surrounding rock continues to develop, and the overall
failure range increases by a small margin. As shown in
Figure 6(b), fault activation is clearly observed. A stress
concentration distribution area emerges in both the upper

and lower areas of the fault, and the stress concentration area
is connected to the working face. Fractures become con-
nected with the fault and vertically develop toward the lower
part of the key stratum. Subsequently, the activated area of
the fault rapidly increases, and the surrounding rock fails
and releases pressure, leading to expansion of the uncon-
solidated zone to greater depths. (e response of the sep-
aration zone in the upper part of the fault is notable, which
leads to the highest transverse development speed of the
fracture in the upper part of the fault, and a longitudinal
fracture gradually develops through the aquifer. With in-
tensification of microfracture events, the seepage and
scouring effects of karst water in the aquifers on the fracture
result in deterioration of the mechanical properties of the
fault, and the fracture rapidly penetrates through the
working face and fault. As shown in Figure 6(c), the working
face fissure eventually becomes connected with the fault
fissure, the fissure in the upper part of the fault suddenly
develops upward along with the fracture in the key stratum
[36], and the phenomenon of a sudden jump occurs. (e
surrounding rock is increasingly damaged to form a water-
conducting fracture zone, and the development height of the
water-conducting fracture zone reaches approximately 55m.
Compared to the fault-free roof during the early mining
period, only one separation zone is formed in the early goaf
without fault influence, and the height of the fracture zone
reaches approximately 25m, which is consistent with the
height of 24.68m of the fracture zone obtained based on the
Exploration Specification of Hydrogeology and Engineering
Geology in mining areas (GB/T 12719-2021).

H �
100ΣM

3.1ΣM + 5.0
± 4.0, (13)

whereM is thickness of the coal seam, m (2.88m); combined
with the analysis results shown in Figure 6(d), it is found that
the displacement of the measuring point at the 60m level

σ1 σc

σt

σ3

fc
fc is compressive strenght
fcr is residual strenght a�er maximum strain
εc0 is the maximum strain
εcu is the limiting strain

ft is tensile strenght
ftr is residual strenght a�er maximum tensile strain
εt0 is the maximum tensile strain
εt0 is the limiting tensile strain

fcr

ft

ftr εc0

εt0εtuε3
εcu

ε1

Figure 4: Meso-element constitutive model under uniaxial compression and tension.
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steadily increases throughout the whole process, and the key
stratum provides a good control effect. Horizontal dis-
placement of the 10m roof measuring point occurred several
times under low and continuous instability, corresponding
to the process in which the stress in the footwall of the fault
and upper and lower parts was gradually released at the early
stage of mining, fault cracks were penetrated, and the key
stratum was locally damaged. (e horizontal displacement
of the 0m measuring point exhibited two clear sudden
changes, which were caused by the weakening control effect
of the failure of key stratum and the sudden jump phe-
nomenon attributed to the penetration of the roof water-
conducting fissure zone. After the sudden jump phenom-
enon occurred, a high-stress concentration area was formed
in the head at −10m. After 40 steps, the displacement
significantly changed. (e roof closer to the fault was very
prone to caving, which imposed the greatest influence on
mining caving at the later stage.

(erefore, due to the presence of the key stratum, the
deformation and failure of the roof are well controlled, and
the development of cracks in the strata is relatively smooth.
Meanwhile, the water-conducting fracture zone could not be
effectively connected, which could effectively reduce the risk
of roof collapse, thus reducing the possible of mine water
hazard. Under the influence of faults, the roof displacement
of the key stratum can vary, and three separation zones can
be rapidly formed above the key stratum. (e integrity of
roof strata is destroyed, cracks develop, and the height of the
developed water-conducting fracture is 2-3 times that of the
water-conducting fracture without the influence of faults,
which accelerates the formation of water inrush channels
and increases the risk of a sudden influx of water from
aquifers into the working face. What’s more, the closer the
key stratum occurs to the fault, the larger the area of the
separation zone is and the higher the risk of roof collapse is.
(e presence of faults significantly weakens the strength of
the key stratum, greatly reduces the control effect of the key
stratum on the water-conducting fracture zone, increases the
damage range of the roof both horizontally and longitudi-
nally, results in the roof most obviously sinking near the fault
layer, and forms a high-stress area in the unmined roof,
which creates concealed conditions for water inrush acci-
dents at the later stage.

4.4. Damage and Failure Characteristics of the Surrounding
Rockof theRoofFault. (e acoustic emission (AE) technique
is an effective method to measure the deformation and
failure of rock masses, so as to effectively reflect the failure
process of coal roof. In the AE event diagram, the red unit
indicates tensile damage, the white unit indicates com-
pression damage, and the black unit indicates cumulative AE
damage. As shown in Figure 7(a), when the working face
occurs far from the fault, the roof of the goaf is not damaged,
and successive AE events of compressive and tensile failure
occur uniformly. As the working face was advanced, roof
delamination damage was observed, roof pressure damage
reduction occurred due to the overburden, and the AE
events mainly indicated tensile damage. In the process of

local damage to the surrounding rock, acoustic emission
events were continuously developed in the deep surrounding
rock, the AE event increment under excavation was less than
30, and the AE accumulative curve smoothly increased
throughout the process. As shown in Figure 7(b), when the
working face was advanced beneath the fault, the number of
AE events in the fault increased to 52, and the single-step AE
energy reached 156 J. Due to the insufficient bearing capacity
of the fault itself, AE events mainly increased within the
fault, tensile failure events largely occurred, and a small
number of compressive failure events emerged at both ends
of the fault. As shown in Figure 7(e), the upper part of the
fault is controlled by the key stratum, and energy release is
inhibited. (e single-step AE energy is reduced to 86 J, AE
events slowly accumulate, and the cumulative AE curve is
relatively flat. With progression of the mining process,
detachment occurs beneath the key stratum. When the
energy accumulated in the upper part of the fault reaches a
certain value, energy is first released through detachment,
and AE events tend to develop toward detachment. Since the
key stratum is not significantly damaged, AE events are
longitudinally prevented from penetrating into the sur-
rounding rock, and only sporadic AE events occur at the
depth of the surrounding rock. As the stress in the sur-
rounding rock at the bottom of the fault changes, AE events
continue to accumulate and laterally expand along the
working face. As shown in Figure 7(c), after AE events at the
bottom of the fault were extended laterally across a certain
distance, these AE events changed direction and followed
longitudinal mining surface extension. Affected by the fault,
when the working face passed beyond 20m of the fault
(Figure 7(d)), a large area of damage occurred in the key
stratum, the number of AE events rapidly surged to 1530,
thereby rapidly expanding toward the aquifer, and energy
was concentrated in the interface area of the rock strata.
However, the goaf is only affected by mining at the early
stage, and the key stratum imposes a suitable control effect.
Only an AE accumulation zone is formed below the key
stratum, and a few AE events are distributed in the deep
surrounding rock at the 0m level. Fault activation exerts a
weakening effect on the surrounding rock, which greatly
increases the possibility of the formation of a water-con-
ducting fracture zone.

4.5. Seepage Field Evolution of the Surrounding Rock in the
Roof. (e simulation results of the hydraulic gradient were
analyzed (Figure 8). Under the influence of mining, the roof
at the center of the goaf collapsed, along with the generation
of scattered damage units, the hydraulic gradient curve
expanded toward the roof in the middle of the goaf, but the
key stratum exerted a satisfactory control effect on fracture
development, and the overall hydraulic gradient curve was
characterized by a small amplitude and uniform downward
extension. When roof damage occurs, as shown in
Figure 8(b), the water gradient curve continues below the
scattered distribution of the failure unit, the hydraulic
gradient curve is relatively smooth but now continues below
the heading toward the fault, i.e., fault activation occurs, and
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the hydraulic gradient curve changes along the direction of
the fault, suggesting that fault activation seriously affects the
distribution of the seepage field in the surrounding rock. At
10m across the fault (Figure 8(c)), a wide range of fracture
zones is formed in front and at the rear of the goaf. (rough
comparison of the front and rear of the goaf, it can be found
that although the roof is significantly damaged, the front

goaf experiences uniform change, while the rear goaf occurs
under the influence of the fault. Moreover, the key stratum is
damaged, and a water-conducting fracture zone is rapidly
formed. (e seepage gradient in the rock sharply increases,
the water-conducting fracture zone becomes connected with
the aquifer and working face, a seepage path is established,
seepage fluid softens the rock mass around the fracture, and

60

40

20

0

–20

–40

El
ev

at
io

n 
(m

)

–20 –40

Level (m)

140 120 100 80 60 40 20 0

(a)

60

40

20

0

–20

–40

El
ev

at
io

n 
(m

)

–20 –40

Level (m)

140 120 100 80 60 40 20 0

(b)

60

40

20

0

–20

–40

El
ev

at
io

n 
(m

)

–20 –40

Level (m)

140 120 100 80 60 40 20 0

(c)

60

40

20

0

–20

–40

El
ev

at
io

n 
(m

)

–20 –40

Level (m)

140 120 100 80 60 40 20 0

(d)

3500

2800

A
E 

en
er

gy
 (J

)

2100

1400

700

0
–40 –30 –20 –10 0 10

Level (m)

20 30 40

1500

1800

1200

900

600

Cu
m

ul
at

iv
e A

E 
co

un
t

300

0

AE energy

Cumulative AE count

(e)

Figure 7: Analysis of the observed AE phenomena.
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a water inrush accident occurs. In addition, the fault causes
the roof in the eastern mining area to form a high-water
pressure area, which reduces the security of later production.

5. Measurement of the Water-Conducting
FractureZoneandAnalysis ofWater Inflow in
the Working Face

(e high-density electrical method combined with geolog-
ical data retrieved from the ZK2-5 borehole column chart
was used to carry out transverse and longitudinal geo-
physical projections. (e geophysical interpretation results
are shown in Figure 9.

(e above geophysical images show that the fracture
zone in the mining area is irregularly developed, and con-
cealed karst water may be widely distributed. A low-resis-
tance zone is distributed sporadically from 0–640m along
thematerial detection line, whichmainly involves a fissure in
the Yelang Formation karst aquifer and is speculated to be a
local fissure attributed to caving of the goaf roof at the early
stage. At the position of the survey line from 631–1000m,
there is a strip-shaped low-resistivity anomaly, which is a
fracture in the Changxing Formation aquifer. At the location
of the water gushing accident in the 800m working face,
there occurs a funnel-shaped low-resistivity area, and the

lower part of the low-resistivity area tends to be connected
with the coal seam, which is speculated to be the water-
conducting fracture zone in the working face and Changxing
Formation aquifer. By analyzing the 600–900m position in
the mining area of the working face, it can be found that
when the working face occurs 600–750m from the fault, the
resistance value does not change significantly, and there are
no numerous fractures. (e key stratum suitably controls
fracture expansion. When the working face is located near
800m (below the fault), the fissure rapidly expands, and a
fissure zone is formed within a large area, generating a large
funnel-shaped low-resistance area. (e regional vertical
distance is approximately 60m and is tilted toward the east.
(is indicates that after the working face passes through the
fault, the fault continuously influences the surrounding rock
fissures, and stress concentration increases the extension
range of the surrounding rock fissures behind the fault.

According to Figure 10, when the working face occurred
50m from the fault on May 18, 2019, the water outflow
remained stable, and the water inflow reached approxi-
mately 40m3/h. On June 19, the mining face passed the fault
by 10m, and a large amount of water gushing suddenly
occurred in the roof of the goaf, with the water amount
reaching approximately 240m3/h (i.e., the 1# water inrush
point). To ensure the safety of the working face, slow manual
advancement should occur. From July 22 to August 6, 30m
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Figure 8: Diagram of hydraulic gradient evolution.
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through the fault, roof water inrush and slurry collapse
events occurred several times in the 13–24m section of the
working face, and the roof of the working face collapsed.
Each water inrush accident generated an inflow of 132m3/h,
accompanied by a gap at the support (i.e., the 2# water
inrush point). (e whole water inrush process was uniform
before crossing the fault and surged after the fault. Com-
bined with the above numerical analysis, it could be con-
cluded that at the early stage of uniform water inrush, the
surrounding rock was broken due to its proximity to the
structural area, tectonic stress, and mining pressure, but the

surrounding rock of the working face did not produce a
plastic zone connected with the aquifer, resulting in a small
amount of consistent water seepage. Ten meters passed the
fault, the sudden jump phenomenon occurred in the water-
conducting fracture zone, and karst water quickly gushed
out of the working face, resulting in a sudden surge in water.
At 30m after the fault, frequent and notable water gushing
occurred due to the formation of a high-stress water pressure
concentration area in the working face, resulting in multiple
water gushing events accompanied by slurry collapse, which
is consistent with the evolution trend of the roof fracture
zone in the numerical simulations.

In summary, the key stratum exerts a good control effect
on the stability of the roof of the surrounding rock. In the
absence of structural influence, the development height of the
fracture zone is 25m, and no water inrush accidents occur.
Later, due to the influence of faults, the control effect of key
strata is weakened, the height of the fracture zone increases to
60m, and the water inflow increases greatly. (erefore, it
necessary to prospect the geological structure of working face
in advance. In view of the situation that the working face
encounters faults, special mining scheme should be formu-
lated to reduce the stress concentration near the fault and
prevent the occurrence of water inrush accident.

6. Conclusion

(1) (rough a geological survey, it was found that there
is a fault zone in the east of mining face 5914. Based
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on the key stratum theory, the fine sandstone layer
above the no. 9 coal seam was identified as the key
stratum, and the water hazard source was deter-
mined as the Changxing Formation aquifer via
hydrochemistry.

(2) (e numerical simulation results of RFPA-flow
show that without the influence of faults, the AE
events were evenly distributed within a small range
in the deep surrounding rock due to the presence of
key layers. With the tunneling of the working face,
the shear stress concentration phenomenon appears
below the key strata, and deformation occurred at
the center of the roof. (e fracture zone gradually
formed a separation zone below the key stratum,
and the final fracture height reached approximately
25m.

(3) Under the action of fault weakening, AE events at the
early stage converged at the hinge point of the fault
and key stratum and then rapidly expanded both
horizontally and longitudinally. (e number of AE
events surged to 1150, and the observed fissures were
consistent with the AE phenomenon. Moreover, the
sudden jump phenomenon occurred vertically, after
which the fissures quickly penetrated the aquifer and
formed a water-conducting fissure zone. (e height
reached 60m, which is 2∼3 times as high as that in
the case of no faults.

(4) In the process of working face tunneling, the hy-
draulic gradient curve is characterized by small
amplitude and uniform downward extension due to
the existence of key strata. However, when the
working face is driven to the affected area of the fault,
the hydraulic gradient curve extends to the working
face in a large area, which increase the risk of water
damage accidents in the later period.
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