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/e evolution process of the surrounding rock failure mechanism is studied because of spalling and roof fall accidents at the top
corner of longwall top coal caving faces affected by mining and the difficulty of moving the advanced end support. Methods are
proposed to improve the stability of surrounding rocks at the top corner of the end including cutting at the top corner of the end,
reinforcing the anchor cable, changing the stress distribution of surrounding rocks at the top corner of the end, and transferring
the stress concentration area of surrounding rocks to the deeper rock. Field observations of the surrounding rocks at the top
corner of the 15107 fully mechanized caving face show that the stress value of the surrounding rocks at the corner between the roof
of the return airway and the coal wall of the working face is 28.9MPa when the surrounding rocks are in a stable state without
mining. /e stress value of surrounding rocks at the top corner of the end is 32.3MPa when it is affected by mining, which results
in spalling and roof fall. /e surrounding rocks are in a stable state when the maximum stress of the surrounding rocks at the top
corner of the reinforced anchor cable’s back-end is 26.1MPa. /e results show that cutting of the surrounding rocks at the top
corner of the end and the reinforcement of the anchor cable can avoid the spalling and roof fall when the top corner of the end is
affected by mining and can ensure that the end support advances and working face moves forward.

1. Introduction

/e roof of the working face-end area of the longwall top coal
caving (LTCC) face is affected by many factors such as the
forward movement of the working face and the effect of the
abutment pressure during the mining, which makes it more
difficult to ensure the stability of the roof of the face-end [1].
In the western part of Turkey, Basarir et al. predicated the
stresses around main and tail gates during top coal caving by
numerical analysis [2]. In Slovenia, Jeromel et al. studied the
multilevel longwall top coal caving process by numerical
simulations and in situ measurements during coal excavation
at different locations in the Velenje Coal Mine [3]. Zang et al.
studied the formation and failure process of the triangle
hanging plate at the face-end of LTCC by using theoretical

analysis, numerical simulation, and field measurement and
analyzed the protective effect of the triangle hanging plate to
the weak area [4]. Summarizing studies about the stability of
the face-end of LTCC, it is generally believed that instability of
the face-end can lead to a lower recovery ratio [5–8]. In recent
years, experts such asWang et al., Liu, and Jin et al. [9, 10, 12]
proposed to use end support to maximize the strength and
area of roof control, to reduce the influence of periodic
weighting on the roof fracture, and to enhance the adhesion of
surrounding rocks at the top corner of the end to control the
stability of the end roof. However, these methods only en-
hance the support strength of external surrounding rocks and
the cohesion of near-distance coal at the top corner of the
roadway end from the surface and do not change the stress
distribution of surrounding rocks and the failure range of
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surrounding rocks with mining from the source. Problems
such as support movement and maintenance difficulties
caused by spalling and roof falling of the end roof affected by
mining still cannot be solved under the existing production
and support conditions.

Taking the 15107 working face of Erjing Coal Mine as the
engineering background, this paper expounds on the failure
mechanism and the evolution process of surrounding rocks
at the top corner of a fully mechanized caving face under the
influence of mining through theoretical analysis and nu-
merical simulation. We examine changing the original stress
distribution of surrounding rocks at the top corner of the
end to transfer the stress concentration area of the top corner
to the deep and to enhance the antimining disturbance
ability of the surrounding rocks at the top corner of the end.
Industrial field tests verify the feasibility and rationality of
the method.

2. Evolution Process of the Failure
Mechanism of Surrounding Rocks at the Top
Corner of the End

2.1. Engineering Background. /e 15107 working face of
Erjing Coal Mine is located in the northwest wing of the 15#
coal I mining area and is deeply buried with complex
geological structures. /e working face adopts top coal
caving mining technology for a coal thickness of 5m and a
mining and caving ratio of 1.083. /e intake and return air
roadways are rectangular, and the anchor cable and ad-
vanced end support are used to maintain the roof. /e
existing support methods can basically control the defor-
mation of the roadway roof and two sides. However, the coal
wall at the top corner of both ends is loose and unstable
because it is affected by the mining of the working face and
periodic weighting of the roof. Coal wall bearing capacity of
the overlying roof strata is gradually lost. /e broken roof
and serious subsidence cause spalling and roof fall and
difficulty in moving the advanced end support when the
working face passes the head and tail of the machine, which
will affect the advancing speed of the working face (Figure 1).

2.2. Stress Analysis of Surrounding Rocks at the Top Corner of
the End. Lateral pressure of the roadway is biaxially unequal
and variable under the influence of mining, especially for
geological conditions with deep burial and complex struc-
tures. At present, it is impossible to theoretically derive the
stress solution of roadway surrounding rocks under the
condition of unequal lateral pressure. However, under the
assumption that the lateral pressure is equal, the analytical
formula of roadway surrounding rock stress is solved

according to the elastic-plastic theory./e stress distribution
of surrounding rocks and the plastic failure zone are ap-
proximately analyzed, along with actual mechanical
parameters.

Because the height and width of a roadway are far less
than the length of a roadway, the stress calculation of a
rectangular roadway is transformed into a plane rectangular
strain problem. /e analytical formula of surrounding rock
stress is obtained by using complex variable function theory
and elastic-plastic mechanics theory with and without
support [11–17].

According to the complex variable function method, the
expression of the stress value of roadway surrounding rocks
under the plane strain problem is

U � Re zΦ(z) + ψ(z)dz  . (1)

In the formula, Φ(z) and Ψ(z) are two analytic functions
of complex variable z� x+ iy. Re represents the real part of
the complex number, z is the complex sum of the complex
variable Z, and U is the Airy stress function.

2.2.1. 4e Surrounding Rock Stress of the Roadway Is Not
Subject to Support Resistance. /e roadway’s external sur-
rounding rocks in the direction of α-angle with the x-axis are
subjected to uniform pressure p, and the roadway’s internal
surface is not stressed. As shown in Figure 2, the stress of the
external surrounding rocks is consistent, which meets the
following relationship:

X � Y � X � Y � 0, σ1 � p, σ2 � 0,
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1
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where p denotes the stress of surrounding rocks, X is the
surface force in the x-direction of the roadway, and Y is the
surface force in the y-direction of the roadway.
σθ+ σc � 4ReΦ(ξ) is the stress value of the roadway side; in
the roadway side, σc � 0 and σθ � ξ � cosθ + isinθ after
simplification can be obtained.

Assume surrounding rock stress of the roadway without
support resistance is σθ′.

σθ′ �
(1 − s)16pc0

2
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2
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where c0, c1, and c2 represent three coefficients of the
mapping function, μ denotes the strain constant, s is the
lateral pressure coefficient of the roadway, and θ is the angle.

2.2.2. 4e Stress of the Roadway Surrounding Rocks Is Only
Subject to Support Resistance. /e surrounding rocks of the
roadway are only supported by the resistance provided by
the support body. /e support resistance is uniformly dis-
tributed, and the roadway surface is not subjected to any
shear force. /e internal support resistance is shown in
Figure 2, which meets the following relationship:

X � Y � X � Y � 0, σ1 � p, σ2 � 0,

B �
1
4

σ1 + σ2(  � 0,

B′ + iC′ � −
1
2

σ1 − σ2( e
− 2iα

� 0,

B′ − iC′ � 0.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(4)

Because σθ+ σc � 4ReΦ(ξ), σc � 0.
Assume surrounding rock stress of the roadway without

support resistance is σθ′.

σθ″ �
[(1 + μ)X/8πcosθ − (1 + μ)Y/8πsinθ + Gcos2θ − Fsin2θ] 3c2cos4θ + c1cos2θ − 2c0 

9c2
2

+ c1
2

+ 4c0
2

+ 6c1c2 − 12c0c2cos4θ − 4c0c2cos2θ
+
4[(1 + μ)X/8πsinθ − (1 + μ)Y/8πcosθ + Gsin2θ + Fcos2θ] 3c2sin4θ + c1sin2θ 

9c2
2

+ c1
2

+ 4c0
2

+ 6c1c2 − 12c0c2cos4θ − 4c0c2cos2θ
.

(5)

From the derivation of (3) and (5), it can be concluded
that the stress calculation formula of the roadway under the
combined action of surrounding rock stress σθ′″ is

σ′″θ � σθ′ + σθ″. (6)

Since the pressure measurement coefficient of roadway
surrounding rocks of the adjacent 15105 working face is 0.4,

Side guard plate

Spalling and 
roof-fall area

Big end supportSmall end support

Transition
structure Middle 

structure

Figure 1: Spalling and roof fall area.
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y
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Figure 2: /e mechanical model of rectangular roadway analysis.
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the pressure measurement coefficient of the 15107 fully
mechanized caving face is 0.4 using the engineering analogy
method. Combined with the geological data of the 15107
fully mechanized caving face, Mathcad 14 software [18] is
used to analyze the overall assignment using formula (6) and
illustrated in Figure 3.

/e stress concentration area of roadway surrounding
rocks mainly exists in the top and bottom corners of the
roadway, as shown in Figure 3, and the stress value reaches
the maximum at the top and bottom corners, which is close
to 30MPa. /e roadway is in a temporary stable state.

As shown in Figure 4, when the vertical stress Y is
constant, with the increase of lateral pressure coefficient s,
the horizontal stress X increases, and the stress at the top
corner of the end increases gradually. When the horizontal
stress X is constant, the vertical stress Y increases with the
decrease of the lateral pressure coefficient s, and the stress at
the top corner of the end decreases gradually. According to
the above analysis, the roadway stress is mainly affected by
the lateral pressure coefficient s. When the geological and
mining conditions are certain, the lateral pressure coefficient
s is mainly affected by mining disturbance.

When the end of the working face is disturbed by
mining, the stress σθ at the top corner of the two ends is
several times of that under static pressure, and the top corner
stress σθ increases with the decrease of the distance between
the shearer and the end. When the shearer continues to cut
coal in the direction of the end and the surrounding rocks’
stress σθ at the top corner of the end reaches a certain critical
value, the roof begins to loosen, becomes less stable, and
shows fracture failure, and spalling and roof fall accidents
occur.

2.3. Numerical Simulation of the Failure Evolution Process of
SurroundingRocksat theTopCornerof theEnd. FLAC3Dwas
used to simulate the variation of stress in the plastic zone of
surrounding rocks at the top corner of the 15107 fully
mechanized caving face before and after mining [19–29]./e
buried depth of the coal seam is 740m, the model size is
80m× 50m× 60m, the overlying load is 18.5MPa, and the
horizontal stress is 7.4MPa. /e basic parameters of rock
mechanics are shown in Table 1.

Figure 5 illustrates two stress states and plastic zone
distribution characteristics of surrounding rocks. /e stress
concentration area of the roadway surrounding rock is at the
top and bottom corner when the working face is not mined.
/e top corner stress has reached 27.5MPa. /e stress is
balanced at the four corners of the roadway, the plastic zone
has a butterfly distribution, and the roadway is in a stable
state.

/e top corner stress of the roadway increases from
27.5MPa to 36.6MPa in a stable state when the working face
is mined. /e stress concentration area has narrowed, the
surrounding rock has formed shear failure, and the coal
body is less stable at the top corner of the end. It is concluded
that the rib spalling and roof caving have appeared at the top
corner of the end, and the surrounding rock is in an unstable
state.

3. Control Scheme of Surrounding Rocks at the
Top Corner of the End

3.1. Control Scheme. When spalling and roof fall appear at
the end of a fully mechanized caving face, normally, the
failure mechanism of surrounding rocks is mitigated by
cutting the coal wall near the top corner of the working face.
/e original stress distribution is changed at the top corner
of the end so that the stress concentration area in the
surrounding rocks is released at the top corner of the end,
and the stress concentration area at the top corner of the end
is transferred to the deeper rock. After cutting, the top is
supplemented with an anchor cable to strengthen the
support strength at the top corner of the end and reduce the
probability of coal wall roof instability. Spalling and roof fall
accidents must be reduced to ensure the movement of the
advanced end support and the mining of the working face.

For the anchor machine to work smoothly after cutting,
the wind pick is used to cut at 1m from the roof, and the
width and height are 1m. After cutting, adding the metal
mesh, and patching the anchor cable (φ17.8mm× 8300mm)
to strengthen support, anchor cable spacing is 0.5m, row
spacing is 1m, each row is 2m, and square gasket is
250mm× 250mm. When cutting once a day, each cutting
length is 4m to ensure a day of production cycle progress as
shown in Figure 6.

3.2. Simulation Test of the Control Scheme. FLAC3D was
used to simulate the stress change of the plastic zone of
surrounding rocks of the 15107 fully mechanized caving face
when it was mined after cutting and reinforcing anchor
cables, as shown in Figure 7.

Figure 7 illustrates that when the original stress con-
centration area of the surrounding rock at the top corner of
the end of the air return cross-heading is released, stress
concentration area is transferred to the deep part of the top
corner of the end, and the maximum stress value at the top
corner of the end is also maintained at 27.5MPa in a stable
state. Under the conditions of Figure 7, there is no plastic
failure in the surrounding rocks at the top corner, and there
are no spalling or roof fall accidents, so the working face can
move forward normally.

4. Field Test

/e KSE-II-1 borehole stress meter was used to arrange two
monitoring stations along the top corner of the return air
roadway in the 15107 fully mechanized caving face. /ree
measuring points were arranged in each monitoring station,
as shown in Figure 8. Measuring point 1 was 0.5m from the
exposed coal wall of the top corner with an elevation angle of
30°. /e distance between measuring point 2 and measuring
point 1 was 1m, and the distance between measuring point 2
and measuring point 3 was 2m. /e first monitoring station
is set at 20m in front of the working face to monitor the
stress change of the surrounding rock at the top corner of the
end. /e second monitoring station is set at 50m in front of
the working face, which is used to monitor the change of the
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top corner stress of the end when it is not mined and when it
is mined after cutting and reinforcing anchor cables.

Observations from two monitoring stations are calcu-
lated and summarized in previous research. /e stress
changes of the same measuring point in different measuring
points and different states were compared and analyzed, and
the stress changes of the same measuring point under the
influence of mining were compared and analyzed.

(1) /e stresses of the surrounding rock at measuring
points 1, 2, and 3 of the first monitoring station were
compared and analyzed when the working face was

not mined, mined, and mined after cutting and
reinforcing with anchor cables, as shown in Figure 9.

(i) Figure 9(a) illustrates that measuring points are
affected by the original rock stress at the top
corner of the end. /e maximum stress value is
28.9MPa, the stress is relatively concentrated,
and there are no spalling and roof fall. When it is
mined, the surrounding rock stress concentra-
tion area at the top corner of the end is released.
Surrounding rock stress value is very low, but
spalling and roof fall accidents may occur.
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Figure 3: Stress distribution of the roadway.
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Figure 4: /e stress distribution of the roadway with the change of lateral pressure coefficient.

Table 1: Basic parameters of rock mechanics.

Lithology Internal friction
angle (°) Cohesion (MPa) Tensile strength (MPa)

Elastic
modulus
(GPa)

Poisson’s ratio (μ) Density (kg·m− 3)

Mudstone 33.0 4.50 0.93 6.20 0.12 2597
Sandy shale 33.6 10.08 1.03 3.00 0.15 2577
Shale 33.4 10.11 1.20 10.60 0.11 2653
Limestone 36.0 12.32 3.41 23.60 0.12 2682
Coal 29.5 2.11 2.60 4.20 0.22 1420
Fine sandstone 33.4 10.12 1.95 18.60 0.21 2582
Sandy mudstone 33.0 4.50 0.93 6.20 0.12 2597
Mudstone 33.0 4.26 1.05 5.00 0.26 2753
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When it is mined after cutting and reinforcing
with an anchor cable, the surrounding rock
stress at the top corner of the end has been
released, the stress value is low, and the sur-
rounding rock tends to be stable.

(ii) Figure 9(b) shows that when the rock face is not
mined, the stress value of measuring point 2 is
32.5MPa at the top corner of the end, and the
coal wall is loose, unstable, and wrapped by the
external coal body, which is temporarily in a
stable state. When it is mined, the stress value is
38.3MPa at the top corner of the end, so coal
loses stability, and spalling and roof caving
occur. After the reinforcement of the anchor
cable by cutting, the stress at measuring point 2
is released, the stress concentration area is
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Figure 5: Distribution of the plastic zone and stress of surrounding rocks at the top corner of the end before and after mining: (a) stress
distribution of roadway surrounding rocks without mining; (b) stress distribution of roadway surrounding rocks after mining.
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Figure 9: Stress curves of three measuring points at the top corner of the end under three conditions: (a) stress variation curves of measuring
point 1 under three states; (b) stress variation curves of measuring point 2 under three states; (c) stress variation curves of measuring point 3
under three states
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transferred to the deep rock, and the sur-
rounding rock at the top corner of the end tends
to be stable.

(iii) Figure 9(c) shows that the stress concentration
of the top corner at the end of the working face
at measuring point 3 reaches 31.5MPa without
mining and with normal mining, which is
gradually reduced compared with measuring
point 2. However, because of mining, rib
spalling and roof fall accidents are prone to
occur. Compared with the stress of measuring
point 1 and measuring point 3, the stress at
measuring point 3 increases gradually after
cutting and reinforcing the anchor cable. Cable
reinforcement releases the stress concentration
area at the top corner of the end, transfers the
stress to the deep rock, and controls the sur-
rounding rock at the top corner of the end.

(2) /e stresses of the surrounding rock at measuring
points 1, 2, and 3 of the secondmonitoring stationwere
compared and analyzedwhen the working face was not
mined, mined, andmined after cutting and reinforcing
with an anchor cable, as shown in Figure 10.

(i) Figure 10(a) shows that the stress of measuring
points 1, 2, and 3 at the top corner of the end
decreases gradually without mining. /e stress
concentration area is formed at measuring point
1, and the surrounding rock stress at measuring
point 1 is the highest, close to 28.9MPa, which is
in a critical state. At 28.9MPa, mining of the
working face is prone to spalling and roof fall
accidents.

(ii) Figure 10(b) shows that, compared with no
mining, the stresses at measuring points 1 and 2
at the top corner of the end have been greatly
reduced, indicating that spalling and roof fall
accidents may occur at the working face. /e
stress concentration area is released, and the
stress at measuring point 3 exceeds 32.3MPa,
indicating that the spalling and roof fall acci-
dents continue to expand to the deep rock.

(iii) Figure 10(c) shows that when mining is carried
out after cutting and reinforcing the anchor
cable, the stress values of measuring points 1, 2,
and 3 are all within 26.1MPa, and the stress area
is relatively concentrated. /e stress concen-
tration area of the measuring point around the
top corner of the end is released to a certain
extent, and there are no spalling or roof fall
accidents, so the top corner of the end is con-
trolled during mining.

5. Conclusions

Elastic-plastic mechanics, complex variable function theory,
and Mathcad 14 software were used to analyze the stress of
surrounding rocks at the top corner of the end. FLAC3D
numerical simulation software was used to analyze the stress
change of surrounding rocks and the failure of the plastic
zone at the top corner of the end before and after the mining
of a fully mechanized caving face. With the model, we
simulate the evolution process of the failure mechanism of
surrounding rocks at the top corner of the end.

/e stress of roadway surrounding rocks under unequal
lateral pressure is analyzed using elastic-plastic mechanics,
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Figure 10: Stress variation of three measuring points under three states: (a) stress variation diagram of three measuring points at the top
corner of the roadway before mining; (b) stress variation diagram of three measuring points at the top angle of the roadway end in normal
mining; (c) stress variation diagram of three measuring points at the top corner of the end in mining after cutting and reinforcement of the
anchor cable.
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complex variable function theory, and Mathcad 14 software.
It is concluded that the stress concentration area of roadway
surrounding rocks is at the top and bottom corner of the
roadway, and the maximum stress value is close to 30MPa.
We analyzed the influence of lateral pressure coefficient on
roadway stress. /e stress of the roadway increases with the
increment of lateral pressure coefficient.

FLAC3D numerical simulation and field monitoring of
the KSE-II-1 borehole stress meter were carried out using
the failure evolution process of surrounding rocks at the top
corner of a fully mechanized caving face. It is concluded that
the stress of surrounding rocks is 28.9MPa when the top
corner of the end is stable, and the stress of surrounding
rocks is 32.3MPa when the rib spalling and roof fall occur
under the influence of mining.

/e stress distribution of the top corner of the end is
changed after cutting and reinforcing the anchor cable, and
the original stress concentration area is released and
transferred to the deep rock. Under the influence of mining,
the surrounding rock stress at the top corner of the end is
maintained at 26.1MPa, which is in a stable state.
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In order to solve the problem of roadway support safety in coal mining under high stress conditions and to improve safe and
efficient production in coal mines, the control countermeasures of the surrounding rock stability and the optimization scheme of
support are put forward and the model and numerical simulation of roadway bolt support system are established. Based on bolt
support theory and instability mechanism of the coal rock dynamic system, this paper puts forward the evaluation of support effect
and the optimization parameters of bolt support, and the scheme of mine pressure monitoring and the corresponding support
optimization system are established.&e roof fall accident and the bolt and cable of support have been broken in theWudong coal
mine, the phenomenon of bolt pulling out in the roadway. &e causes of roof fall are analyzed and the solutions are put forth,
judging the influence of different factors on roadway support. In view of the roof fall accident in the North Lane of the east wing of
the +575 level 43 #coal seam in the north mining area of the Wudong coal mine, the cause analysis and support suggestions are
made. And, according to the performance of the bolting material and anchoring agent, the laboratory theoretical research was
carried out.&rough the experiment, it is concluded that the FRP bolt with a diameter not less than 27mm is the first choice for the
side support of the working face in the mining roadway, then ribbed steel bolt with a diameter not less than 20mm for the
nonworking face, and the length of the anchor rod not less than the range of the loose circle. &erefore, full-length anchoring
should be carried out in roadway support, the anchorage length of the anchor cable should be increased, and the integrity of the
roof should be improved, so as to reduce the amount of roadway roof separation and improve the support effect.

1. Introduction

Because of the different geological dynamic environment,
the stress distribution characteristics and energy accumu-
lation degree of coal bodies in different areas in the mining
field are different; therefore, there are stress rising areas and
coal rock mass areas with high degree of energy accumu-
lation [1]. Under the influence of mining engineering ac-
tivities, it will cause a redistribution of stress, forming a
stress rising area, causing deformation of coal and rock mass
and destruction, even leading to the release of energy. It

leads to roadway instability and roof fall accidents, leading to
rock bursts. Aiming to identify the reasons of roadway
instability and deformation and supporting technology, Tan
et al. [2] proposed two new indexes, namely, impact energy
velocity index of coal rock combination and impact energy
velocity index of unloading confining pressure. &e evalu-
ation system of coal rock burst tendency is established
according to the types of rock burst, and the synchronous
integration technology of drilling construction and early
warning is developed aiming at the problem of rock burst
monitoring and prevention in deep mining of coal mines.
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Pan et al. [3] based on the dynamic response of the sur-
rounding rock and support of roadway established the
mechanical model of “stress surrounding rock support.” It is
proposed that the support of the roadway against the impact
of ground pressure should be from the static dynamic angle,
the starting stress condition of rock burst under roadway
support is that the far-field stress is greater than the critical
stress, and the energy condition of stopping is that the
energy absorbed by the surrounding rock and the energy
absorbed by support is greater than that of the far field. Dou
et al. [4] studied the energy and stress conditions of rock
burst induced by the superposition of dynamic load and
static load, and the principle of rock burst induced by su-
perposition of dynamic and static loads is put forward. Jiang
et al. [5] studied the mechanism and law of rock burst in coal
mine, which are deformation and failure law and mining
stress distribution of the deep intermittent coal body, spa-
tiotemporal evolution of energy field. Hou et al. [6] put
forward the strength strengthening theory of the sur-
rounding rock. It is considered that bolt support can im-
prove the mechanical parameters and properties of rock
mass in anchorage zone, and then improve the bearing
capacity of the surrounding rock; at the same time, the bolt
and the rock mass in the anchorage zone form a bearing
structure, jointly maintaining the stability of roadway. Dong
et al. [7] put forward the theory of the surrounding rock
loose zone. It is considered that after roadway excavation,
the loose circle of the surrounding rock exists in the sur-
rounding rock, and the main load of support is the inter-
action between the deformation generated in the formation
of loose circle and the support body. According to the
thickness of loose circle, the support mechanism and the
corresponding support parameters are determined. Ran
et al. [8] determined the combined support form of “front
beam+bolt + anchor cable +metal mesh” in rectangular
roadway, based on the theory of the surrounding rock loose
zone. Pan [9] believed that the principle of rock burst ini-
tiation is that elastic brittle single structure breaks through
material strength limit, material instability, as a result of the
dynamic instability of engineering structure. Liu et al. [10]
using the orthogonal numerical simulation method, the
variation laws of plastic zone volume, roof and floor
movement and two-side convergence under different bolt
lengths, preloads, and top angle bolt installation angles are
systematically studied, the multi-index orthogonal design
matrix analysis method of roadway bolt support is proposed,
the supporting scheme of supporting engineering is opti-
mized, and the field industrial test is carried out, Finally, the
multifactor analysis of the roadway support and multi-index
evaluation of the support effect are realized. Zuo et al. [11]
considered that the roadway should be supported from the
whole space, and the theory of equal strength beam support
in deep coal mine roadway is put forward; it is considered
that according to the different damage degree of sur-
rounding rock of the roadway, support with different length
bolts should be provided, so that the surrounding rock of the
roadway is evenly stressed. Zhang et al. [12] combined fuzzy
mathematics with extenics, and the parameters of roadway
support are optimized. &us, the problem of roadway

support is effectively solved. Cai et al. [13] analyzed the
mineral composition by XRD and SEM, and researched the
physical and mechanical properties of the weakly cemented
soft rock. Secondly, using the research methods of field
investigation and physical simulation experiment, this paper
studies the roadway failure and deformationmechanism and
control technology and puts forward the coupling control
technology of the “inverted trapezoidal” anchor mesh cable
beam support structure with high strength and high pre-
load + straight wall cutting arch roadway section + full sec-
tion shotcrete. Li [14] studied the instability mechanism of
weakly bonded roof systematically, and the long anchor
cable is proposed as the leading factor, that is, multilevel roof
control technology involving long anchor and short anchor
cables. Meng et al. [15] adopted the optimization of roadway
cross section shape and double-layer anchorage balanced
arch structure to solve the problem of roadway surrounding
rock stability control in extremely weak stratum. Wang et al.
[16] taking the weak cemented soft rock roadway of the Yi li
No. 1 mine as the research object, based on the analysis of
deformation and failure of surrounding rock of the roadway,
and optimization of support parameters by numerical
simulation, put forward the scheme of anchor mesh cable
coupling support. Huang [17] used physical simulation and
FLAC 3D numerical calculation; combining with the theory
of self-stable balance ring, the optimal section of straight wall
with arc and reverse arch is determined, supported by
“anchor cable + steel ladder +metal mesh grouting.” Yang
et al. [18] adopted a combination of mechanical analysis and
numerical simulation for proposing a supporting system
with the core of “high strength anchor net, beam and
cable + shotcrete sealing + floor anchor grouting”. Sun [19]
using artificial intelligence, indoor experiment, theoretical
analysis, engineering investigation proposed the research
method of combining numerical calculation and field tests.
&e rheological model of coal is established, the rheological
parameters of roadway coal are inversed, and the rheological
mechanism of roadway is revealed; the control measures of
grouting by rotary injection to strengthen the loose coal
body are put forward, and it makes an important contri-
bution to the research and treatment of loose coal roadway
rheology. Sun [20] established the fracture mechanics model
of overburden; using mts-815 rock mechanics test system
and fatigue damage test of sandstone under cyclic loading by
acoustic emission system, the disaster mechanism of over-
burden fault is studied; deformation and failure law of
surrounding rock in deep roadway, mechanical behavior of
rock under cyclic loading, energy dissipation and fatigue
damage characteristics, and the influence factors and de-
formation mechanism of surrounding rock deformation
under dynamic disturbance are analyzed, and the control
scheme of surrounding rock deformation is put forward. Fan
et al. [21] put forward the combined support technology of
“bolt mesh shotcreting active support + 36U steel sup-
port + full face bolt grouting” based on X-ray diffraction
experiment, scanning electronmicroscope, physical test, and
field monitoring of rock mechanics; the field monitoring
results show that the improved support scheme can effec-
tively control the deformation of surrounding rock and the
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expansion of plastic zone, and ensure the long-term stability
and safety of the roadway. Chen [22] established the me-
chanical model of surrounding rock stress and deformation
of straight wall arch roadway in steep seam, combined with
the theory of complex variable and conformal transfor-
mation and influence of mining intensity and dip angle; the
analytical solutions of stress and deformation of sur-
rounding rock under different mining intensities and dip
angle are obtained by genetic algorithm, and the influence of
mining intensity and dip angle on the instability mode of
large dip angle roadway is revealed from the perspective of
mechanics. Su et al. [23] used the physical similarity sim-
ulation test method, the deformation and failure charac-
teristics and stress evolution law of layered rock roadway
with different support methods are studied, and the arching
characteristics of layered rock roadway are analyzed from
the perspective of pressure arch. Chu et al. [24] further
studied the distribution of stress and strain before and after
roadway support in the contact zone between ore and rock
by numerical simulation. &rough on-site deformation
monitoring data and physical and mechanical parameters of
ore and rock, the tensile failure volume is calculated from the
plastic zone. Comparative analysis of shear failure volume
and total volume of bolt support, shot crete support, ap-
plication effect of combined bolting, and shotcreting support
is performed. Finally, the paper puts forward the partition
support method for the mine rock contact zone roadway. Yu
et al. [25] studied the asymmetric deformation and failure of
Soft Rock Roadway after excavation, and the asymmetric
control technology of strengthening support for weak
structure is put forward. Wang et al. [26] systematically
analyzed the variation characteristics of stress, displacement,
and plastic zone of the surrounding rock before and after
deep soft rock roadway support are simulated. Guo and Song
[27] through field measurement, mineral composition and
water quality analysis, surrounding rock disintegration and
mechanical properties test, and numerical simulation
studied the instability characteristics and mechanism of the
water drenching roof roadway in the transportation road-
way. &us, the influencing factors of roadway instability
under the water drenching roof in the gob with accumulated
water are obtained. Yao et al. [28] explored the roof in-
stability mechanism of water-rich coal seam frommicro and
macro aspects: due to roof cracks caused by disturbance of
roadway excavation, the hydraulic connection between the
immediate top aquifer and the basic top aquifer is formed.
Because silty mudstone is composed of hydrophilic minerals
and the microstructure fracture is developed, it is easy to
expand after absorbing water; under the action of three-
dimensional stress, disintegration damage occurs. At the
same time, the bearing capacity of the support is weakened,
resulting in instability of the roadway roof. Zheng et al. [29]
analyzed the mechanism of buckling of layered floor by
mechanical theory, by establishing the mechanical model of
the layered floor of the roadway with equal spacing bottom
anchor; the mechanical criterion of heave instability of
layered floor is established, with the help of the proposed
mechanical criterion, and the stability of the floor is de-
termined and evaluated,&e rock strata which are the first to

disintegrate leading to the failure of the support system are
obtained. Li et al. [30] aiming at the problem of surrounding
rock deformation and instability of thin-layered soft floor
roadway, the buckling instability mechanism and control
technology of thin-layered soft floor roadway are studied in
detail by integrating theoretical analysis, mechanical cal-
culation, numerical simulation, underground test, and field
measurement methods. According to Lu and Yao [31], the
bedded rock mass in the floor is regarded as a transversely
isotropic continuum. According to the overburden load
distribution characteristics of coal seam, the analytical so-
lution of floor stress at any point after coal mining is derived,
and the influence of the anisotropy of the deformation
parameters on the stress distribution is analyzed. Xu et al.
[32] discussed the fracture instability mechanism and
control technology of narrow coal pillar through the
combination of theoretical analysis, numerical simulation,
and field measurement and put forward the support scheme
of fully mechanized top coal caving goaf roadway of the
“high-strength bolt support + roof anchor cable channel
steel composite structure + coal pillar side anchor cable
reinforcement” and carried out field application. Following
discussion on the failure mechanism of narrow coal pillar
and its control technology, the supporting scheme of “high
strength bolt support + roof anchor cable channel steel
composite structure + coal pillar side anchor cable rein-
forcement” is put forward and applied on-site. Zhang et al.
[33] analyzed the dynamic process of structural damage of
roadway roof caused by the key block breaking and rotating
process under the condition of gob side entry driving in
mining face, and put forward the pre-stressed combined
support technology, and carried out the field engineering
practice. Hao et al. [34] used field measurement, theoretical
analysis, and numerical simulation, and the instability
mechanism and main influencing factors of mining roadway
are discussed. According to the physical and mechanical
properties and stress characteristics of surrounding rock of
test roadway, the targeted solutions are put forward. Vazaios
et al. forecasted the hazard of rockburst and coal and gas
outburst in roadway at different mining depths based on the
finite-discrete element method and other methods [35, 36].

About roadway support, the research mainly focuses on
the occurrence conditions of near horizontal and gently
inclined coal seams, and there are few domestic reports on
the causes of roadway instability and deformation and
supporting technology under the condition of high stress
and steep inclination. &e north mining area of the Wudong
coal mine in Shenhua Xinjiang is a high-stress steeply in-
clined coal seam.&e extension direction of mining roadway
is nearly perpendicular to the direction of maximum
principal stress, and it is strongly compressed by in situ
stress. It has an important influence on the stability of
roadway; occasionally, roof fall accidents of different degrees
occur, for example:

On April 17, 2017, a roof fall accident occurred at the
south of the top of the North roadway of the east wing of
+575 horizontal 43# coal seam in the north mining area of
Wudong mine. &e roadway was filled with coal and rock
slag, which had a serious impact on the safety production of
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the mine.. In this paper, the geological dynamic conditions
are analyzed, along with fault structure division, on-site
monitoring, laboratory experiment, and numerical simu-
lation. In this paper, the causes of roadway instability and
roof fall in Wudong high-stress steeply inclined extra-thick
coal seam are analyzed in detail and some suggestions are
given. It provides the basis and direction for further opti-
mization of roadway support in the Wudong coal mine, and
technical support and security for safe and efficient pro-
duction at the mine. It provides important support for the
technical progress and sustainable development of mines
with similar conditions.

2. Analysis of Support Problems in theWudong
Mine Field

2.1. General Situation of Mine. &e Wudong coal mine is
located to the east of Zhungeer coalfield, northwest limb of
the Bogda mountain anticline, north of yaomengshan
Lucaogou reverse fault. &e Wudong coal mine is located in
the Bogda mountain fault zone system, high in the south and
low in the north. &e maximum elevation is 934m, mini-
mum is 739.20m, and the maximum relative height dif-
ference is 130m. Generally, the height difference is 60m. It
lies between the north foot of Bogda mountain and the
southeast edge of Junggar basin. Most of the structures in the
area are NE trending, and the Mesozoic strata constitute
asymmetric linear tight folds. &e Wudong minefield be-
longs to the piedmont hilly belt at the north foot of Bogda;
small valleys crisscross, the large-scale gullies are mainly
north-south, there is little outcrop in the area, and most of
them are covered by Quaternary loess and sandy loam. Due
to the long history of coal mining in the working area, most
of the surface collapse pits in the goaf are developed;
according to rough statistics, there is one collapse per 100m
on average, every 200m of the mine shaft. &e Wudong
mining area is located in the southeast of Zhunnan coalfield,
it belongs to piedmont secondary tectonic unit, it is dis-
tributed in the northeast direction, and it is basically con-
sistent with the distribution direction of the Tianshan
latitudinal structural system. &e minefield is located in the
north and south wings of the Badaowan syncline, a sec-
ondary fold in the Piedmont depression of Urumqi. Large
structures in the mining area include qidaowan anticline,
Badaowan syncline, wanyaogou thrust fault, and baiyang-
nangou anticline.

&e south mining area of the Wudong coal mine is
located in the south wing of the Badaowan syncline, and it
comprises 32 coal-bearing beds.&emain coal seam is B1 + 2
and B3 + 6 coal. &e maximum thickness of B1 + 2 coal seam
is 39.45m, minimum thickness is 31.83m, and the average
thickness is 37.45m. &e maximum thickness of B3 + 6 coal
seam is 52.3m, minimum thickness is 85.39m, and the
average thickness is 48.87m.&e dip angle of coal seam is 87
degrees, and it belongs to steep coal seam.&e two groups of
coal are separated by a rock wall, the dyke gradually thinned
from west to East, and the variation range is between 53m
and 110m. &e main minable coal seams in the north
mining area are coal seams 43 and 45. the pseudo roof of the

coal seam is carbonaceous mudstone or mudstone, and the
thickness is about 1m∼3m. &e direct roof is siltstone or
sandy mudstone; the main roof is siltstone, fine sandstone,
or medium sandstone, the pseudo floor of the coal seam
floor is carbonaceous mudstone or mudstone; and the direct
bottom is siltstone. &e occurrence characteristics of coal
seams in the Wudong coal mine are shown in Figure 1.
Because of this natural factor, roadway instability defor-
mation and roof fall accidents often occur in the process of
mining in the north mining area.

2.2. Factors of Tectonic Stress Field in the Minefield.
Judging from the rate of crustal activity, the criteria for
judging strong active faults are: since the middle late
Pleistocene, it is active and strong in Holocene, the average
fault activity rate is v> 1mm/a, and the historical earthquake
magnitude is M≥ 7. &e criteria for moderately judging
active faults are as follows: it has been active since the middle
late Pleistocene, and the Holocene activity is relatively
strong, 0.1mm/a≤ v≤ 1mm/a, 5≤M< 7. &e criteria for
judging weak active faults are: It has been active since the
middle late Pleistocene, and the Holocene activity is rela-
tively strong, when V< 0.1mm/a,M＜ 5 [37]. &e northern
edge of the Bogda fault is in a strong compression state, as
shown in Figure 2.&e study area is a thrust nappe structure,
and its basic structure is roughly divided into the root thrust
fault zone, central detachment layer, and front compression
uplift zone. From the rate of crustal activity in the Tianshan
area, the northern edge of the Bogda fault in the Wudong
minefield is in a strong compression state. Under the in-
fluence of this dynamic state, a large amount of elastic
deformation energy is accumulated in the region. &e di-
rection of maximum principal stress is NNW and NW, the
difference between the maximum principal stress and the
minimum principal stress is large, the horizontal force
gradient is large, and the effect of extrusion stress is obvious.
&e number of earthquakes in the Wudong mine field is
increasing with every passing year; it shows that the geo-
logical dynamic conditions are more and more active, and
the energy of rock mass in the mining area also increases
with every passing year.

&eWudong minefield inherits the action characteristics
of the regional stress field. In situ stress is dominated by
horizontal compressive stress, the maximum principal stress
direction is N27.8°W. &e mining roadway in the Wudong
coal mine is mainly arranged along the strike direction of the
coal seam; the strike direction of the roadway is N59°E, and
the angle between the maximum principal stress and the
strike of roadway is 94 degrees, near vertical. As shown in
Figure 3, the mining roadway in the Wudong coal mine is
strongly affected by in situ stress. It has an important in-
fluence on the stability of roadway support.

2.3. Structural Fracture Factors in the Minefield.
Application of geo dynamic zoning method to grade I-V
fault structure division in the Wudong mine field and the
geological dynamic conditions are analyzed, faults are de-
termined by geological dynamic zoning, and the
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characteristics of regional geological dynamic state are revealed.
&e activity of fracture means the change of dynamic system so
as to cause the accumulation and increase of energy. &e
movement of fault structure makes the stress structure of coal
and rock mass redistributed, and the stress and energy in the
crust are released. Take grade V fracture diagram as an ex-
ample; in this paper, the roof fall area of theNorth roadway and
roadway in the east wing of the +575 level 43 # coal seam in the

north mining area of the Wudong coal mine is combined with
the V-level fault map, as shown in Figure 4.

As can be seen from Figure 5, the roof fall area is affected
by V-5 active fault. It occurs nearly 180m away from V-5
active fault, as shown in Figure 5. &e activity of V-5 active
fault provides power source and energy basis for coal and
rock mass in the roof fall area. Besides, there are intersection
points between the North Lane in the east wing of coal seam
+575 and V-5 fault and iv-3 fault, respectively. &e inter-
section points are 434m and 2278m in the North Lane of the
east wing of the +575 coal seam. &erefore, there is a risk of
roof fall at the intersection.

2.4. Experimental Study onStressAnalysis of theBolt Bodyand
Anchoring Agent. Tensile strength of bolt is one of the most
important indexes of bolt mechanical properties. At present,
the anchor material used in the Wudong coal mine is
hbr335. For this reason, we carried out the pull-out ex-
periment of threaded bolt in the Wudong coal mine. &e
phenomenon of bolt sliding appeared in the experiment, and
as a result, the drawing force has a small change. &e ex-
perimental process is shown in Figure 6. &e experimental
results are shown in Table 1.

It can be seen from the experimental results that me-
chanical parameters of rebar bolt body in the Wudong coal
mine, namely, pull-out force of 189 kN, tensile strength of
601MPa, and elongation of rod body by 20.61%, meet the
support material standard of the Wudong coal mine.
&erefore, the material and property of bolt body in the
Wudong coal mine is not the cause of roof fall of supporting
roadway in the Wudong coal mine.
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Figure 1: Geological profile of the Wudong coal mine.

anticline
syncline
Reverse fault

concealed fault
crustal stress

Urumqi City

Fukang City
N

Wudong coal mine

Bogda Fault

Yamarik Fault
Fukang concealed

Fault

(the major axis represents the maximum horizontal stress and
the minor axis represents the minimum horizontal stress)

Figure 2: Structural stress distribution of the bogda fault zone
system.

Advances in Civil Engineering 5



&e length of anchor also has a certain influence on the
supporting effect, in order to master the bolt supporting
effect of different bolt lengths. &e anchorage performance
of 1m× 1m× 1m concrete blocks with 150mm and
300mm anchorage length was tested in the laboratory.
During the experiment, ZY portable bolt drawing instru-
ment and dial indicator were used to apply pressure and test
bolt displacement, respectively. &e experimental process is
shown in Figure 7. Drawing force of screw steel bolt (an-
chorage 150mm) is shown in Figure 8. Drawing force of
screw steel bolt (anchorage 300mm) is shown in Figure 9.

Summary of pull-out force of bolt with different an-
chorage lengths is shown in Table 2. On analyzing the ex-
perimental results, it is found that when the anchor length is
150mm, the pull-out force of the bolt can reach more than
60 kN; when the anchorage length is 300mm, the anchor
force increased by 50%, thereby increasing the length of bolt
in roadway support. It is suggested that full-length an-
chorage should be used in roadway support. It can signif-
icantly improve the quality of bolt support.

&e resin anchoring agent has excellent performance. It
has the characteristics of “double fast and one high.” “Double
fast and one high” refers to fast strength growth, fast curing
time (adjustable speed), and high strength. &e mechanical
parameters of anchoring agent used in the Wudong coal mine
are tested. &e results are shown in Table 3. In order to test its
anchoring performance, a cylindrical specimen with a height
diameter ratio of 2± 0.2 and a specification of 50mm were
made with a self-made mold and mine anchoring agent
(MSCKa23-35) as the 50mm long× 50mm wide× 50mm

high cube specimens are used for uniaxial compression and
shear tests, respectively. Cylindrical specimens with height
diameter ratio of 2± 0.2 and Cube Specimens with size of
50mm× 50mm× 50mm (length×width× height) weremade
for uniaxial compression and shear tests, respectively. &e
processes are shown in Figures 10 and 11, respectively.

According to the experimental results, the compressive
strength of anchorage agent in the Wudong coal mine is
consistent with the standard of more than 60MPa in the
inspection requirements. So, the anchoring agent is not the
main reason that affects the supporting effect of theWudong
coal mine.

3. Monitoring Equipment and Scheme of
the Experiment

3.1. Detection of the Roadway Surrounding Rock Structure

3.1.1. Monitoring Equipment. YTJ20 type strata detection
recorder is mainly used to monitor the +575 level 43 # coal
seam in the north mining area of the Wudong coal mine, as
shown in Figure 12.

3.1.2. Monitoring Scheme and Result Analysis. Two test
drillings are arranged in the North Lane of coal seam 43 in
the north mining area of the Wudong coal mine: one for
each roof, and one for each of the two sides of the tunnel.&e
results of field data acquisition with YTJ 20 type strata
detection recorder show that:
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Figure 3: Characteristics of in situ stress in the Wudong minefield.
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&e surrounding rock structure of the 1# roadway at the
test drilling site is relatively broken. &ere are fracture phe-
nomena in different depths of coal wall. &e fracture in
parallel boreholes is more serious. As the drilling goes deeper,

the fracture phenomenon improves. &e fissures of the
surrounding rock are relatively developed. &ere are cracks
both in parallel drilling and 45° drilling. &e roof is relatively
complete; there is no obvious breakage and separation in the
roof drilling. As shown in Figure 13, the 2# actual detection
depth of the detection surface is 3.7m–6.6m. &e coal side is
also relatively broken and the fracture development of the
rock wall is not obvious relative to the 1# detection point, but
there is a phenomenon of coal rock interbedding. &e roof of
the test drilling is also relatively complete, and there is no
obvious breakage and separation in the roof drilling, as shown
in Figure 14. During the detection of surrounding rock
structure, the north mining area is in a stopping state.
&erefore, it is not affected by mining.

Judging from the detection results, in the north mining
area of the Wudong coal mine, the two sides of the North
Lane in the +575 level 43 coal seam are relatively broken.
&erefore, more attention should be paid to the detection of
the two sides of the roadway. Select the appropriate support
scheme in the broken area.

3.2. Test and Analysis on the Loose Zone of Roadway
Surrounding Rock. Before roadway excavation. &e rock
mass is in a state of natural stress equilibrium, the natural
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stress is the original rock stress. After roadway excavation,
the stress is redistributed to the surrounding rock of the
roadway. &ere is a stress change area in the surrounding
rock. Stress concentration occurs in this area. &e stress
concentration around the roadway is the most serious.
When the stress exceeds the strength limit or yield limit of

the surrounding rock mass, the rock mass around the
roadway is destroyed first, or ruptures, and a certain range of
loose area is formed around the roadway.

In this paper, the change of wave spectrum parameters,
such as wave velocity, wave amplitude, wave form, and
spectrum, is detected in the process of acoustic signal
propagation in rock mass. &rough these changes, we can
indirectly understand the physical and mechanical prop-
erties and structural characteristics of rock mass media and
the change of sound wave propagation velocity in rock mass,
and the loose range of surrounding rock around roadway
can also be obtained indirectly. Using BA-II ultrasonic rock
crack detector to test the rock loose zone of +575 horizontal
roadway in North Mining Area, three test positions were
selected in the North roadway of coal seam 43, namely, in the
heading roadway, which are 1340m, 1370m, and 1400m,
respectively. In order to ensure the reliability of the test,
three boreholes were drilled in each place with spacing of
1.5m, as shown in Figure 15.

According to the field observation results, the anchoring
end of the bolt in the roof fall area of the North Lane of the
east wing of the +575 level 43 # coal seam in the north

(a) (b)

Figure 6: Drawing process of bolt body. (a) Rod body installation. (b) Broken rod. (c) Failure mode of the rod.

Table 1: Drawing test results of deformed steel bars.

Number Original length of stretching
section (mm)

Stretch length
(mm)

Rod diameter
(mm)

Elongation of rod (%) Pull-out resistance (kN)
Actual

measurement
Mean
value

Actual
measurement

Mean
value

1# 205.50 39.28 20.05 19.11
20.61

188
1892# 203.20 42.40 20.10 20.86 185

3# 201.56 44.10 20.08 21.87 194

Figure 7: Pull-out test of different bolts.
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mining area of the Wudong coal mine is located at the coal
rock joint. It is in the area of weak rock stratum. At present,
the length of the bolt used in the Wudong coal mine is
2500mm.When the bolt is supporting, the exposed length of

the anchor rod is 100mm. &e length of anchoring into the
surrounding rock is 700mm. If the 2500mm long bolt meets
the actual requirements, the thickness of the loose ring
should be less than 1700mm, as shown in Figure 16. Test
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Figure 8: Drawing force of screw steel bolt (anchorage 150mm).
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Figure 9: Drawing force of screw steel bolt (anchorage 300mm).

Table 2: Summary of pull-out force of bolt with different anchorage lengths.

Type Number Design anchorage
length (mm) Actual anchorage length (mm) Rod diameter (mm) Failure load (kN) Mean

value (kN)

Screw thread steel

1
150

161

20

93.0
96.72 178 102.5

3 164 94.5
4

300
285 142.3

145.15 278 144.2
6 293 148.9
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result.&e range of loose circle in the North Lane of 43 # coal
seam at +575 level is 1600mm–2000mm. &e average is
1775mm.&e length of the bolt meeting the roof fall area of
the North roadway in the east wing of the +575 coal seam is
at least 2575mm.

&e unreasonable selection of bolt length and the lo-
cation of bolt end in soft rock are the main contributory
factors for roof fall accidents. In order to make the coal mine
more safe and efficient for mining, we should carry out the
exploration of weak strata. We should reasonably select the
length of the anchor rod, ensure the support effect and
quality of the anchor rod, and ensure that the detection work
and reinforcement support work are carried out simulta-
neously. At the same time, we should also pay attention to
the quality of bolt body and anchoring agent.

3.3. Numerical Simulation Study on the Influence of Working
Face Mining on the Mining Roadway. According to the
purpose, the numerical calculation model of +525m mining
level up to the surface range in the north mining area of the
Wudong coal mine is established. &is paper analyzes the
influence of horizontal stress and vertical stress of +575 coal
seam on horizontal mining, and the influence of adjacent
coal seam mining on mining roadway.

3.3.1. Influence Analysis of +575 Horizontal Mining in 43#
Coal Seam. &e stress distribution of the strike surrounding
rock in 43 # coal seam +575 horizontal working face after
mining can be known. &e maximum advance stress is 8m
in front of the working face. In order to analyze the influence

Table 3: Summary of mechanical parameters of anchoring agent used in the Wudong coal mine.

Type Compressive strength
(MPa)

Elastic modulus
(GPa)

Poisson’s
ratio

Cohesion
(MPa)

Internal friction angle
(°)

Anchoring agent (MSCKa23-
35) 62.02 13.03 0.26 9.42 33.97

(a) (b)

Figure 10: Process of uniaxial compression test and failure specimen. (a) Specimen installation. (b) Failure specimen.

(a) (b)

Figure 11: Shear test process and failure specimen. (a) Specimen installation. (b) Shear angle 58 degrees.
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depth of mining face in the floor direction, the vertical stress
and horizontal stress data of the floor at 8m in front of the
working face are extracted when the working face is 100m.

In order to analyze the influence of upper slice mining on
lower slice mining roadway, extract the strike stress data of
lower layer +550 horizontal mining roadway. Also, make the

vertical stress and horizontal stress distribution curve before
and after the working face, as shown in Figures 17 and 18.

It can be seen from Figure 17 that after working face
mining, the vertical stress behind the working face (under
the goaf) decreases. Formation of pressure relief zone is seen
when the working face advances 50m. &e maximum
leading vertical stress is 10.9MPa, the peak point is 15m
away from the coal wall, and the stress concentration factor
is 1.6.When the working face advances 100m, themaximum
leading vertical stress is 10.1MPa, the peak point is 15m
away from the coal wall, and the stress concentration factor
is 1.5.When the working face advances 150m, themaximum
leading vertical stress is 10.7MPa, the peak point is 15m
away from the coal wall, and the stress concentration factor
is 1.6.When the working face advances 200m, themaximum
leading vertical stress is 10.4MPa, the peak point is 15m
away from the coal wall, and the stress concentration factor
is 1.6. It can be seen from the vertical stress distribution
curve of the lower-layered roadway after upper-layered
mining. After the working face is mined, the leading in-
fluence range of the lower slicing roadway is 130m.

It can be seen from Figure 18 that after working face
mining, the horizontal stress behind the working face (under

Figure 14: 2 # parallel drilling of coal side of test drilling.

Figure 12: YTJ20 type rock exploration recorder.

Figure 13: 1# detection of parallel boreholes in face of coal support.
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the goaf) decreases. Formation of pressure relief zone is seen
when the working face advances 50m. &e maximum
leading horizontal stress is 11.1MPa and the peak point is

20m away from the coal wall.&e stress concentration factor
is 1.1.When the working face advances 100m, the maximum
leading horizontal stress is 11.0MPa, the peak point is

South Lane of the east wing of the
+ 575 level 43 # coal seam

North Lane of the east wing of the
+ 575 level 43 # coal seam

bore1-1~1-3 bore2-1~2-3 bore3-1~3-3

1400m1183m 1370m1340m

Figure 15: Layout of measuring holes in 43 coal seam.
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Figure 16: Test curve of surrounding rock loose zone in north roadway of 43 # coal seam in the east wing of +575 level.

Initial stress
Mining 50m
Mining 100m

0

2

4

6

8

10

12

V
er

tic
al

 st
re

ss
 (M

Pa
)

50 100 150 200 250 3000
Distance (m)

Mining 150m
Mining 200m

Figure 17: Vertical stress distribution of strata strike in roadway of lower slice after upper slice mining.
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20.0m away from the coal wall, and the stress concentration
factor is 1.1. When the working face advances 150m, the
maximum leading horizontal stress is 11.1MPa, the peak
point is 20m away from the coal wall, and the stress con-
centration factor is 1.1. When the working face advances
200m, the maximum leading horizontal stress is 11.0MPa,
the peak point is 20m away from the coal wall, and the stress
concentration factor is 1.1. From the distribution curve of
horizontal stress in advance, it is seen that after the working
face is mined, the leading influence range of the lower slicing
roadway is 130m. &erefore, when driving in the lower
layered roadway, the distance between the direction of

driving in the upper layered roadway and the direction of
driving in the lower layered roadway should be 130m, and
the mine pressure observation and dynamic pressure pre-
vention measures should be strengthened.

3.3.2. Study on the Influence of Working Face Mining on the
Mining Roadway. After advancing different distances of
+550 level 43 # coal seam working face in north mining area
of the Wudong coal mine, the vertical stress and horizontal
stress distribution of the surrounding rock along the coal
seam strike are shown in Figures 19 and 20. &e advanced
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Figure 18: Horizontal stress distribution along the strike of roadway in the lower slice after upper slice mining.
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vertical stress and horizontal stress curves of working face
are shown in Figures 21 and 22.

It can be seen from Figures 19 and 21 that after mining of
43 # coal seam working face, in front of the working face, the
vertical stress concentration is formed in the direction of the
roof and floor. &e stress concentration in the range of 5m
to 15m in front of the working face is particularly signifi-
cant.&e distribution of high stress area is uniform along the
layer height. &e high stress area is mainly distributed in the
middle and lower part along the stratification height, the
roof overburden behind the working face collapses, and the
stress reduction area (pressure relief area) is formed in a

certain range of the bottom plate. Under the action of broken
surrounding rock, the vertical stress increases gradually. &e
stress reduction zone (pressure relief zone) is formed in a
certain range of the bottom plate. At different advancing
distances of the working face, the variation range of the
maximum vertical stress is small. From the advanced vertical
stress curve, the influence range of vertical stress after
mining is 90m.

It can be seen from Figures 20 and 22, after mining of 43
# coal seam working face, horizontal stress concentration is
formed in front of the working face.&e stress concentration
in the range of 5m to 15m in front of the working face is
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Figure 20: Horizontal stress distribution of strike surrounding rock with different advancing distances. (a) Advance 50m. (b) Advance
100m. (c) Advance 150m. (d) Advance 200m.
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particularly significant, the high stress area is mainly dis-
tributed in the middle and lower parts along the delami-
nation height, roof overburden is caving behind the working
face, and the stress reduction zone (pressure relief zone) is
formed in a certain range of the bottom plate.

At 200m, the maximum leading horizontal stress is
9.1MPa, the peak point is 5m away from the coal wall, and
the stress concentration factor is 1.5. At different advancing
distances of the working face, the change range of the
maximum value of the leading horizontal stress is small.
From the advanced horizontal stress curve, after mining, the
leading influence range of horizontal stress is 75m.

To sum up, it can be seen from the analysis, after working
face mining, the maximum value of leading vertical is
26.0MPa and the stress concentration factor is 3.5. &e
maximum leading horizontal stress is 9.1MPa and the stress
concentration factor is 1.5. &e leading influence distance is
110m, and the peak point is 5m–10m away from the coal
wall. Within 45m of the advanced working face, the vertical
stress concentration factors are greater than 1.5, and the
mining roadway of the working face should strengthen the
advance support in this range.

4. Conclusions and Suggestions

4.1. Conclusion

(1) &e angle between the maximum principal stress and
the strike of mining roadway is nearly vertical in the
Wudong coal mine, and mining roadway is strongly
affected by in situ stress; it is an important reason for
the difficulty of roadway support in theWudong coal
mine.

(2) &e drawing experiment of bolt body in theWudong
coal mine shows that the mechanical parameters of
the bolt meet the inspection standard. Considering
the influence of the strength and elongation of the
barmaterial on the supporting effect, HRB500 thread
steel can be used for roadway support in theWudong

coal mine. &e anchoring agent has good perfor-
mance and should be stored in a suitable environ-
ment to avoid failure.&e length of anchor should be
increased or full-length anchorage should be
adopted.

(3) &e test results of loose ring show that the bolt length
of the roadway side in the Wudong coal mine is
2500mm, the thickness of the loose ring should be
less than 1700mm, and the effective length of the
anchor should be larger than the size of the loose
circle.&e length of the bolt meeting the roof fall area
of the North roadway in the east wing of the 43 # coal
seam at +575 level should be at least 2575mm. It can
squeeze and reinforce the broken surrounding rock
and improve the supporting effect of roadway sur-
rounding rock.

(4) According to the numerical simulation of north
mining area, the vertical stress and horizontal stress
of the surrounding rock along the coal seam strike
are simulated and analyzed. After mining, the
maximum value of advanced vertical is 26.0MPa.
&e stress concentration factor is 3.5 and the max-
imum horizontal stress is 9.1MPa. &e stress con-
centration factor is 1.5 and the leading influence
distance is 110m. &e peak point is 5m–10m away
from the coal wall. &e vertical stress concentration
factor is greater than 1.5 within 45m of advanced
working face. It is concluded that the working face
mining will have a certain impact on the roadway,
and the mining roadway of working face should
strengthen the advance support in this range.

4.2. Suggestions

(1) It is suggested that the length of the bolt should be
increased in roadway support in the Wudong coal
mine. Full-length anchorage shall be adopted as far
as possible to improve the anchoring effect of the
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Figure 22: Distribution of strike horizontal stress in +550 horizontal working face after mining.
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roadway. It can improve the formula of the an-
choring agent, reduce its viscosity, use special in-
stallation equipment, reduce the difficulty of manual
installation, and improve the installation efficiency.

(2) Under the condition of high stress and steep incline,
in the production process of coal mine, with the
development of the working face, it is necessary to
detect the surrounding coal and rock mass structure
and monitor the mine pressure from time to time,
and timely adjust and update the support scheme.
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Stability control for soft and broken surrounding rock of roadways is one important segment of mining support. Taking 1412
Roadway of a mine in Guizhou province as a research background, this paper studies the large deformation of surrounding rock
and the failure of bolts and cables. )e deformation and failure mechanism are analyzed by related theoretical analysis and field
survey. )en, the feasibility of the composite controlling scheme, bolts and cables + grouting + steel tube concrete support, is
verified by theoretical analysis, numerical simulation, and industrial test. Following results can be obtained: main reasons leading
to the deformation of surrounding rock and the failure of cables and blots in the roadway are low strength and poor self-stability of
surrounding rock, complex stress environment, low support resistance, and lack of reinforced support in crucial supporting sites;
the control scheme can reduce the surrounding rock deformation by 40%, which meets the requirements of field application so
that this practice can provide some guidance for other similar projects.

1. Introduction

Deformation and failure control of surrounding rock in soft
rock roadway are always regarded as a difficult problem
within worldwide underground engineering. With the de-
pletion of coal resources in shallow bed, the mining depth
increases incrementally and the number of soft rock road-
way with high stress as well. Besides, unfavorable conditions
such as high in situ stress and strong disturbance, soft and
broken surrounding rock increase the difficulty of sur-
rounding rock deformation and failure control [1–3].

For roadways with the loose and broken surrounding
rock, traditional control techniques including anchor note,
bolting shotcrete, cable anchor, u-steel yieldable support,
concrete, and reinforced concrete hardly work to maintain
the roadway stability especially under the influence of high
stress and strong disturbance [4–6]. Compared with tradi-
tional support materials, the concrete-filled steel tube sup-
port is better than them in mechanical properties. Take an
example, the support has three times bearing capacity of
U-steel support under the same volume of steel. In recent

years, concrete-filled steel tube support has been applied on
the field to control the deformation in soft rock roadway
[7, 8]. Li et al. [9] proposed and applied “high-strength
concrete-filled steel tube” supporting scheme to control the
surrounding rock deformation in Chaganmuer mine so that
the deformation and destruction had been effectively con-
trolled; Liu et al. [10] used the closed-end composite sup-
porting scheme “anchor net spray + oval concrete-filled steel
tube supports + steel fiber concrete + reinforcement cable” to
address the problem of deformation control in Qingshuiying
coal mine large-section soft rock roadway; Wang et al. [11]
applied “elliptical concrete-filled steel tube supports + deep-
shallow cross grouting reinforcement” composite support-
ing scheme to reduce surrounding rock deformation in the
Xingdong mine, and the scheme has worked effectively; Gao
et al. [12] proposed and applied high-strength composite
support technology based on concrete-filled steel tube
support to successfully control surrounding rock defor-
mation and failure.

In short, the advantages of concrete-filled steel tube
support have been confirmed in several soft rock roadways
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in China [13–15]. Nevertheless, this technology has not been
utilized to soft and broken swelling rock roadways influ-
enced by high stress and strong disturbance.

According to the on-site survey, 1412 Roadway belongs
to a soft and broken swelling rock roadway influenced by
high stress and strong disturbance. And, deformation and
destruction of the surrounding rock were serious, which
restricts normal production. Based on the analysis of the
surrounding rock deformation characteristics and mecha-
nism, the composite supporting scheme, bolts and
cables + grouting + steel tube concrete support, has been put
forward and verified by the industrial test. In brief, this
scheme can provide a reference for the surrounding rock
control under similar conditions.

2. Engineering Background

With depth of embedment between 650m and 850m, 1412
Roadway is located at an intersection of many roadways in
17# coal seam. Coal seam group consisting of 16#, 17#, and
18# coal seam is a close-distance coal seam group. Besides,
the adjacent coal seams of 17# coal seam have been hollowed
out one after the other. In addition, the superposition of
disturbed stress field and primary stress field formed by
multiple disturbances makes the roadway stress environ-
ment complicated. And, the surrounding rock lithology is
dominated by mostly weak rock such as mudstone, shale,
fine sandstone, and silty mudstone. When such rocks are
exposed with water, it easily generates great swelling pres-
sure. Furthermore, the phenomenon of stress concentration
appears serious. )e local vertical stress exceeds 20MPa,
which belongs to the high-stress soft rock roadway.

For the original supporting scheme, “anchor
net + cable+bolt-shotcrete” had been adopted.)e bolt adopts
left spiral rigid bolt with diameter 22mm and length 2000mm.
)e distance between adjacent rows of the bolt is 800mm.)e
specification parameters of the initial cable, respectively, are
diameter 22mm and length 6000mm. )e distance between
adjacent rows of the cables is 1200mm. )e hanging net is
diamond-shaped metal net, and the thicknesses of the sprayed
concrete are 150mm. )e dimension of original roadway
section, respectively, is net width 5500mm, wall height
860mm, arch height 2750mm, and clear height 3610mm.

3. Analysis of Deformation Characteristics
and Mechanism

3.1. Deformation and Failure Characteristics of Surrounding
Rock. )rough the field investigation and records about
1412 Roadway, these deformation characteristics can be
obtained:

(1) )e surrounding rock has great deformation and
rapid deformation rate. )e initial convergence
speed is up to 60mm/day after roadway excavation.
And, the maximum deformation amount among the
roof, the floor heave, and the two sides, respectively,
come to 1155mm, 580mm, and between 1500mm
and 2200mm.

(2) Clay mineral will be expanded, and mudding occurs
when it exposes to water, which aggravates rock
deformation. )e studied roadway surrounding rock
contains a large number of clay minerals including
montmorillonite and illite. )erefore, the sur-
rounding rock sharply causes softening and mud-
ding phenomenon with water.

(3) )e supporting components are seriously ineffective.
In key parts such as the roof, the shoulder socket, and
the two sides of roadway, the failure of bolts and
cables frequently happened. )e failure features
mainly perform breakage, slippage, exfoliated nut,
pallet bending, and fracturing. And, the metal mesh
pockets appeared to have tear and local rock fall.

(4) )e surrounding rock expresses loose and broken in
a wide range. Using YTJ-20 rock formation drilling
detector to drill the surrounding rock at field, the
detection result presents the range of loose circle
which is between 2.3m and 4.2m, which is beyond
anchorage range of the bolts. Hence, the bolts are
difficult to play an active support role. Figure 1 shows
part deformation characteristics of the roadway.

3.2.MineralCompositionAnalysis andMechanical Properties’
Test. Using the PANalytical multifunctional powder X-ray
diffractometer in room for the composition analysis of the
surrounding rock, the mineral compositions are shown in
Table 1.

Using the HDH-1 point load test instrument to conduct
a point load test in this roadway, the average uniaxial
compressive strength of the floor rock and roof rock,
1.23MPa, can be obtained.)e above results present that the
strength of the surrounding rock is extremely low.

3.3.Deformation andFailureMechanismof SurroundingRock

(1) )e surrounding rock has such characteristics of low
strength and poor self-stability. )e major lithology
of the surrounding rock is dominated by soft rocks
such as mudstone, shale, fine sandstone, and silty
mudstone. Mudstone, fine sandstone, and other
mineral mainly consist of quartz. Besides, there is a
higher content of clayminerals, including plagioclase
and albite, in the surrounding rock. )ese clay
minerals are easy to expand when exposed to water,
which produces huge swelling pressure and aggra-
vates roadway deformation. Furthermore, the frac-
ture and joints of the surrounding rock developed,
resulting in surrounding rock loose and broken with
low bearing capacity.

(2) )e roadway was significantly affected by repeated
mining. And, the stress environment is complex.)e
mining effect mainly comes from the mining of the
close coal seam group. Besides, the roadway is lo-
cated near the intersection of various roadways. )e
superposition of the disturbed stress field, formed by
multiple disturbances, and the primary stress field
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contributes to the more complicated stress envi-
ronment. Furthermore, the phenomenon of stress
concentration has intensified.

(3) )e primal supporting parameters are unreasonable.
)e length of the original support bolt is 2.0m, and
the distance between adjacent rows is 800mm. )e
length of the anchor cable is 6m, and the distance
between adjacent rows is 1200mm. Owing to the
range of loose circles exceeded the length of original
bolts, the active bearing capacity of the bolts and the
cables was not fully utilized. With unreinforced

support, vital parts such as bottom corners, shoulder,
and roof have serious damage.

(4) )e mudding phenomenon of surrounding rock is
serious. )e roof and the two sides had serious
seepage. Long-term contact between surrounding
rock and water causes the strength and the bearing
capacity of the surrounding rock decrease. Secondly,
water leads to expansion and sliming of the sur-
rounding rock which contains a large number of
montmorillonite and kaolinite. )ereby, the self-
supporting capacity of the surrounding rock be-
comes low.

(5) )ere was unreinforced support on the floor and the
bottom corner. After excavation, the floor was
opening and unsupported, which belongs to the
weakest link of support. In addition, the effect of
water dripping from roof and water accumulation
on floor contributed to that the floor undergoes
significant swelling deformation and rheological
deformation. )e floor has seriously deformed and
the roof and two sides as well. Eventually, the
supporting structure became unstable and
damaged.

Table 1: Mineral composition and content.

Mineral composition Content (%)
Clay mineral 70.4
Quartz 18.1
Plagioclase 8.4
Albite 3.1
Montmorillonite 33
Kaolinite 42
Illite 12
Chlorite 13

(a) (b)

(c) (d)

Figure 1: Roadway deformation figure under original support. (a) Section deformation. (b) Large deformation of section. (c) Broken
surrounding rock. (d) Pallet bending.
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4. Deformation and Failure Control
Technology of Surrounding Rock

4.1. Control Principles of Roadway Surrounding Rock
Deformation. In order to effectively control the deformation
and destruction of 1412 Roadway and to choose the optimal
supporting scheme, following supporting principles should
be complied:

Governing sequence: Govern floor⟶ Govern two
sides⟶ Govern roof. Furthermore, the shoulder corner is
also a vital position which should be supported.

Active supporting improves integrity of the surrounding
rock; thus, let surrounding rock give full play to the active
bearing performance. )ere are some aspects that should be
specifically considered:

(1) Strengthen support for critical parts: instability
and deformation of the roadway start from crucial
positions which determines the stability of the
overall structure. When there are weak links in the
surrounding rock, it is frequently the break-
through point of deformation and destruction.
And, the malignant expansion of weak links will
eventually lead to instability and deformation over
time. )erefore, these critical parts should be
reinforced to avoid stress concentration, so as to
improve the overall performance of the sur-
rounding rock and control the instability and the
deformation.

(2) Strengthen support on the floor: the type of floor
heave is squeezing fluidity floor heave in 1412
Roadway. Shearing damage occurs in the unsup-
ported floor strata under the action of high stress,
which causes cracks and gaps in the floor. Otherwise,
the invasion of water will aggravate the destruction.
)erefore, bolts will be used to cut off pressure
transmission of the two sides. Furthermore, the
hardening grouting concrete can provide a large
amount of bearing capacity. And, the stress state of
the floor is transformed from the two-direction stress
state to three-direction stress state. In other words,
the ultimate strength of the floor rock is improved.
)e bearing range of stress is gradually enlarged.
And, the floor heave can be effectively controlled.

(3) Use strong bolts and high prestressed cables: at the
initial stage of roadway support, the cables and the
bolts undertake main carrying work. By increasing
the initial pretightening force of supporting com-
ponents, it can form an effective prestressed load-
bearing structure and that exerts the characteristics
of bolts and cables rapidly increase resistance, strong
initial support, and high working resistance. In
addition, it can likewise restrain discontinuous de-
formation and expansion of surrounding rock within
anchorage scope such as separation, sliding, and
crack propagation. In other words, the measure
ensures the integrity of surrounding rock and im-
proves the rock’s active bearing capacity.

(4) Implement full-section grouting behind wall and
strengthen the carrying capacity of surrounding
rock: full-section grouting not only can seal or even
fill the water flowing fracture in the surrounding
rock but also prevent the erosion of water and
strengthen the strength of surrounding rock. Sec-
ondly, grouting can penetrate into fractures of
broken surrounding rock under the action of high-
pressure pump. Besides, grouting can fill or even
close larger fractures. )e consolidated permeable
slurry can form a network skeleton structure, so as to
improve the strength of surrounding rock.)e cables
and bolts are arranged inside the grouting layer,
which is conducive to prestressed diffusion and
improving the stress state. )e stress state of sur-
rounding rock transforms from two-direction stress
to three-direction stress. After the roadway is wid-
ened to the designed section, the bolts and cables,
concrete-filled steel tube support, and concrete co-
ordinate with the surrounding rock to form a col-
laborative supporting system, which achieves a
hierarchical coordinated load-bearing layer.

In other words, the first bearing layer is made of con-
crete-filled steel tube support and hardened concrete. )e
combination of these supports cannot only resist high
strength pressure but also moderate pressure relief. For the
stress environment where pressure around the roadway is
large and uneven, the layer can provide great bearing
capacity.

)e arching effect of high-strength bolts improves the
stress state of shallow surrounding rock, transforms an-
choring area from the load body into the bearing body, and
restricts the destruction and deformation of shallow sur-
rounding rock. )e influenced layer is named the second
bearing layer.

)e high prestressed anchor cable anchored in the stable
rock layer effectively links shallow broken surrounding rock
and deep stable surrounding rock. )erefore, this and the
arching action of anchor bolts together form the third
bearing layer, which controls the deformation of sur-
rounding rock.

4.2. Deformation Control Strategy and Parameter Determi-
nation of Surrounding Rock. Derived from the above analysis,
the support theory of high stress soft rock roadway, and field
experience, a preliminary design of composite supporting
scheme “anchor cables and bolts + grouting+ concrete-filled
steel tube support’ is designed, as follows:

(1) )e original roadway adopts straight wall semicir-
cular arch roadway, which cannot provide any
support for the floor. )e deformation first occurs
from weak link in the support, that is, the place
where stress is concentrated. Using horseshoe-sha-
ped roadway section as roadway section not only
avoids weak links but also improves stress state of the
surrounding rock.
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(2) )e prestress of the original bolt and the support
strength of the initial proposal are lower. It has been
tested that the surrounding rock within 1.7m was
severely broken. In order to give full play to the
restriction of the bolts on the shallow surrounding
rock’s deformation and destruction, the length of
bolts is extended to 2500mm.)e anchor bolt adopts
ultraintense thread steel bolt with diameter 22mm.
)e distance between adjacent rows of bolt is
800mm. )ere are 15 bolts arranged in each row of
the roadway, and each bolt uses 3 rolls of K2335 resin
medicine (fixative). In addition, since the floor heave
type is a squeezing fluidity floor heave, the incli-
nation angle of the bolt which is arranged at corner
should be set between 20° and 30° to cut off the stress
transmission between the two sides. )e bolt screws
must be tightened by plum blossoms with diameter
34mm. Tightening torque is between 150N·m and
200N·m. )e anchor bolt is lapped at the overlap of
steel mesh. )e length and width of the steel mesh
are, respectively, 1800mm and 980mm. )e an-
choring section length takes 1500mm. And, the
overlap length of the steel mesh fetches 100mm.)e
cables adopt prestressed cable with diameter
21.6mm and length 7000mm. )e distance between
adjacent rows of the cables has 1200mm. And, each
row is arranged with 7 anchor cables. Moreover, each
anchor cable uses 5 anchoring agents. )e pre-
tightening force of the cable is not less than 150N·m.
)e exposed length of the cable is between 150mm
and 250mm after tightening.

(3) For maintaining the stability of the roadway with
high stress and intense surrounding pressure, the
surrounding rock not only needs bearing capacity
from itself but also needs external supporting force.
In this paper, concrete-filled steel tube support is
selected as a crucial part of the active support. )e
concrete-filled steel tube support has same shape as
the roadway section and uses 20# seamless steel pipes
with diameter 194mm and wall thickness 10mm.
)e specification of casing selects diameter 219mm
and length 100mm. And, a set of concrete-filled steel
tube support is erected every 500mm. Using HBTS-
15 concrete pump, C40 concrete was injected into
inner of the support from bottom to top. )e mixing
ratio of cement, water, and sand fetches 1 : 0.39 :1.29
in C40 concrete. )e pressure value of the transfer
pump gets to about 5MPa, which can be adjusted
according to the actual situation, but the maximum
pressure cannot exceed 6MPa. Due to the deep loose
and broken range of surrounding rock, the arching
effect of bolt hardly works. )erefore, a 500mm gap
between roadway and support for high-pressure
grout was left when erecting the concrete-filled steel
tube supports. )e slurry under the action of high
pressure penetrates in the deep surrounding rock to
improve the integrity. )e grouting pressure value
takes 6MPa, and the wind pressure is controlled at

0.15MPa to 0.18MPa. After the bolts and cables are
laid, the bottom grout is conducted, and then, the
support has erected. Secondly, reinforced mesh and
noncombustible material cloth are laid behind the
support. )e mixing ratio of cement and sand takes
1 : 3 in cement mortar. And, the mixture must be
mixed evenly with accelerator which accounts 3% to
5% of the cement amount. Besides, the storage time
of the mixture with accelerator cannot get past
twenty minutes.)e composite supporting scheme is
shown in Figure 2.

5. Check Bearing Capacity of the Composite
Support Scheme

5.1. Calculate Support Resistance of the Concrete-Filled Steel
Tube Support. )e support resistance of the concrete-filled
steel tube support can be calculated through the following
formula:

σ0 �
φ0N0

DRS

,

RS � km

��
SS

π



,

(1)

where SS presents the area enclosed by the concrete-filled
steel tube support, m2, φ0 represents the reduction factor,
taking 0.80, and N0 represents the ultimate bearing capacity
of the concrete-filled steel tube short columns. Due to the
steel tube adopted diameter 194mm and thickness 10mm,
N0 takes 3186.4 KN; D represents the spacing of the support,
taking 0.5m; km is the section correction factor, taking 1.05
[16]. )e section area is 14.84m2. Bring each parameter into
formula (3), it can be obtained that σ0 is 2.24MPa.

5.2. Calculate Support Resistance of Grouting Body. )e
support resistance of hardened concrete can be calculated
through the following formula [17]:

Pc �
2τcdc

Rc sin 2c
,

Rc � km

��
Sc

π



,

(2)

where τc represents shear strength of grout, τc � 0.15fc, fc

represents the designed compressive strength of grout,
taking 12MPa, dc represents thickness of the grouting body,
taking 500mm, c represents the shearing slip angle, taking
33°, and Sc, area enclosed by the grouting body, is 18.07m2.
Bringing each parameter into formula (2), it can be obtained
that Pc is 0.782MPa.

5.3. Calculate Support Resistance of Bolt and Cable.
Computed mechanical model of the superimposed bearing
layer is shown Figure 3.

Calculate the effective length of the bolt and cable [18]:
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t1 �
L1 tan β − D1

tan β
,

t2 �
L2 tan β − D2

tan β
,

(3)

where L1 is the effective length of bolt, L1 � L1′ − La − Lb, L1′
is a length of the bolt, taking 2.5m, La is an exposed length of
the bolt, taking 0.15m, Lb is an end length of the bolts, taking
0.5m, β is the control angle of the cable and the bolt in the
ruptured surrounding rock, taking 45°, L2 is the effective
length of the cable, L2 � L2″ − Lc − Ld, L2″ is a length of the
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Figure 2: Composite support schematic.
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cable, taking 7m, Lc is an exposed length of the cable, taking
0.2m, Ld is an end length of the cable, taking 2.5m, hc is
thickness of the grouting body, taking 0.5m, and D1 and D2,
respectively, presents the distance between adjacent rows of
the bolt and cable, taking 0.8m and 1.2m. Bringing each
parameter into formula (5), it can be obtained that t1 and t2
are, respectively, 1.05m and 3.10m. )e model of the
bearing layer structure is shown as Figure 4.

)e radial axial force provided by the cable and bolt can
be calculated by the following formula:

σS �
FS

D2 ∗D2
,

σg �
Fg

D1 ∗D1
,

(4)

where Fs is the pulling force of the cable and Fg is the pulling
force of the bolt. According to the specification of the se-
lected bolt and cable, it can be obtained that Fs and Fg are,
respectively, 454 kN and 127 kN. By calculating, σs and σg

are, respectively, 0.31MPa and 0.20MPa.
)e relationship between tensile force of a bolt and

weight of the rock mass it bears is as follows:

Fg > ρ∗D
2
1 ∗g∗ L1′ ∗ 1.8 � 41.6KN, (5)

where ρ is the density of strata passed by the bolt, taking
2600 kg·m−3, g presents acceleration of gravity, taking 10N/
kg, and 1.8 represents the safety factor.

It can be seen from the above equation that the tensile
force is greater than the rock mass gravity, so the bolt
spacing is reasonable.

5.4. Check Bearing Capacity of Uniform Compression Zone.
)is paper focuses on the elliptic section in the upper half of
the roadway, so the hyperbolic section in the lower part will
not be discussed. On the horseshoe roadway section, the
stress state of the upper half of the surrounding rock can be
equivalent to the stress state of the upper surrounding rock
of the elliptical roadway under the same load.

In this paper, the ratio of long axis to short axis is 1.26,
which is high elliptical roadway.)e plastic area boundary of
high elliptical roadway is close to circular, so the boundary of
the plastic area in the upper half of the roadway in this paper
is equivalent to semicircle [19].

Based on the principle of the arched compression zone,
the mechanical model of elliptical roadway under stress in
original rock is established, as shown in Figure 3.

)e boundary outside the plastic zone, that is, the
boundary inside the elastic zone, meets the following equation
[20]:

σθ(p) + σρ(p) � 2P0,

σθ(p) �
1 + sin φ
1 − sin φ

σρ(p) +
2c cosφ
1 − sin φ

.

(6)

)e following equation can be obtained from the above
equations:

σρ(p) � (1 − sin φ)P0 − c cos φ, (7)

where P0 represents the initial ground stress, φ represents
the internal friction angle, c represents cohesion, and Rp is
the radius of the surrounding rock plastic area. According to
the experimental results and field measurement, φ takes 27°,
c is 0.37MPa, Rp is 6700mm, and P0 is 17.24MPa. Bringing
each parameter into the formula, it can be obtained that σρ(p)

is 9.08MPa.
)e load P acting on the uniform compression zone

formed by bolts and cables can be obtained by using the
Jager and Cook formulas [20, 21]

P � Ps

r2

Rp

 

2 sinφ/(1− sinφ)

. (8)

)e elliptic equation can be expressed in the form of
polar coordinates, as shown in the following:

ρ �
ab

����������������
b
2cos2 θ + a

2sin2 θ
 , (9)

r2 �
ab

����������������
b
2cos2 θ + a

2sin2 θ
 + t, (10)

Ps � σρ(p), (11)

where θ is the angle between the stress and the horizontal
axis. Since the number of cables used in this roadway is
fewer, the effective length of the bolt is taken as the width of
the uniform compaction zone:

t � t1. (12)

Bringing formulas (7) and (10) into formula (8), the
following equation can be obtained:

P � Ps

ab + t1

����������������
b2cos2 θ + a2sin2 θ

√

Rp

����������������
b2cos2 θ + a2sin2 θ

√⎛⎝ ⎞⎠

2 sinφ/(1− sinφ)

.

(13)
)e schematic diagram of the force on the arch formed

by the uniform compression zone is shown in Figure 5.
Under the action of only considering the supporting

force, the radial stress in the uniform compression zone
upper part can be calculated by the following complex
variable function method to shortcut calculation.

)rough the mapping function, the shadow part in the Z
plane will be mapped to the shadow part in the corresponding
complex plane [22]. Curve L and points A, B, C, andD in the z
plane are mapped to complex plane curve L′ and points A′, B′,
C′, and D′, respectively. )e mapping relationship and sche-
matic diagram are shown in Figure 6.

z � w(ζ) � R mζ +
1
ζ

 ,

R �
a + b

2
,

m �
a − b

a + b
,

(14)
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Assuming that the roadway after support following the
basic hypothesis of elasticity, the stress function can be
expressed as follows:

U �
1
2

[zχ(z) + zχ(z) + θ(z) + θ(z)], (15)

where z represents point coordinates in the complex plane
and both χ(z) and θ(z) are analytic functions.

When considering only the effect of support force on
roadway surrounding rocks, the following equation is met
on the roadway boundary:

f0 � i
L

Tx + iTy ds −
X + iY

2π
ln σ −

1 + ]′
8π

· (X − iY)
w(σ)

w(σ)
σ − 2Bw(σ) − B′ − iC′ w(σ),

χ(ζ) �
1
2πi


L′

f0dσ
σ − ζ

,

θ′(ζ) �
1
2πi


L′

f0dσ
σ − ζ

− ζ
ζ2 + m

mζ2 − 1
χ′(ζ),

σρ + σθ � 4Re
χ′(ζ)

w′(ζ)
 ,

(16)

where in hole edge, Tx represents surface force component
of x direction, Ty represents surface force component of y
direction, X and Y represent, respectively, boundary resul-
tant force of x and y directions, B, B′, and C′ are real
constants, and σ represent the points which locate the
boundary of the unit circle on the complex plane ζ.

Since the hole edge pressure is self-balanced and the
stress at infinity is 0, there is X�Y�B� 0 and B′ − iC′ � 0:
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f0 � −q
L
(dx + idy) � −qR

1
ζ

+ mζ ,

χ(ζ) � −qRmζ ,

θ′(ζ) � −qR 1 + m
2

 
ζ

1 − mζ
.

(17)

According to the actual situation, σρ is −q:

σθ � q
1 − 3m

2
+ 2m cos 2θ 

1 + m
2

− 2m cos 2 θ 
. (18)

Under the action of only considering original rock stress,
the calculation formula of circumferential stress around high
elliptical roadway is as follows:

σθ′ � P0
2m′

cos2 θ′ + m′
2sin2 θ′

,

m′ �
b

a
,

(19)

where θ′ is the angle between the stress and the vertical axis.
On the arch structure formed by the uniform com-

pression zone, the arch's stress distribution and roadway
section are symmetrical about Y axis. )erefore, if the re-
sultant force in Y direction under unit length is greater than
0, the support scheme can ensure the roadway safe:

ds �

���������������������

(a sin α)
2

+(b cos α)
2dα



, (20)

where ds represents an arc length differential length unit, α
represents the angle, and L0 represents the arc length of P

acting on the uniform compression arch.
Under the action of the original rock stress, the Y-di-

rection resultant force under unit length of the outer plane
on the uniform compression zone can be obtained by the
following equation:

Yp � 
L0

P sin αds. (21)

Equations (20) and (13) are brought into equation (21) to
obtain the following equations:

YP � 
π

0
Ps

ab + t1

�������������������

(a sin α)2 +(b cos α)2


Rp

�������������������

(a sin α)2 +(b cos α)2
⎛⎜⎜⎜⎝ ⎞⎟⎟⎟⎠

(2 sin φ)/(1−sin φ)

sin α
��������������������

a′ sin α( 
2

+ b′ cos α( 
2



dα

� −2Ps 
π/2

0

�������������������

a′
2

+ b′
2

− a′
2

 cos2 α


ab + t1
����������������
a2 + b2 − a2( )cos2 α



Rp

�����������������
a2 + b2 − a2( )cos2 α

⎛⎝ ⎞⎠

2 sinφ/(1− sinφ)

d cos α,

(22)

where a takes 3.252m, b is 3.919m, a′ is 4.302m, and b′ is
4.969m. Bringing each parameter into (25), it can be ob-
tained that YP is 3.548×104KN.

Without considering the increment of tangential stress
along the radial direction, the radial force under unit length
of the arch formed by the uniform compression zone under
the action of original rock stress can be obtained:

Yθ′
� 2σθ′

t1. (23)

Bringing each parameter into formula (23), it can be
obtained that Yθ′ is 6.008×104 KN.

In this case, one end of the bolts and cables and grouting
body are directly acted on the innermost side of the uniform
compression belt, so the supporting force provided by them
can be directly superimposed. For the steel tube concrete
support, it has no direct action on the uniform compression
zone, but the grouting body they act on can be regarded as an
elastomer. So, it is not difficult to obtain the equivalent
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supporting force acting on the uniform compression zone.
)e sum of the forces acting on the uniform compression
zone by the above components is q:

������

b
2

− a
2

a
2



� k,

�����������������

b − hc( 
2

− a − hc( 
2

a − hc( 
2




� k1,

me �
a − b

a + b − 2hc

,

Pe �

σ0 a − hc( 1/k1 k1

������

1 + k1
2



+ ln k1 +

������

1 + k1
2




  − 2σ0 1 − 3me

2
+ 2me cos 2 θ/1 + me

2
− 2me cos 2 θ hc

a1/k k
�����
1 + k

2


+ ln k +
�����
1 + k

2


 
.

(24)

Bringing each parameter into formula (23), it can be
obtained that Pe is 1.70MPa:

q � Pe + σS + σg + Pc, (25)

Yq � 
π

0
q sin α

��������������������

(a sin α)
2

+(b cos α)
2dα



,

� −2q 
π/2

0

����������������������

a
2

+ b
2

− a
2

 cos2 αd cos α


,

(26)

⟶

������

b
2

− a
2

a
2



�k Yq � 2qa
1
k


k

0

�����

1 + x
2



dx � qa
1
k

k

�����

1 + k
2



+ ln k +

�����

1 + k
2




 . (27)

Bringing formulas (24) and (25) into formula (27), it can
be obtained that Yq is 2.084×104KN.

Without considering the increment of tangential stress
along the radial direction, the radial force of the arch formed
by the uniform compression zone under the action of
support force can be obtained:

Yθ � 2σθt1. (28)

Bringing each parameter into formula (28), it can be
obtained that Yθ is 4.41724×103KN:

 Y � Yθ′
+ Yq − Yθ − YP � 4.102 × 104 KN> 0. (29)

Above all, the ultimate bearing capacity of the design
scheme is higher than the required load of the roadway, which
meets the requirements of roadway support. It means that the
superimposed bearing structure meets design requirements.

6. Numerical Simulation Analysis

6.1. Model Establishment. )e numerical model of the
roadway is shown in Figure 7, based on FLAC3D simulation
software. Considering the boundary effect, the length of the
outer boundary and the horizontal direction have more than
8 times the radius of the roadway.)e size is 60m∗ 20m∗ 40m
with a total of 67282 units and 91550 nodes. )e model adopts
the strain softening model. At same time, the uniform load
11.74MPa is applied at the top of the model. In the process of
tunnel excavation, for the bottom boundary, it is prohibited to
move in any directions. For the top boundary, it is free. For other
boundaries, it is forbidden to move in any directions, except
vertical direction. In the supporting process, the bolts and the
cables adopt the cable unit. And, concrete-filled steel tube
support adopts the beam unit. )e material parameters of the
roadway surrounding rock are shown in Table 2.

10 Advances in Civil Engineering



6.2. Result Analysis. Figure 8 shows a comparison of the
numerical simulation cloud chart between the roadway
without bracing and the roadway with the concrete-filled
steel tube support bracing.

6.2.1. Roadway Excavation without Support. After excava-
tion, due to no support measures have been taken, the
roadway changed from the three-direction stress state before
excavation to the two-direction stress state. )is change
prompts the roadway instability and deformation. )e
displacement of roadway surface increases with the exca-
vation time. As shown in Figure 8(a), the maximum sub-
sidence of the roof reaches 300mm. )e maximum size of
bottom heave reaches 250mm. And, the deformation
convergence rate reaches 15.32%. Furthermore, the plastic

zone of the roadway has great distribution range. )e
original roadway cannot maintain normal work. )ereby,
support should be applied immediately after the excavation
of the roadway.

6.2.2. Applying Support. After excavation of the roadway
and anchoring the cables and bolts, the concrete-filled steel
tube supports are erected in time. )ere is a gap of 500mm
between the support and the surrounding rock. After the
supports are erected, concrete will be sprayed between the
surrounding rock and the supports. At the initial stage of
support, the bolts and cables play a main supporting role to
maintain the stability of the roadway. As the concrete
gradually solidified, the supporting role of the concrete and
concrete-filled steel tube supports gradually appears.

No.17 coal seam

Main floor

Immediate floor

Roadway

Gritstone

Floor

Immediate roof

Main roof

Shale

Siltstone

Medium sandstone

Figure 7: Numerical model of the roadway.

Table 2: Rock material parameters.

Rock Density (kg·m−3) Shear modulus (GPa) Bulk modulus (GPa) Cohesion (MPa) Interfriction
angle

Tensile strength
(MPa)

Mudstone 2100 0.27 0.53 0.55 25 0.80
Shale 2600 3.3 5.10 2.00 37 2.00
Siltstone 2200 0.47 0.91 0.81 25 1.00
Medium sandstone 2550 0.60 1.00 0.82 32 1.10
Fine sandstone 2600 0.67 1.18 0.80 30 1.15
Coal 1650 0.19 0.42 0.57 24 0.65
Gritstone 2520 0.60 1.00 0.82 32 1.14
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Meanwhile, the deformation gradually decreases and
eventually tends to stabilize. As shown in Figure 8(b), the
maximum subsidence of the roof reaches 24mm. )e
maximum deformation of the floor reaches 20m. At the
same time, it can be obtained by the plastic zone figure,
Figure 9, that the range of the plastic zone significantly
reduces. And, the deformation of the surrounding rock is
within a controllable extent.

7. Engineering Application

7.1. Construction Procedure. )e construction procedure of
support: (1) widen the roadway section to the designed
section; (2) use the cables and bolts for temporary support;
(3) install the concrete-filled steel tube supports without
filled concrete, lay metal mesh, and noncombustible material
cloth, and ensure that there is a gap of 500mm between the
support and the roadway; (4) spray cement mortar with a

spray powder to fill the gap; (5) pour C40 concrete into the
concrete-filled steel tube supports.

7.2. Field Measurements. After the completion of supports,
the displacement deformation of the floor, roof, and two
sides is monitored by the cross-distribution point method.
)e specific monitoring methods are as follows: monitored
every 2 days from the outset to 15th day after detection;
monitored every 5 days from 15th day to 40th day after
detection; monitored every 10 days from 40th day to 90th
day after detection. )e monitoring data is shown in
Figure 10.

Monitoring results present that the surrounding rock
deformation can be divided into three stages:

7.2.1. Rapid Deformation Stage. Within 15th day after the
roadway repair is completed, the deformation of the
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Figure 8: Roadway surrounding rock displacement contour.
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Figure 9: Plastic zone diagram of roadway surrounding rock.
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surrounding rock expresses intense. )e maximum defor-
mation among the roof, floor, and two sides reaches, re-
spectively, 34.23mm, 32.12mm, and 37.58mm. At this
stage, the concrete has not hardened. )erefore, the con-
crete-filled steel tube supports cannot undertake a sup-
porting role. In other words, the bolts and cables jointly
prevent the surrounding rock deformation.

7.2.2. Slow Deformation Stage. Within 15th day to 45th day
after roadway support, the maximum deformation among
the roof, floor, and two sides, respectively, reaches 63.55mm,
60.46mm, and 68.45mm. During the period, the concrete
gradually hardens. Hence, the supporting action of concrete-
filled steel tube support begins to appear. )e deformation
velocity of the surrounding rock decreased.

7.2.3. Tend to a Stabilized Stage. After 45th day from the
roadway support, the deformation speed decreased

obviously. And, the deformation gradually stabilizes. )e
final deformation among the roof, floor, and two sides
reaches, respectively, 69.22mm, 64.11mm, and 72.45mm.
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Figure 10: Surrounding rock deformation monitoring graph. (a) Deformation curve of the roof. (b) Deformation curve of the floor.
(c) Deformation curve of the two sides.

Figure 11: 1412 Roadway after support.
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At this stage, the concrete is completely hardened. )us, the
coordination with the concrete and concrete-filled steel tube
support provides main bearing capacity, which limits the
deformation of the surrounding rock. Meanwhile, the bolts
and cables also exert their arch action and suspension action.
Figure 11 is the scene figure after the roadway support is
completed.

8. Conclusions

(1) By means of field investigation and laboratory tests,
1412 Roadway is verified as a typical high-stress soft
rock roadway. )e instability and deformation ba-
sically are caused by low strength, poor self-stability,
high stress and complicated stress environment of
surrounding rock, lower support resistance of the
supporting members and failure to strengthen
support for fatal parts.

(2) Combined with the deformation characteristics
and the deformation mechanism of the roadway,
this paper analyzes and puts forward the com-
posite supporting scheme “cables and
bolts + grouting + concrete-filled steel tube sup-
port.” According to the theoretical calculations
and numerical simulations, it has been certified
that the ultimate load of the designed composite
support scheme is greater than that of the sur-
rounding rock. It means that the scheme can
provide sufficient force to maintain the stability of
the roadway.

(3) )e underground detection shows that the sur-
rounding rock deformation tends to stabilize after
supporting 45th day. )e maximum deformation
among the roof, floor, and two sides of roadway is
less than 100mm, which is within a controllable
range. On the whole, it has successfully solved that
the difficulty of 1412 Roadway with large deforma-
tion and hard support.
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*ere are a large amount of steeply dipping coal seams deposited in China, the safe and effective extraction of which are the
challenge for coal operators due to the complicated geological characteristics, in particular, when the underground roadway is
excavated in the steeply dipping coal seams with limited seam distance. *e Universal Distinct Element Code (UDEC) was
adopted in the present research to explore the stress distribution of surrounding rock of the roadway. Based on the numerical
simulation, the damage coefficient was proposed and then used to classify the roof conditions into four groups. After that, the
asymmetric support technique was proposed and put into practical applications. It is indicated that the stress concentration on the
floor is the main feature of the extraction of steeply dipping coal seams. Moreover, the distributions of the maximum vertical stress
and horizontal stress which are much different from each other mainly attributed to the effect of the large dip angle. *is research
also verified the feasibility of using the asymmetric and partition support technique to maintain the integrity of the surrounding
rock, as from the case study conducted at the 12032 longwall coal face of Zhongwei coal mine.

1. Introduction

*e development of the mining industry in Xinjiang, one of
the largest coal fields in China, is currently in the rapid and
sustainable progress. *e large thickness and shallow depth
are the two attractive features of the coal seams in Xinjiang,
which make it the ideal mining field to build the huge coal
mines. Different from its counterparts exposited in other
coal fields, however, the steeply dipping coal seam accounts
for over 25%; the proven reserves in China attributed to the
unique diagenetic environment [1, 2]. It has been well noted
that the extraction of steeply dipping coal seams is difficult
due to its unique geo-mechanical condition. *e movement
of the overlying strata upon the steeply dipping coal seam is
much different with the increase of the dip angle. In par-
ticular, the large abutment pressure applied on the sur-
rounding rock will significantly affect the stability of the
roadway. *is situation will be more serious when the

adjacent coal seams with close distance are extracted [3, 4].
How to effectively control the unexpected deformation of
surrounding rock and maintain the integrity of the roadway
is now the hot research topic to be considered either from
the insight of the underground coal operators or the sci-
entific scholars.

Various studies have been conducted to obtain an in-
depth understanding of the underground pressure distri-
bution characteristics during the excavation of steeply
dipping coal seam. As reported by Wu et al. [5–7], the
excavation of upper coal seam will significantly affect the
stability of the “R-S-F” system of the lower coal seam. *eir
research also indicated that both the underground pressure
and the migration law of the steeply dipping coal seam is
much different from other coal seams with small dip angle.
*e development and establishment of the asymmetrical
structure is closely related to the stability of the longwall,
which agrees well with the research carried out by Tu et al.
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[8, 9]. Based on the geological and mining condition of
Huainan mining zone, Yang and Kong studied the mutual
superposition and evolution mechanism of underground
pressure during the excavation of the steeply dipping coal
seams as well [10–12]. It can be found from their research
that the failure mechanism and stress distribution of the
mining floor will be affected with the increase of the dip
angles. In general, most studies did pay attention to the stress
distribution and deformation failure of the surrounding rock
with the excavation of two-layer coal seams.

Against this background, this paper presents a com-
prehensive research to obtain a better understanding on the
mechanical mechanism and deformation characteristics of
the surrounding rock for the roadway located in the steeply
dipping coal seam. It starts with a concise introduction about
the research area, followed by the detailed numerical
modelling of the excavation procedure of the roadway in the
steeply dipping coal seams. *is paper ends up with the filed
investigation to verify the proposed controlling technique.
*e meaningful research outcomes can be used as the
guideline for other underground coal mines in Xinjiang coal
fields where there are similar geological and mining
conditions.

2. Geological and Mining Conditions of the
Research Area

Zhongwei Coal Mine, which is operated by Henan Energy
and Chemical Industry Group Co., Ltd., is located in Bai-
cheng, Xinjiang. *e single-entry longwall operation is
adopted to excavate the IV13 coal seam. *e coal seam
featured with its large dips ranging from 25° to 50°, with the
average value of 35°. Except for the large dip angle, the
variable thickness of the IV13 coal seam is the other concern
to be accounted for. As depicted in Figure 1, the normal
thickness of the IV13 coal seam is within 0.87 to 10.92m,
with the average thickness of 3.67m. Note that the IV13 coal
seam has to be mined separately (see Figure 1(a)). For ease of
reference, these spilt coal seams are termed as IV13a and
IV13b, respectively. Currently, the upper subsection termed
IV13a has been totally extracted and the preparation of
12032 longwall is still in progress.

As the first longwall located in the lower subsection (i.e.,
IV13b), the strike length and the trend length of the 12032
longwall are 691m and 161.7m, respectively. *e ground
elevation is +2730∼+2900m and the elevation of 12032
longwall is +2315± 2400m. As depicted in Figure 1(b) , the
coal resource around the 12032 longwall has been com-
pletely extracted. *e 2.07m thickness IV13b coal seam is
fully excavated. More detailed information about sur-
rounding rock is shown in Table 1.

3. Numerical Modelling of the Excavation of
Steeply Dipping Coal Seams

3.1. Setup of the Numerical Model. *e redistribution of the
underground pressure will result in the development of
fissures of surrounding rock, generally associated with the
large deformation of the excavated zone [13, 14].

Considering that the distribution and transmission law of
surrounding rock is the foundation to further investigate the
damage process of the surrounding rock, the two-dimen-
sional numerical program, Universal Distinct Element Code
(UDEC), was applied to simulate the extraction progress of
coal resource in the 12032 longwall.

As shown in Figure 2, the length and height of the UDEC
Trigon model are 250m and 150m, respectively. Herein,
both the coal seam and surrounding rocks are all simply
defined with the dip angle of 35°, equivalent to the average
dip angle of the coal seam. *e boundaries of the numerical
model were fixed according to the practical conditions. Note
that the vertical stress applied on the upper boundary is
7.2MPa based on the average mining depth of 300m. *e
Mohr–Coulomb yield criterion was given to the interface,
while the elastic model was applied for block element
[15, 16]. Four monitoring lines were distributed along the
floor of IV13a coal seam to record the value of stress. *e
uniform space between each monitoring line is 1m.

Different from the conventional finite element modelling
method (FEM), the critical parameters for the UDEC Trigon
model cannot be directly obtained from the calibration of
experimental tests.*us, themicromechanical parameters of
layered polygonal block and contact interface were obtained
from existing open literature [17–21]. *e values of these
critical input parameters including the internal friction angle
(ϕ), the cohesive force (C), and the tensile strength (T) of the
contact surface are summarized in Table 1. In addition, the
micromechanical parameters of polygonal block are also
shown in Table 1.

3.2. Stress Distribution of Floor. In accordance with the
practical mining process, the upper coal seam (i.e., IV13a) was
firstly excavated with a 15 m-width coal pillar left. Figure 3
presents the stress Mises distribution around the gob and the
floor of the coal pillar. Herein, the stresses including the
vertical stress, horizontal stress, and shear stress were plotted
in Figure 4, the values of which were obtained from the
embedded monitoring lines mentioned earlier.

As can be seen from Figures 3 and 4, there is an obvious
stress concentration under the coal pillar after the excavation
of the IV13a coal seam, whereas, the monitored stresses
around the gob floor exhibit somewhat reduction. For ease
of reference, the ratio between the monitored stress and the
in situ stress is defined as stress concentration factor (SCF).
Note that the initial horizontal stress and vertical stress are
10.8MPa and 9.0MPa, respectively. *e maximum vertical
stress was obtained from the center line of the coal pillar
(larger buried depth side) with the value of 25.2MPa
(SCF� 2.8). It can also be found that the peak value of the
horizontal stress is 22.7MPa (SCF� 2.1), which is obtained
from the upper side of the center line. If the vertical distance
between the floor and the coal pillar is within 4.0m, both the
vertical stress and the horizontal stress concentration co-
efficients will experience the gradually increase with the
enlargement of the vertical distance.

With the increased horizontal distance apart from the
center line in the coal pillar, both the vertical stress and the
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horizontal stress experience the obvious decline, which are
approximately in accordance, with a normal distribution,
with each other. However, the attenuation speed for vertical
stress and horizontal stress is much different. In detail, the
attenuation trend of the vertical stress nearby the upper side
of the central line is more obvious compared to its coun-
terpart. Differently, the attenuation of the horizontal stress
nearby the upper side of the central line seems to be
significant.

It is interesting that the peak shear stresses recorded
from each side are much different from each other. *e peak
shear stress upon the center line with the smaller mining
depth is generally larger than that obtained from the other
side. In particular, the value of SCF will also experience the
reduction with the increase of the depth, when the distance
between the floor and the coal pillar is within 4m.

Based on the above discussions, it can be summarized
that there exists the stress concentration on the floor of the

Table 1: Micromechanical parameters of each layered rock of the model.

Lithology
Block parameters Contact surface parameters

Density
(kg·m−3)

Elastic modulus
(GPa)

Bulk modulus
(GPa)

Shear modulus
(GPa)

Friction
angle (o)

Cohesion
(MPa)

Tensile strength
(MPa)

Carbonaceous
mudstone 2 500 5.30 24.40 9.70 18 1.5 0.5

Coal seam 1 300 2.60 11.50 4.60 14 0.8 0.32
Mudstone 2 500 3.80 24.40 9.70 18 1.3 0.4
Sandstone 2 500 10.04 28.70 9.50 21 0 0
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Figure 1: Geological survey of research object: (a) geological section of coal seam no. IV13 and (b) roadway layout of 12032 coal face.
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residual coal pillar. *e maximum vertical stress is generally
below the centerline of the coal pillar, while the maximum
horizontal stress is above the centerline of the coal pillar. In
general, the peak shear stress above the centerline of the coal
pillar is generally larger than that obtained from the other
side.

4. Damage Regulation of the Floor

4.1. Definition of the Damage Coefficient. A large number of
laboratory tests have revealed that the microstructure will
affect the mechanical properties of intact rock and coal mass
[22–24]. Although the coal/rock mass are heterogeneity in
natural from the microscopic insight, it can still be evaluated
and presented by theWeibull statistical distribution. Herein,
the damage coefficient is defined with the following con-
siderations: (1) it should sufficiently reflect the character-
istics of rock mass damage and (2) it is feasible to obtain the
value by the actual measurement technique.

In this research, the damage coefficient was adopted in
the respect of the numerical simulation. *at is, the ratio

between the contact length (e.g., shear or stretch) of the
failed block and the total length of all blocks is used to
evaluate the development density and penetration of frac-
tures in coal/rock masses.

4.2. Damage Characteristics of the Floor. Figure 5 presents
the damage characteristics of floor rock after the excavation
of the upper IV13a coal seam, in which the types of the
failure are marked in different colors. It is apparent that the
floor rock is featured with the shear failure. Moreover, many
shear cracks and tensile cracks were observed from the
affected zone within 6m apart from the central line of the
coal pillar. With the increase of the distance, apart from the
coal pillar, the number of cracks nearby the edge of coal
pillar exhibit a significantly decrease. In addition, the floor is
generally dominated by the tension cracks.*e tensile cracks
are widely distributed around the edge of the coal pillar
within the 20m zone. Both the number of cracks and the
crack penetration experience the reduction when the dis-
tance apart from the center line is over 20m.

Sandatone

Malmstone

Mudstone

Coal seam

Mudstone

Sandstone

Upper coal piller

Lower coal seam

Monitoring lines

No.1

No.2

No.3

No.4

Figure 2: Numerical calculation model.
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With the consideration of the rock damage at different
locations (e.g., coal pillar, floor, and lower coal seam), the
additional monitoring line was arranged along the per-
pendicular side to the surrounding rock. *e distribution of
the damage coefficient can be found from Figure 6, in which
the values of the damage coefficient were theoretically cal-
culated according to its definition. It can be seen from
Figure 6 that the damage coefficient of the floor under the
coal pillar ranges from 12% to 50%. In addition, the damage
coefficient of the surrounding rock above the center line is
generally larger than its counterpart. Because the com-
pressive strength of coal seam is much smaller than that of
surrounding rock, the damage of the lower coal seam seems
to be serious than that of the floor, which is about 19∼64%, as
shown in Figure 6.

5. Classification of the Roof Conditions
Based on the Damage Coefficient

*e predicted distances between the IV13a and IV13b coal
seams in the 12302 longwall are listed in Tables 2 and 3, the
values of which are obtained from the actual exposure of the

strata as well as the exploration data. Compared with the
predicted values (e.g., 0.85–3.90m), the damaged depth of
surrounding rock (e.g., 1.50–3.50m) are generally larger,
indicating that most surrounding rocks are damaged due to
the mining activities. *us, the roof of the roadway can be
correspondingly classified into four groups, as listed in
Table 4.

Type I (broken and loose roof): the coal pillar is failed
with the shear slip at its bottom edge, mainly attributed
to the combined effects of the abutment pressure and
the front strata pressure. *e roof will be completely
crushed if the distance between two coal seams is within
1.5m. *e main feature of this type roof is its loose
structural after the drilling of the roadway in the lower
coal seam.
Type II (crack-extended roof): under the combined
influence of front strata pressure and the abutment
pressure, there will be lots of cracks and fissures.
However, the integrity of the roof can be sustained
when the distance between the coal seams ranges from
1.5m to 2.5m.
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Figure 3: Stress distribution characteristics in the floor of goaf and coal pillar: (a) vertical stress, (b) horizontal stress, and (c) shear stress.
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Figure 4: Stress distribution in different depths of floor: (a) vertical stress distribution of floor and (b) horizontal stress distribution of floor.
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Figure 5: Damage characteristics of floor rock.
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Type III (fissures developed roof): there are number of
fissures and cracks existing in the surrounding rock
which attributed to the mining activities. However,
these fissures and cracks are not perforated. In this case,
the interface between the coal seam and surrounding
rocks is not strong enough, resulting in the reduction of
the strength of the surrounding strata. If the distance
between each coal seam falls into 2.5m to 3.5m, the
excavation of the lower coal seam may result in the
repeated unloading and destruction of the interlayer
rock mass.

Type IV (relative intact roof): if the distance between
the coal seams is larger than 3.5m, the influence of the
excavation of the lower coal seam will not significantly
affect the intact of the upper coal seam. In this case,
there is no dangerous for the roof controlling.

6. Filed Study

6.1. Asymmetric and Partition Support Technique. With the
consideration of the variable thickness of overlying strata,
the asymmetric and partition support technique was
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Figure 6: Damage distribution law of floor strata.

Table 2: *e distance between roof and upper coal seam of 12032 haulage roadway.

Distance to open-off cut L (m) 0–55 55–200 200–235 235–310 310–465 465–620 620–710
Roadway length l (m) 55.0 145.0 35.0 75.0 155.0 55.0 90.0
Roof thickness H (m) 1.50–1.75 0.85–1.50 1.50–2.00 2.00–2.50 2.50–3.00 3.00–3.50 3.50–3.90
Roof classification type II I II II III III IV

Table 3: Speculates the distance between the roof of the 12032 tailgates and the upper coal seam.

Distance to open-off cut L (m) 0–40 40–155 155–230 230–325 325–390 390–660 660–690
Roadway length l (m) 40.0 115.0 75.0 95.0 65.0 270.0 30.0
Roof thickness H (m) 2.20–2.50 2.50–2.80 2.00–2.50 2.50–3.20 2.20–2.50 2.50–3.50 3.50–3.70
Roof classification type II II II III II III IV

Table 4: Classification of coal roof types.

Classification type Characteristics of roof types *ickness between coal seams (m)
I Broken loose roof H≤ 1.5
II Crack through roof 1.5<H≤ 2.5
III Fractured roof 2.5<H≤ 3.5
IV Partially complete roof H＞ 3.5
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currently proposed based on the classification of the roof
conditions and the values of the damage coefficient dis-
cussed above. *e support forms and critical parameters of
the 12032 Longwall mining roadway are shown in Table 5
and Figure 7, in which different support patterns are pre-
sented in detail.

6.2. Verification of the Proposed Support Technique. To verify
the feasibility of proposed support technique in controlling
the integrity of the roadway surrounding rock, the case study
was conducted at the12032 longwall. *e width and the

center height of the trapezoidal roadway is 3.6m and 2.8m,
with 10.08m2 cross-sectional area. Based on the classifica-
tion of the roof conditions, the partition support technique
was applied. More detailed information about the support
parameters are presented below:

(1) Type-I roof condition: the hydraulic expansion bolts
and I-sectional steel frame are applied. In addition,
the high-strength rebar bolts together with the
φ18.9mm× 3300mm cables combined with the
beam are adopted to control the deformation of the
roadway ribs. *e row space for bolts and steel frame

Table 5: *e main support forms of mining roadway.

Classification type Characteristics of roof types Roof support form Support form of roadway side
I Broken loose roof Hydraulic expansion bolt + shed support Shed support + anchor cable support
II Crack through roof Short bolt +Anchor cable Short bolt + short anchor cable
III Fractured roof Bolt +Anchor cable Bolt + short anchor cable
IV Partially complete roof
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Figure 7: Support section of the roadway: (a) class-I roof roadway, (b) class-II roof roadway, and (c) class-III/IV roof roadway.
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is with the constant value of 700mm. Note that the
line space between the bolts in the roof and the ribs
are 650mm and 700mm, respectively.

(2) Type-II roof condition: the roof is supported by
high-strength rebar bolts and the
φ18.9mm× 8300mm cables with the additional

(a) (b) (c)

Figure 8: *e effect of roadway support in 12032 longwall: (a) class-I roof roadway, (b) class-II roof roadway, and (c) class-III/IV
roof roadway.
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Figure 9: Monitoring results of roadway deformation in 12032 longwall: (a) class-I roof roadway, (b) class-II roof roadway, and (c) class-III/
IV roof roadway.
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pressure release apparatus, and the row space and
line space of roof support are 700mm and 650mm,
respectively. *e high-strength bolts and the
φ18.9mm× 3300mm cables are also used to main-
tain the stability of the roadway ribs. *e same value
of the line space and row space (i.e., 700mm) for rib
supports are adopted.

(3) Type III/IV roof conditions: the high-strength rebar
bolts and cables were used as the primary support.
Different from the above support design, the larger
value (800mm) of the row space was adopted for
roof support. In addition, the value of the line space
for rib support also increased to 800mm and
700mm, respectively.

As depicted in Figures 8 and 9, the deformation of
surrounding rock with type-I roof condition is 219mm in
axial direction and 412mm along the horizontal direction,
respectively. *e values of this mentioned deformation are
224mm and 356mm for the roadway with the type-II roof.
*e deformation of the roof, floor, and ribs is with the
smaller values when the support technique was adopted for
the roadway with type-II roof condition. It indicated that the
proposed partition support technique is effective and fea-
sible in sustaining the integrity of surrounding rock.

7. Conclusion

*is paper presents a comprehensive research on the sta-
bility controlling of the roadway driven in the steeply
dipping coal seam with close distance. *e detailed nu-
merical simulation was carried out via the Universal Distinct
Element Code (UDEC) based on the concise analysis of the
geological and mining conditions of the research area,
followed by the classification of the roof conditions with the
consideration of the damage coefficient. *e case study was
then conducted and the feasibility of the proposed asym-
metric and partition support technique was verified. *e
following conclusions can be obtained from this research:

(1) *ere is a stress concentration on the floor of the
residual coal pillar. *e maximum vertical stress is
generally below the centerline of the coal pillar, while
the maximum horizontal stress is above the cen-
terline of the coal pillar. Moreover, the peak shear
stress above the centerline of the coal pillar is gen-
erally larger than that obtained from the other side.

(2) *e roadway roof are classified into four groups
based on the actual exposure of the strata, which are
broken and loose roof, crack-extended roof, fissures
developed roof, and relative intact roof, respectively.

(3) It is feasible to use the asymmetric and partition
support technique to maintain the stability of the
surrounding rock, as verified by the case study
conducted at the 12032 longwall.

Note that the surrounding rock of the roadway is a
heterogeneous material in nature, which is not well
accounted for in the present research. To obtain the in-depth
understanding about the deformation characteristic of

surrounding rock of steeply dipping coal seam, the further
research with the consideration of initial cracks in sur-
rounding rock should be well considered.
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,e height of the fractured zone caused by coal mining is extremely significant for safely mining under water, water conservation,
and gas treatment. At present, the common prediction methods of overburden fractured zone height are only applicable to thin
and medium-thick coal seams, not suitable for thick and extra-thick coal seams. In order to determine the overburden fractured
zone distribution characteristics of extra-thick seam mining, failure process analysis method of overlying strata was proposed
based on key strata theory. ,is method was applied to 15m coal seam of Tongxin coal mine, and fractured zone height was
determined to be 174m for 8100 panel. EH4 electromagnetic image system and borehole televiewer survey were also conducted to
verify the theory results. ,e distribution of the electrical conductivity showed that the failure height was 150–170m. Observation
through the borehole televiewer showed that the fractured zone height was 171m.,e results of the two field test methods showed
that the fractured zone height was 150–171m, and it was consistent with the theory calculation results. ,erefore, this failure
process analysis method of overlying strata can be safely used for other coal mines.

1. Introduction

,e deformation and failure are changed by the mining
process. After coal is mined out, overlying strata will deform
and break, and the overlying strata can be classified to caved
zones, fractured zones, and continuous bending zones. ,e
fractures formed in the overburden are the channels for
mine water inrush. ,us, the development process of
fractures in the overburden is the basis for determining the
occurrence, and predicting and formulating control mea-
sures for mine water inrush [1]. At the same time, in order to
properly lay out the mine and to efficiently drain the
methane gas, it is also extremely important to accurately
determine the fracture characteristics of the overburden
[2, 3]. At present, the commonly used guide height pre-
diction methods in my country are the empirical formulas
given in the 《Code for Building, Water, Railway, and Main
Roadway Coal Pillar Setting and Compression Coal Min-
ing》, but these formulas are only applicable to thin coal

seams and medium-thick coal seams. For thick and extra-
thick coal seams, there is no suitable theory for determining
overlying failure height.

Some scholars at home and abroad have conducted a lot
of research on the failure height of thick coal seams. Liu et al.
studied overburden failure characteristics in deep thick loose
seam and thick coal seam mining [4]. Wang al. used mi-
croseismic monitoring system, ground penetrating radar,
and borehole televiewer system, and the height of water
flowing fractured zone of fully mechanized top caving was
monitored [5]. van Schoor applied in-mine electrical re-
sistance tomography (ERT) to map potholes and other
disruptive features ahead of mining [6]. Kidybinski and
Babcock used a two-dimensional finite element method of
stress analysis to study the development of the fracturing
process within the roof rock of a longwall face in a coal mine
[7]. Palchik studied the fractured zones caused through the
change in natural gas emission during longwall coal exca-
vation [8]. Mills et al. measured shear movements in the
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overburden strata ahead of longwall mining [9]. Ju et al.
studied the effect of sand grain size on simulated mining-
induced overburden failure in physical model tests [10]. Sun
et al. used distributed optical fiber sensing to detect over-
burden deformation and failure in a mining face [11].
Application of magnetotelluric method to the detection of
overburden failure height in shallow seam mining is done
[12]. Chen et al. used RFPA software to simulate the whole
process of overburden deformation and caving during
mining and determined the fractured zone height [13].
Wang applied microseismic monitoring method to deter-
mine the fractured zone height [14]. Wang et al. studied the
process of overburden failure in steeply inclined multiseam
mining: insights from physical modelling [15]. Liu et al. used
numerical simulation software FLAC3D to investigate
overburden failure characteristics in deep thick loose seam
and thick coal seam mining [4]. Xu et al. analyzed the
overburden migration and failure characteristics after
mining shallow buried coal seams with thick loose layer
based on actual measurement data and simulation results
[16]. Peng et al. analyzed main controlling factors of
overburden failure in coal mining under thick coal seam
geological conditions [17]. Yang et al. studied the evolution
characteristics of two-zone failure mode of the overburden
strata under shallow buried thick seam mining using
physical modelling and on-site observation [18]. Judging
from the research progress at home and abroad, few people
have established mechanical model of overlying rock
structure to analyze the overburden failure height.

In this paper, 8100 panel of Tongxin coal mine in China
was selected as a research object. Failure process analysis
method of overlying strata was proposed based on key strata
theory. EH4 electromagnetic image system and borehole
televiewer survey were conducted to verify the theory results.
,e results can provide a guidance for mining safety and
economy.

2. Geology and Mining Conditions

,e Tongxin Minefield is located in the north east of the
Datong Coalfield, China, and it belongs to the east wing of
the Datong syncline. ,e basic structure is a monoclinic
structure that strikes N10∼55°E, tendency northwest, high in
the east and low in the west. ,e stratum dip is generally
3–10°. In the southeast and the south, the stratum dip near
the coal seam outcrop is steep, generally 30–80°, and it is
upright and inverted locally. ,e dip angle of the formation
to the northwest quickly becomes flat. ,e mine field
structure is simple. ,ere are few faults in the minefield, and
there are two normal faults. ,e faults are spread along the
NNE direction and tend to the northwest. ,ere are two
larger folds in the minefield, namely, the Diaowozui syncline
and the Hanjiayao anticline, and there are second-order
small folds associated with them.

Panel 8100 of No. 3–5 seam was selected for this study.
Its average thickness was 15.3m, and the dip is 2°∼3°. ,e
thickness of the coal seam varies a little.,e roof strata above
No. 3–5 seam are shown in Table 1, and hard strata account
for a large part. ,e panel width along the dip direction was

193m, and the panel length along the strike direction was
1406m. ,e top coal caving method was used to extract the
full seam thickness with mining height 3.9m at the bottom
of the seam and the remaining 11.4m on the top by natural
caving. ,e gob of No. 14 seam located 190m above the No.
3–5 seam covered about half of the panel length. ,e width
of the section coal pillar was 38m, and the speed of mining
face was 5.6m every day. Shield type low-level top coal
caving hydraulic support was used in this longwall face, and
its type was ZF15000/27.5/42.

3. Determination of FailureHeight of Overlying
Strata Based on Key Strata Theory

3.1. Determination of Key Strata. For the hard roof group
structure with different thickness, the bearing capacity of the
roof of each stratum should be clarified to determine the
bearing capacity of the roof group structure. ,e bearing
capacity of the multistrata roof composite structure satisfies
the following relationship [19, 20]:
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where (qn)m is the load imposed by the roof of the nth
stratum on the roof of the mth strata; m, n, iare No. of roof
rock stratum; Em is the elastic modulus of the mth strata
MPa; hm, hi are the thickness of the mth strata and the ith
strata, m; ci is the volume-weight of the ith strata kN/m3.

In the process of deformation of the key strata, simul-
taneous deformation happens to the overlying strata con-
trolled, while the lower strata are not deformed. ,us, the
load it bears no longer needs to be borne by the lower rock. If
the nth strata are the roof of the key strata, the following
relationship shall be satisfied [21, 22]:

qn( m< q(n−1) 
m

, (2)

where (qn)m is the load kNimposed by the nth strata on the
mth strata; (q(n−1))m is the load kNimposed by the
(n − 1)strata on the mth strata.

At the same time, the key strata need tomeet the strength
conditions. If the failure span of the lower hard stratum is
less than that of the upper hard stratum, the strength cri-
terion of the key strata is [23]

l(n+1) > l1, (3)

where l(n+1)is the failure span of the n + 1strata, m; l1is the
failure span of the lth strata, m.

3.2. Failure Process Analysis of Upper Overlying Strata.
Fixed beam mechanical model is used to estimate limited
span of hard stratum [24]:
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where his the thickness of the strata, σtis the ultimate tensile
strength of the strata, and qis the strata load.
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For the weak strata, the limited span at the maximum
horizontal tensile strain [25] is

lR � h
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8Eεmax

3q



, (5)

where Eis the elastic modulus of the strata, and εmaxis the
maximum horizontal tensile strain of the strata.

,e maximum deflection of the weak strata [25] is

ωmax �
5ql

4

384EI
, (6)

where lis the limited failure span of the rock strata; Iis the
moment of inertia of the section.

,e free space height underneath the rock strata [26] is

Δi � M − 
i−1

j�1
hj kj − 1 , (7)

where Δiis the free space height underneath the ith strata;
Mis the coal seammining height; hjis the thickness of the jth
strata; kjis the residual frosting coefficient of the jth strata.

,e critical mining length at failure [27, 28] is

L � 

m

i�1
hi cot φq + l + 

m

i�1
hi cot φh, (8)

where: mis the number of strata between coal seam roof and
the lower part of the strata; hiis the thickness of the ith strata;
φqand φhare the front and rear fracture angles of the strata,
respectively.

,e overlying strata failure process is affected by the
tensile strength of the key strata, the antistrain ability of the
soft rock strata, the free space height beneath the rock
formation and the propulsion distance of the working face,
etc. ,e evolvement of overlying strata failure can be judged
by the relationship between the failure of key strata and the
soft rock and the free space height beneath them. Specific
judgments are shown in Figure 1.

3.3. Analysis of Overlying Strata Failure of TongxinCoalMine.
Since the Jurassic mined-out area is located about 190m
above the 8100 working face, the calculated scope of the key
strata ends with the Jurassic mined-out area. ,ere are 25
strata between the 8100 working face and the Jurassic coal
seam, among which hard sandstone and conglomerate
predominate. According to identification conditions of the
key strata, each key stratum of overlying strata above the
8100 working face is identified combined with formulas
(1)–(3), with the results shown in Table 2.

According to the identification results of the key strata
and the identification formulas (4) to (8), and according to
the overlying strata failure height identification process
(Figure 1), the development of overlying strata failure is
determined (Table 3), when the working face advanced to
different positions. It can be seen from the table that the
inferior key strata I and the inferior key strata II are broken
when the working face advances to 55m and 109m, and the
controlled strata above them are destroyed. Overlying strata
have a failure height of 32m and 143m. When the face is
advanced to 193m, the key strata III are broken. Overlying

Table 1: Characteristics of overlying strata.

No. Lithology Elastic modulus (GPa) Tensile strength (MPa) Bulk force (kN/m3) ,ickness (m)
1 Sandy mudstone 18.35 5.47 26.31 3.2
2 K3 sandstone 36.21 7.68 25.44 5.3
3 Medium sandstone 29.57 6.14 26.73 7.7
4 Fine sandstone 35.54 7.81 27.12 2.1
5 Siltstone 23.64 4.97 26.45 5.3
6 4 coal 4.20 1.27 10.36 2.1
7 Siltstone 23.35 4.25 25.78 2.4
8 Kernstone 20.32 4.82 24.21 4.3
9 Fine sandstone 35.62 8.20 25.62 14.8
10 Conglomerate 28.43 4.34 27.35 12.9
11 Kernstone 19.98 5.24 23.89 3.5
12 Conglomerate 28.74 4.34 27.10 12.0
13 Medium sandstone 29.62 7.01 25.52 13.7
14 Siltstone 23.48 4.45 24.58 3.2
15 Fine sandstone 35.21 7.93 27.17 10.7
16 Conglomerate 28.64 4.23 26.95 4.6
17 Fine sandstone 36.01 7.87 26.51 10.3
18 Siltstone 23.17 4.52 25.20 10.5
19 Sandy mudstone 18.46 5.81 25.98 6.9
20 Conglomerate 28.42 3.92 27.15 5.1
21 Sandy mudstone 18.56 4.14 26.51 2.9
22 Fine sandstone 36.12 8.11 26.82 10.7
23 Kernstone 21.31 5.34 25.24 14.3
24 Fine sandstone 35.87 8.64 27.54 6.2
25 Kernstone 20.12 5.42 25.37 25.4
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strata fracture develops to the bottom of the main key strata,
and overlying strata have a failure height of 174m. As the
face continues to advance, the fracture zone develops to the
lower part of the main key strata, because the tendentious
suspension and exposure span of the main key strata are less
than its limit span.

4. Survey of Water Conducting Fractured Zone
Height by Electromagnetic Image System

4.1. Survey Schemes. ,e EH4 continuous conductivity
imaging system uses artificial emission signals to compen-
sate for the deficiencies of certain frequency bands of natural
signals to obtain high-resolution resistivity imaging.

EH4 electromagnetic imaging system was used in panel
8100 to classify the fractured and caved zones of the over-
burden by utilizing the different electrical conductivity
characteristics of various strata.,e survey was performed in
three stages: (1) premining of intact overburden in May
2011; (2) postmining of mined-out gob in August 2011; and
(3) postmining after movement of overburden had stabilized
in May 2012. Two survey lines were laid out in panel 8100
(see Figure 2). Survey line #1 was located in area of panel
8100, where no mining would be performed, while survey
line #2 was located above the gob of panel 8100.,e length of
survey line #1 was 160m, containing nine measuring points.
Survey line #2 was oriented at N21°W. It was 340m long and

contained 18 measuring points. In the second and third
stages of surveys, survey was repeated along survey lines #1
and # 2. When the second stage of survey was performed, the
panel had been mined out for one month. When the third
stage of survey was performed, the panel had beenmined out
for 10months.

4.2. Analysis of Survey Data. Figure 3 shows the two-di-
mensional Earth resistivity inversion of survey line #1 at
each stage (double black dashed line is the seam position).
According to the resistivity distribution, resistivity was
higher, and there was little change in the area surrounded by
red dotted line, and this area can be inferred to be a caving
zone.,e blue dashed line was the boundary of high and low
resistivity, so the area between blue dashed line and red
dotted line was a fracture zone. It can be seen from
Figure 3(a) that the resistivity contours are smooth and
continuous; there is little abnormal change of electrical
conductivity density and no dislocation. ,e distribution of
resistivity contours is layered except some fluctuations in
shallow layers. ,e results confirmed that this area was not
affected by coal mining, and the overburden was undis-
turbed. Similarly, it can be seen from Figure 3(b) that there
were closed contour lines of abnormal electrical resistivity in
an area bounded in the horizontal direction between 80m
and 180m and in the vertical direction between +800m and
+880m (the red dotted line). ,is abnormal area coincides

The weak
strata

If horizontal
tensile strain is 

larger than 
maximum

If free space 
height is lager 

than 
maximumdeflectio

The key
strata

If span is larger
than limited 

span?

Does the free 
space is exist?

Overlying strata
failure stop.

Overlying strata
failure go on.NO

NO

NO YES

YES

Figure 1: Judgment flow chart for height of fractured zone.

Table 2: Identification results of key strata.

No. Lithological characters ,ickness (m) Key strata Failure span (m) Distance from roof of coal seam (m)
Y25 Kernstone 25.4 Main key strata 104.18 174.6
Y22 Fine sandstone 10.7 Inferior key strata III 76.82 143.5
Y9 Fine sandstone 14.8 Inferior key strata II 67.44 32.4
Y2 K3 sandstone 5.3 Inferior key strata I 52.18 3.2

Table 3: Initial failure of each key strata with advancement of the working face.

Advancement of face (m) Failure height of overlying strata (m) Initial failure of key strata
55 32 Y2 (inferior key strata I)
109 143 Y9 (inferior key strata II)
193 174 Y22 (inferior key strata III)
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with the dimensions of panel 8100 shown in Figure 1.
,erefore, it can be inferred that this high resistance
anomaly area was the caved zone about 80m high. ,e blue
dashed line was the boundary of the fractured zone. It was
about 150m high. ,e continuous deformation zone cov-
ered the area from the boundary line of the fractured zone to
ground surface. Again it can be seen from Figure 3(c) that
high resistivity was distributed within a certain distance
above the coal seam (double black dashed line is the seam
position). Within this area, the resistivity contours were
smooth, continuous, and layered, indicating that overbur-
den movement had reached a steady state after one year of
mining. Loose rocks and fractures are the cause of high
electrical resistance. Resistivity contours are restored to the

smooth layered distribution found in premining condition
after overburden strata movement ceased and became
compacted.

Figure 4 shows the two-dimensional earth resistivity
inversion of survey line #2 at each stage (double black dashed
line is the seam position). It can be seen from Figure 4(a) that
there was a closed contour line bounded in the horizontal
direction between 80m and 300m and in the vertical di-
rection between +800m and +900m (the red dotted line).
,e abnormal area was matched with the dimensions of
panel 8100 shown in Figure 1. ,erefore, it can be inferred
that this high resistance anomaly area was the caved zone
about 100m high. ,e blue dashed line was the boundary of
the fractured zone. It was about 170m high. ,e continuous
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Televiewer hole

8100 top return airway road

5100 road

2100 road
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Figure 2: Panel layout.
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Figure 3: EH-4 two-dimensional inversion profiles of survey line #1. (a) ,e first stage (May 2011). (b) ,e second stage (August 2011).
(c) ,e third stage (May 2012).
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deformation zone covered the area from the boundary line
of the fractured zone to the ground surface. ,e abnormal
region in Figure 4(b) is consistent with the region in
Figure 4(a).,ere was a closed contour line in the horizontal
direction between 80m and 300m and in the vertical di-
rection between +800m and +900m. So, it can be inferred
that the caved zone is about 100m high, and the fractured
zone is about 170m high. It can be seen from Figure 4(c) that
resistivity contours were smooth, continuous, and layered,
indicating that overburden movement had reached a steady
state after one year of mining. Loose rocks and fractures are
the cause of high electrical resistance. Resistivity contours
are restored to the smooth layered distribution found in
premining condition after overburden strata movement
ceased and became compacted.

Table 4 is the summary of the EH4 geophysical survey
results. ,e caved and fractured zones height at Tongxin
mine was 150–170m after mining of panel 8100 or 10 to 12
times of mining height (mining height� 15m).

5. Determination of Fractured Zone Height of
Water Conductivity by Borehole Televiewer

,e fractured zone height of water conductivity of panel
8100 was determined by using the JL-IDOI (A) Drilling TV
Smart Imager (Figure 5) in July 2011. ,e surface borehole
was located in the gob of panel 8100 about 456m from the
panel stop line. ,e distance between the borehole and 2100
transport road was 32m (Figure 1). ,e vertical distance
between borehole mouth and coal seam floor was 437.5m,
and the bottom end of the borehole was 60m above the coal
seam roof.,e data collected by the borehole televiewer were
used to analyze the fractures in various strata, and finally, the
caved and fractured zones were determined.

Analysis of the images as viewed from the borehole
televiewer indicated that the observation segments can be
divided into four parts (Figure 6). ,e first part was the tiny
fissure zone. It was 159–171m from the coal seam floor. In
this region, the fine sandstone is more or less intact with
localized microcracks. ,is region was located within the

fractured zone. ,e second part was the visible fractured
zone, being located 90–159m from the coal seam floor.
,ere were visible crisscross cracks with bed separations.
,e third part was bed separation fractured zone, being
located 60–90m from the coal seam floor. In this region,
broken rock, bed separation, and intact rocks alternated.
,is part bordered the caved zone. ,e fourth part was the
badly broken zone, being located 0–60m from the coal seam
floor. Based on the above analysis, the caved zone height was
about 90m, that of the fractured zone was 81m, and the
height of overburden failures was 171m (Figure 7).

In the 《code for coal pillar setting and coal mining
under pressure in buildings, water bodies, railways andmain
roadways》, overlying failure height can be determined by
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Figure 4: EH-4 two-dimensional inversion profiles of survey line #2. (a) ,e first stage (May 2011). (b) ,e second stage (August 2011).
(c) ,e third stage (May 2012).

Table 4: EH4 survey results showing the height of the two zones in
the gob.

Survey line Caved zone height (m) Fractured zone height (m)
1 80 70
2 100 70

Ground surface

Panel 8100

Detector

Data transmission
cable

Transfer rod
Borehole Borehole televiewer

Mining depth
H1 = 450m

H

Figure 5: Borehole televiewer survey for roof strata.
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(9) and (10) for thick coal seam under hard roof. ,e final
calculation is based on the maximum value. Mining height is
15.3m, and overlying failure heights are 66.25m, 85.05m,
and 127.34m calculated by (9) and (10).,erefore, overlying
failure height was 127.34m based on the code.

According to the above calculated results, the over-
burden failure height of the extra-thick coal seam was higher

than that of the conventional thickness coal seam. It might
be caused by the key strata.

Hli �
100 M

1.2 M + 2.0
± 8.9, (9)

Hli � 30
�����

 M



+ 10. (10)
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Figure 6: Damage characteristics of the hole wall.
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Figure 7: Caved and fractured zone heights.
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Overlying failure heights determined by different methods
are shown in Table 5. For theory calculation, EH4 electro-
magnetic imaging system, and borehole televiewer, the heights
are nearly on the same level. So, the height of 170–174m can be
safely used. But the height calculated by the code is much lower
than that of othermethods.,e equations proposed frommany
coal mines 20 years ago were outdated in the code, and the data
was not complete for new mining methods, and new roof
conditions and newmining height were applied in recent years.

,e distance between panel 8100 in the No. 3–5 seam
and the overlying No 14 seam was 190m, more than the
height of overburden failure zone. ,erefore, cracks in the
No. 3–5 seam did not connect to those in the No. 14 seam.
,e determination of the damage height of the overlying
rock in the Tongxin Mine is of great significance to the
prevention of mine water inrush accidents and gas control in
the goaf of multiple coal seams and is beneficial to ensuring
the safe production of the mine.

6. Conclusion

In China, there are few theories that can determine overlying
failure height for thick and extra-thick coal seams. In order
to understand the overburden movements of the longwall
top coal caving mining, the key strata theory, EH4 geo-
physical survey, and borehole televiewer observation were
applied to study this issue. ,e conclusions in this paper can
be summarized as follows:

(1) ,e key strata controlling some overlying strata can
affect overburden failure process. Applying key strata
theory, the failure height was determined of 174m.

(2) ,rough EH4 geophysical survey and borehole
televiewer survey, the failure height was 150–171m.
,e value is nearly the same as the key strata theory;
therefore, the theory can be safely used for deter-
mination of overburden failure.

(4) ,e failure zone does not approach upper goaf, and
the gas in the upper goaf will not threaten the mining
of the 8100 working face. ,e determination of the
damage height of the overlying rock in the Tongxin
Mine is of great significance to the prevention of
mine water inrush accidents and gas control in the
goaf of multiple coal seams and is beneficial to en-
suring the safe production of the mine.
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0e existence of large-scale weak zone will have a great adverse impact on coal mining in high confined aquifer. Taking the
Wutongzhuang Coal Mine which is threatened by high-pressure water as an example, this paper studies the difference between the
microseismic events before and after mining and analyzes the influence of the large size weak zone on the coal mining on the
confined aquifer. 0e research results show that the microseismic characteristics of the large soft weak belt are small number of
events, the spatial distribution of events is concentrated, and the energy level is large. 0e amplitude of microseismic events is
higher, and the proportion of large events in microseismic events is larger than that of small events; the characteristics of
microseismic events caused by mining face mining are that the number of events is more, the distribution of events is loose, the
distribution of roof and floor is more, the energy level is less, the amplitude is smaller, and the proportion of small and medium
events in microseismic events is larger than that of large events. Due to the joint influence of large-scale weak zone of floor and
mining, the floor in the middle area of working face is affected by mining, the number of microseismic events in each aquifer
increases suddenly, the karst fissures between the aquifers are further developed, and there is a trend of transfixion. 0erefore,
measures such as floor grouting should be taken to reinforce the large-scale weak zone before mining.

1. Introduction

Mine water disaster is one of the five major disasters in coal
mines in China [1]. Coal mine water inrush accidents ac-
count for a large proportion of coal mine disasters, causing
heavy losses to the country and people’s lives and property
[2]. According to statistics, about 60% of coal mines in China
are affected by confined water to varying degrees, and the
area and the severity of water disaster rank first amongmajor

coal-producing countries in the world [3]. Take Wutongz-
huang Coal Mine as an example. It is typical coal mining on
confined water in the “three underground and one water-
borne circumstances” special mining [4]. In recent years,
with the increase of mining depth, the Wutongzhuang Coal
Mine has been more and more threatened by high-pressure
o.l. water [5, 6]. Even if water disaster prevention measures
are taken, water inrush accidents still occur [7]. 0erefore,
studying the mining of coal seam on confined water and
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avoiding the occurrence of water inrush from the floor are an
urgent problem to be solved [8].

China is a country that started to study coal mining on
high confined water relatively early in the world and has
achieved a lot of results. Xie et al. [9] started from the
mechanism of hydraulic fracturing and analyzed the per-
meability changes to infer the risk of water inrush from the
floor and introduced the concept of damage. Xu et al. [10]
studied the mining failure of coal mining floor under high
confined water and the formation and evolution of water
inrush channels through on-site monitoring and numerical
simulation. Li and Xu [11] established a physical model to
prevent water inrush disasters from the collapse column
using the comprehensive methods of theoretical analysis,
similar simulation, and digital simulation. Zhao et al. [12]
put forward the key technology of advanced treatment of o.l.
water damage in the ground area, and it has been widely
used. Dong et al. [13] and Wang et al. [14] put forward the
idea of using a weathering zone at the top of the Ordovician
limestone which has better water blocking performance as a
water-repellent layer, and they conducted a study on its
availability and established a criterion for the thickness of
the rock section on top of Ordovician limestone. Xu et al.
[15] used borehole ultrasonic detection, core indoor ul-
trasonic transmission, and point load test methods to study
the damage and destruction degree of the floor rock before
mining working face in the upper and lower coal seams of
the confined water, and they obtained the rock elastic
modulus. 0e density, lithology, and completeness of rock
mass show a nonlinear positive correlation. Ma [16]
combined method of transient electromagnetic method
and radio wave perspective method to comprehensively
detect the internal water-conducting structure of the
working face under the effect of high confined water and
achieved good results. Wei et al. [17] and others used
numerical simulation and similar simulation methods to
analyze the degeneration characteristics of the roadway
under the effect of high confined water. Chen et al. [18]
used the knowledge of mechanics combined with the
“drilling double-ended side leakage plugging device” to
study the evolution of cracks in the mining rockmass under
high confined water. Xu and Gao [19] established a me-
chanical model to theoretically analyze the mechanism of
water inrush from a working face cross-fault under high
confined water conditions. Wang et al. [20] analyzed the
failure law of complex rock during UCA mining and
proposed a method for predicting the danger zone of
support fractured water inrush. Yu et al. [21] used the
fractal dimension method to partition the structural
complexity of the study area and evaluated the risk of water
inrush from the deep coal seam floor by mining above the
confined aquifer in the mining area. Duan and Zhao [22],
by analyzing some water inrush cases, put forward four
main factors that affect water inrush from coal seam floor
and established a mechanical model for the homogeneously
broken and weak rock layer of the floor water-insulating
layer. Li [23] introduced the development history of various
geophysical prospecting technologies such as underground
electrical methods, transient electromagnetics, electrical

perspective, radio wave tunnel perspective, and channel
wave seismic in China and discussed the development
direction of the discipline.

0e microseismic monitoring method has been widely
used in coal mines. In recent years, many scholars havemade
a series of achievements in the field of microseismic events.
Ge and Han [24] proposed an imaging method for reverse-
timemigration of the structure below themicroseismic zone.
Lou et al. [25] used microseismic monitoring methods to
analyze and study the stress conditions in the goaf and the
rearrangement of the fracture zone. Wang et al. [26] pro-
posed a source-independent objective function based on
convolving reference traces, which avoids the cycle jump
phenomenon caused by unknown sources and improves the
accuracy of estimating the location of the seismic source.
Hao et al. [27, 28] studied the fracture characteristics of coal
under dynamic load through uniaxial compression tests and
studied the influence of bedding cleats on it, and they found
in subsequent studies that microseismic events occur when
the coal bedding dip is 45° at most. Hao et al. [29] used a
quantitative analysis method to construct three physical
models and combined numerical simulation to analyze the
influence of the main principal stress directions on the
long axis of the tunnel on the stability of the underground
tunnel. Zheng et al. [30], based on the limit equilibrium
method and genetic algorithm, proposed a newmethod for
stability assessment of ABRS considering seismic inertial
forces. 0e effects of seismic and mechanical properties of
rock strata on the failure mechanism of ABRS are dis-
cussed. Zhang et al. [31] proposed a new method based on
VMD to distinguish between coal and rock fracture and
blasting vibration microseismic signals by processing the
signal. Chen et al. [32] evaluated the effect of hydraulic
fracturing by analyzing the number of microseismic events
and energy changes caused by high-pressure hydraulic
fracturing. 0e Brune model and grid search method were
used to calculate the source parameters, and the rela-
tionship between M-0 and other source parameters was
analyzed. 0e relationship between M-w (moment mag-
nitude) and M-L (local magnitude) of microseisms in-
duced by hydraulic fracturing is obtained. Amad et al. [33],
through the joint inversion of source location and distance
tensor, reconstructed the space and role of (micro) seismic
events and constructed a full-waveform technology. Estay
et al. [34] obtained the b value of seismic activity related to
mining by studying the time decay law of seismic activity
after rockburst and large-magnitude events occurred in
the aftershock sequence of the mine. Liu et al. [35] pro-
posed a microseismicity-based method for the dynamic
estimation of the potential rockburst scale during tunnel
excavation.

In summary, it can be seen that there are a large number
of results in exploration, mechanical models, and similar
simulations in high-pressure water mining. However, there
are few studies on the microseismic characteristics of ex-
cessively large-sized weak zones before mining. 0erefore,
this paper uses the data collected by the microseismic
monitoring system to study the difference between the
large-scale weak zone near the F702-11 fault in the front
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floor before and after the mining of Wutongzhuang Coal
Mine 182703 working face, and it analyzes the impact of
large-size weak zones on coal mining above confined
aquifers and provides technical guidance for coal mine
safety production.

2. Project Profile

Wutongzhuang Coal Mine is located in Handan City, Hebei
Province. It is one of the main mines of Jizhong Energy
Fengfeng Group, with a design production capacity of
3.0Mt/a. 0e hydrogeological conditions are extremely
complex, and the ground temperature of the mine affected
by the geological structure is higher than that of other mines
in the group [36, 37].

0e 182703 working face is located in the seventhmining
area, the east is the designed 182704 working face, the west is
the 182702 mined area, the south is the F2-2 fault, and the
north is the south belt transportation lane with no other
excavation condition. 0e No. 2 coal seam is mined at the
working face, the coal bulk density is 1.35 t/m3, the mining
area is 145071m2, the industrial reserves are 0.722Mt, and
the recoverable reserves are 0.686Mt.0e strike length of the
working face is 683m, with an average of 683m; the in-
clination length is 94m～252m, with an average of 212m;
the inclination of the working face is 1°∼36°, with an average
of 25°; the maximum coal seam thickness is 4.2m, the
minimum is 3.0m, and the average is 3.69m. 0e buried
depth of the working face is about 660 meters, and the direct
top lithology is sandy shale, which is brittle and compact.

3. Distribution of Large-SizeWeak Zones in the
Working Face

According to the data provided by the Wutongzhuang Coal
Mine Geology Department, in the 182703 working face,
there are many weak zones dominated by faults, and the fault
occurrence is shown in Table 1. Figure 1 shows the distri-
bution of abnormal weak bands on the working face mea-
sured by the transient electromagnetic method. Figure 2
shows the cross-sectional view of the weak fault zone in the
working face.

4. Comparative Analysis of Microseismic
Events before and after Mining

4.1. Construction of the Microseismic Monitoring System

4.1.1. Layout of the Microseismic Monitoring System.
0ere are 11 geophones arranged in the upper and lower
tunnels and 2 underground monitoring substations for a
total of 15 channels on the 182703 working surface of
Wutongzhuang Mine. Among them, 3# and 7# are three-
component detectors, the others are single-component
detectors, 1#∼5# detectors are located in the lower groove,
and 6#∼11# detectors are located in the upper groove. 0ere
are 24-bit digital microseismic acquisition substations, re-
spectively, in the 182703 transportation roadway and the
182703 return airway, with a sampling frequency of 5 kHz.

0e monitoring layout is shown in Figure 3. In order to
avoid the influence of the loose circle of the roadway, the
geophones are buried at a depth of 6m and the spacing is
about 100m.

4.1.2. Transmission and Processing of Microseismic Moni-
toring Data. 0e microseismic monitoring data is contin-
uously collected in real time, and the underground optical
fiber is directly transmitted to the surface switch of Xing-
dong Coal Mine and transmitted to the microseismic
monitoring and monitoring center of the Academy of Coal
Science through the Jizhong Energy LAN (Figure 4).

0e 182703 working face monitoring system was set up
in April and began to collect data. 0e working face started
mining on May 17th. We compared the number of events,
energy, amplitude, and spatial distribution in the micro-
seismic monitoring data collected from April 1st to April
10th and May 18th to May 27th to analyze the impact of
mining work on microseisms.

4.2. Comparative Analysis of the Number of Microseismic
Events before andafterMining. Figure 5 shows the statistics of
the number of events before and after mining. From April 1st
to April 10th, before mining, there were a total of 340 events
collected. 0e number of events on April 10 was the least, with
15 events, and the number of events on April 3 was the most,
with 55 events, with an average of 34 events per day. FromMay
18 to May 27 after the mining, there were a total of 820 mi-
croseismic events collected, of which the number of events on
May 19 was the least, with 47 events, and the number of events
onMay 24 was themost, with 132 events, with an average of 82
events per day. After querying the data of the mine, it was
concluded that the increase in microseisms on May 24 was
caused by the roof first weighting.

From the comparison of the data in Figure 5, in terms of
quantity, it can be seen that the number of microseismic events
affected by mining activities has increased significantly in May.

4.3. Comparative Analysis of Microseismic Energy before and
after Mining. Figure 6 shows the comparison of micro-
seismic energy before and after mining. Figure 6 shows that,
from April 1st to April 10th, before mining, the minimum
energy was 4691 J on April 8, the maximum energy was
4614966 J on April 5, and the average daily energy was
1002882 J. After mining from May 18 to May 27, the lowest
energy was 2801 J onMay 21, the highest energy was 658864 J
on May 27, and the average daily energy was 119664 J. It can
be seen that the energy in April is an order of magnitude
higher than that in May, so it can be concluded that before
the working face was mined in April, the cause of the mi-
croseismic event was due to the existence of a weak zone in
front of the working face, which was affected by the geo-
logical tectonic movement of the coal mine, causing a large
microseismic event, so the energy is huge. 0e microseismic
event in May is caused by mining activities, although the
number is large, but the energy is much smaller than the
energy generated by the weak zone.
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Table 1: Occurrence characteristics of weak zone in 182703 working face.

Construct name Trend Tendency Dip angle (°) Type Falling head (m)
F702-10 N5°E SW 65 Normal fault 2
F702-11 N58°W SE 70 Normal fault 1.2
F703-12 N18°E SE 80 Normal fault 7.2
F703-13 N24°E SE 80 Normal fault 2.7
F703-15 N44°E SE 67 Normal fault 6
F703-16 N50°E SE 55 Normal fault 3.5
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Figure 7 is a graph of cumulative energy and cumulative
events. It can be seen from Figure 7 that the cumulative
number of microseismic events is higher after mining, but in
terms of cumulative energy of microseisms, the large-size
weak zone was affected by the geological tectonic movement
resulting in the dislocation of the large-size weak zone before

mining, which caused a large microseismic event, resulting
in a surge in energy, which was an order of magnitude higher
in energy data than after mining.

It can be seen from the comparison diagrams of
Figures 5–7 that the microseismic events monitored in April
were caused by the large-scale weak zone in front of the
working face that was affected by the movement of geo-
logical tectonic movement and caused the large microseis-
mic event. Its manifestation is large energy and small
number of events. 0e microseismic events monitored in
May are microruptures caused by the mining activities. 0e
manifestation is low energy and large numbers of micro-
seismic events.

4.4. Comparison of the Amplitude of Microseismic Events
before andafterMining. Figure 8 is a comparison diagram of
the amplitude of microseismic events before and after
mining. It can be seen that, from April 1st to April 10th,
before mining, there was a microseismic event with a
minimum amplitude of 0.8597 on April 1st and a maximum
microseismic amplitude of 4.2951 on April 7th with an
average amplitude of 2.0751, and the microseismic ampli-
tude distribution was more even. From May 18th to May
27th, after mining, there was a microseismic event with a
minimum amplitude of 0.0934 on May 23rd and a micro-
seismic event with a maximum amplitude of 4.8481 on May
18th, with an average amplitude of 1.3903, and there were
more small amplitude events. 0erefore, it can be seen from
the comparison diagram of the amplitude of the micro-
seismic event that before the working face was mined in
April, the large-scale weak zone was affected by the geo-
logical tectonic movement and caused a large microseismic
event. Although the number of events is small, the energy
and amplitude are relatively large. In May, the working face
was affected by the continued mining activities to cause
small ruptures. 0ere were many microseismic events, but
most of them were small events with small amplitude and
low energy.

4.5. Analysis of the Spatial Distribution ofMicroseismic Events
before and after Mining

4.5.1. Distribution Characteristics of Microseismic Events in
Each Aquifer. Figures 9 and 10 are, respectively, the spatial
distribution of microseismic events. 0e sphere in the figure
represents the microseismic event, the size of the sphere
represents the amplitude of the microseismic event, and the
black curved surface is the No. 2 coal seam. By comparing
the spatial distribution map of microseismic events before
and after mining, it can be seen that the microseismic events
before mining are mainly floor events, and the distribution
range of the events is concentrated between −400 and −650
meters. Although the microseismic events caused by mining
activities are still mainly floor events, the roof events have
obviously increased. From the distribution range, it can be
seen that the distribution range of microseismic events after
mining is mainly concentrated between −400 and −800
meters, but there are still a small number of microseismic
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events extending to the top −200 meters and the bottom
−1000 meters. 0erefore, the distribution of microseismic
events caused by mining is wider, with a large number of
microseismic events on the floor and the roof, but the
magnitude of the microseismic events is smaller than that of
the large-scale weak band movement.

0e microseismic event distribution diagram
(Figures 11–14) was established through the microseismic
data collected by the microseismic monitoring system. From
Figure 11, it can be seen that the microseismic events
generated by tectonic activities in April were distributed in
the middle of the area on the plane, and the events that
occurred in the Ordovician limestone were mainly con-
centrated in the area of the F702-11 fault and extending to

F2-2 fault area, the distribution range of events that occurred
in the Ordovician limestone is relatively concentrated. It can
be seen from Figure 12 that the number of events that
occurred in the Ordovician limestone after mining in May
increased significantly compared to Figure 11, and they were
mainly distributed near the F702-11 fault area. However, the
number of events that occurred in the Ordovician limestone
was more dispersed than that in May, from the shallow part
of 2# coal to the Yeqing layer mainly concentrated near the
transport roadway and the return air trough and extending
to the open-off cut. 0e distribution of events is relatively
concentrated. 0e analysis reason is that, from the shallow
part of 2# coal to Yeqing layer mainly affected by mining
pressure, Ordovician limestone interval is mainly affected by
the o.l. water pressure.

Figures 13 and 14 are cross-sectional views perpendic-
ular to the transport roadway and the return air trough.
From Figures 13 and 14 it can be seen that microseismic
events occur in all aquifers, but the proportion of events that
occurred in the Ordovician limestone in the distribution of
microseismic events in May has increased significantly
compared to the proportion of events that occurred in the
Ordovician limestone in the distribution of microseismic
events in April, and the proportion of occurrences of mi-
croseismic events in the floor of Shanfuqing-the floor of
Daqing has decreased. At the same time, combining the
microseismic events of each aquifer in Figure 15, it can be
seen that the large-scale weak zone was distorted by the
geological tectonic movement in April, which mainly oc-
curred in the floor of Yeqing-the floor of Fuqing area, which
caused a significant increase in the proportion of micro-
seismic events in this area, and after themining inMay, since
no tectonic activity has occurred so far, it is only affected by
mining activities, so the distribution of microseismic events
in each aquifer is relatively even.
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4.5.2. 7e Relationship between the Variation of Water
Pressure in Different Aquifers and Microearthquakes. 0e
water pressure of aquifers with different depths is different,
which leads to different microseismic monitoring data.
According to the water pressure data collected by the mine
hydrological monitoring unit, there is a clear difference in
water pressure between the Yeqing limestone aquifer and the
mountain blue limestone aquifer. 0e water pressure of the
Yeqing limestone aquifer ranges from 1.6 to 7.1MPa. 0e
water pressure of the rock aquifer ranges from 1.3 to
8.8MPa. According to the microseismic profile, it can be
seen that the number of microseismic events in the

mountain bladder limestone aquifer is more than that of the
Yeqing limestone aquifer, which can indicate that there is a
certain connection between water pressure and microseis-
mic events, and the increase in water pressure will lead to the
increase in the number of microseismic events.

4.6. Microseismic Characteristics When Passing through the
Grouting Abnormal Area. 0ere are two abnormal grouting
areas on the working face. When the working face passes
through the abnormal grouting area, the microseismic
monitoring data has changed significantly compared with
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the normal grouting area. When the working face passes the
1# grouting anomaly zone, the accumulated energy of mi-
croseismic events from June 26th to July 10th, 2019, is
16575760 J, of which the minimum energy of the micro-
seismic event on July 9th is 7322 J and the maximum energy
of July 5th is 13242289 J. 0e average is 1105051 J. When the
working face passes the 2# grouting abnormal area, the
accumulated energy of microseismic events from September
6th to September 20th, 2019, is 29697036 J, of which the
lowest energy on September 6th is 1906 J and the highest
energy on September 15th is 7154687 J, with an average of
1979802 J. 0erefore, it can be seen that when the working

face gradually approaches and passes through the grouting
abnormal area, the number of microseismic events will
increase significantly. However, from the perspective of the
energy of microseismic events, most of the increased mi-
croseismic events (when the working face approaches the
grouting abnormal area) are mining activities. 0e roof
collapse event caused by the incident is manifested as a
large number of small energy events; when passing through
the grouting abnormal area, the surrounding rock deep in
the floor ruptures, resulting in microseismic events,
manifested in the form of large energy and large number of
events.
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5. Conclusion

0rough the quantitative processing of the data collected by
the microseismic monitoring system, a spatial distribution
diagram of microseismic events, a comparison diagram of
the number of events, and a comparison diagram of am-
plitudes have been established, combined with the actual
measurement before and after mining in theWutongzhuang
Coal Mine. 0e following can be concluded:

(1) 0ere is a large-scale weak zone in the floor of
Yeqing-the floor of Fuqing area in front of the
working face, and the cause of its dislocation is
geological tectonic movement.

(2) When the large-scale weak zone under the floor of
the working face is misaligned, the microseismic
feature is that the number of events is small, the
event spatial distribution is concentrated, the energy
magnitude is high, the amplitude is high, and the
proportion of large events in microseismic events is
greater than that of small ones. 0e characteristics of
microseismic events caused by working face stop-
ping are the following: the number of events is large,
the distribution of events is relatively loose, the roof
and floor are more distributed, but the energy level is
small, the amplitude is also small, and the proportion
of small and medium events in microseismic events
is greater than that of large ones.

It can be seen that there is a weak zone dominated by
faults under the floor of Wutongzhuang Coal Mine
182703 working face. When it is misaligned by the in-
fluence of geological tectonic movement, it will trigger a
large microseismic event, which is different from the
microseismic event caused by mining activities.

0e microseismic event caused by the weak zone dislo-
cation has a large energy level and is more dangerous to
the mine. It will aggravate the changes in the stability of
the floor aquifer during the mining and increase the
possibility of water inrush from the coal floor. 0erefore,
measures such as floor grouting should be taken in time to
enhance coal mine safety.

At the same time, it should also be noted that there is no
tectonic activity caused by mining at the current working
face excavation. 0erefore, this article only compares and
analyzes the microseisms caused by tectonic activity and
those caused by mining. If there is tectonic activity caused by
mining, it is inferred that the slight earthquake may be more
severe.
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Because top coal is not stable, a roadway with thick top coal often appears to mine pressure problems, such as bolt failure, cable
breakage, and roof caving. In particular, these problems are more serious in rockburst mines. Based on a cable breakage case of No.
3 roadway in Xingcun coal mine, the paper analyzed the stress and elastic energy evolution law of surrounding rock and stress state
of cable in the 3# roadway bymeans of the numerical simulationmethod.*us, the cable breakagemechanism of the roadway with
thick top coal in rockburst mine was revealed. *en, because surrounding rock grouting can reduce the stress concentration of
surrounding rock and cable, surrounding rock grouting technology was proposed as control technology of cable breakage. Finally,
parameters of surrounding rock grouting were designed and applied in the No. 3 roadway. *e field results showed that
surrounding rock grouting technology can be one of the solutions for cable breakage of roadway with thick top coal in rockburst
mine. *e research results of this paper can provide certain theoretical and practical value for mine pressure control of roadway.

1. Introduction

In China, with the increase of coal seam mining depth and
intensity, there are more and more rockburst mines.
According to statistics of the China National Administration
of Mine Safety, there are currently about 138 rockburst
mines. In these rockburst mines, the problem of mine
pressure is more serious. *rough the research and
implementation of occurrence mechanisms, hazard pre-
evaluation, real-time monitoring, and early warning, com-
prehensive prevention, and control, most rockburst
problems are gradually being resolved [1–6]. However, due
to unclear mechanisms and inadequate control technology
of rockburst under complex conditions, there are still some
rockburst phenomena, events, and accidents.

According to the consequences of damage, rockburst can
be divided into general rockburst (rockburst phenomenon),
destructive rockburst (rockburst events), and accidental
rockburst (rockburst accidents). Many engineers and
scholars pay more attention to the last two rockburst types
because of their more severe damage and more casualties.

For instance, Zhu et al. [7] analyzed the rockburst accident
in the first section of the working face of No. 3 and No. 4
mining area of layer 17, 3rd level north mining zone in Junde
coalmine. Wu et al. [8] studied the occurrence of dynamic
disasters during the horizontal sublevel mining of a steeply
inclined and extremely thick coal seam in the Wudong coal
mine. Yang [9] investigated rockburst accidents in some
typical coal mines, and the behavior and predisposing
factors of rockburst were analyzed. Li [10] analyzed several
rockburst events and accidents of roadway floor in the
Huating coalfield. Li et al. [11] studied the influence of
geological and mining technology factors on the rockburst
formation based on the analysis on the occurrence char-
acteristics of rockburst in Qianqiu coal mine. Tian [12]
researched the occurrence mechanism and prevention of
rockburst of Xinzhouyao mine in Datong combining the
mining condition and what type of rockburst happened. But
the frequent occurrence of general rockburst (rockburst
phenomenon) may be a precursor or gradually cause the
occurrence of destructive rockburst (rockburst events) and
accidental rockburst (rockburst accidents). *erefore, the
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occurrence mechanism, characteristics, and prevention
technology of general rockburst should also receive more
attention, for example, high energy microseismic activity
[13, 14], coal crack with firecrackers or thunder sound
[15, 16], and breakage of bolt or cable [17, 18].

Cable breakage occurred frequently in the No. 3 roadway
in Xingcun coal mine of Shandong Tian’an Mining Group
CO., Ltd., during the roadway excavation. *e paper aims at
addressing the cause and solution of the case of general
rockburst (rockburst phenomenon). Firstly, based on the
analysis of stress and elastic energy evolution law of sur-
rounding rock and stress state of cable, cable breakage
mechanism was revealed. After that, grouting technology
and parameters of cable breakage control were designed and
applied in the No. 3 roadway. *e research results can
provide certain theoretical and practical value for mine
pressure control of roadway, especially in rockburst mines.

2. A Case of Cable Breakage

2.1. Situation of Roadway. Xingcun coal mine, located in
Jining city, is mining No. 3 coal seam with about 8.5 meters
thick. Because of depth of more than 1100m and many
faults, initial ground stress is very high (Table 1). In addition,
according to the appraisal report of rockburst tendency, the
No. 3 coal seam and its roof have a weak rockburst tendency.
So Xingcun coal mine is determined as a rockburst mine.
*emine pressure on the working face and roadway appears
to be severe. Particularly, there were several rockburst events
in the past.

In the recent roadway excavation project, cable breakage
occurred in the No. 3 exploration roadway in the seventh
mining area of the Xingcun coal mine.*e roadway adopted
a straight wall circular arch section with 4300mm width,
3000mm straight wall height, and 700mm circular arch
height (Figure 1). Because it was driven along the floor of the
coal seam, its roof was reserved with about 4.8m top coal.

*e support form of the No. 3 exploration roadway was
bolt and cable support. *e bolt was made of KMG500 heat-
treated threaded steel with 22mm diameter, 2400mm
length, and 180 kN anchoring force. *e spacing and row
spacing of bolts were 800mm. In particular, 400Nm pre-
tightening torque was imposed on the bolts. *e cable was a
constant resistance cable of the H-MS-500-08 model with
diameter of 22mm, length of 8000mm, constant resistance
of 350 kN, and allowable deformation of 300mm–500mm
[19, 20]. *e spacing and row spacing of the cable was
800mm. 250 kN pretightening force was imposed on the
cable.

2.2. Situation of Cable Breakage. According to the field
observations data that lasted for a month during the No. 3
roadway excavation, it was found that 34 cases of cable
breakage (Figure 2) occurred in the range of 10m∼30m
from the heading of roadway and 9 cases of cable breakage
occurred in the range of 30m outside the heading. Among
the 34 cases, all of them were roof cable, 15 cases on the arch
of the roof, 12 cases on the right side of the roof, and 7 cases

on the left side of the roof. Among the 9 cases, 6 cases, 2
cases, and 1 case of cable breakage occurred on the arch of
roof, the left side of the roof, and the right side of the roof,
respectively.

In addition, the cable breakage had the following
characteristics:

(1) When a fully mechanized excavating machine was
driving or coal cracked with firecrackers or thunder
sound, which were two sources of dynamic load, the
cable breakage occurred.

(2) From the analysis of the shape and characteristics of
the cable breakage, it can be judged as a “tension-
shear” breakage.

(3) *e cable breakage wasmainly concentrated between
1.5m and 3.5m away from the anchorage of the
cable.

(4) *e constant resistors of cable were deformed and
the constant resistance displacement was 0∼200mm
which was less than the allowable deformation of
cable.

2.3. Deformation of Top Coal. During the No. 3 roadway
excavation, the top coal and rock of the roof were drilled and
peeped at 15m behind the heading of the roadway. From the
peeping images of the boreholes (Figure 3), it can be seen
that the top coal between 1.6m and 4.0m had poor integrity,
severe separation, loose and broken parts, and well-devel-
oped fissures; vertical fissures between 4.0m and 4.8m were
developed in the top coal. But the rock of the roof in
4.8m∼6.2m had better integrity. In general, the thick top
coal of the No. 3 roadway was damaged and loose, but the
rock above top coal was more stable. In other words, the
thick top coal of roadway was mainly deformed and difficult
to control surrounding rock, which was like other thick top
coal roadways in other coal mines [21, 22].

3. Cable Breakage Mechanism

3.1. Stress Evolution Law of Roof. *e cable stress was the
foundation of cable breakage. *erefore, the mechanism of
cable breakage can be revealed by clarifying the causes and
changes of cable stress. According to the interaction between
anchor cable and surrounding rock [23], the reason for cable
stress was the deformation of surrounding rock. *erefore,
this paper firstly analyzed the stress evolution law of sur-
rounding rock by numerical simulation method.

A three-dimensional numerical simulation model of the
No. 3 roadway was established using FLAC3D software
(Figure 4). *e horizontal width, strike length, and vertical
height of the model were X×Y×Z� 50m× 30m× 47.5m.
For the accuracy of calculation, the grids of adjacent
roadways were densely divided, and other grids were rela-
tively sparse. *e total number of nodes was 226,414 and the
total number of units was 214,800. *e front, rear, left, right,
and top surfaces of the model used a stress boundary, and
initial ground stresses (Table 1) were applied on the surfaces.
*e bottom surface used displacement boundaries. *e
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Mohr-Coulomb constitutive model was used for the con-
stitutive relationship of coal and rock, and Table 2 showed
their mechanical parameters.

*e excavation of the roadway made the surrounding
rock lose the original equilibrium state and caused the stress
redistribution within a limited range; that is, the stress in the
surrounding rock had a continuous change process in time
and space [24]. For the stress evolution in space, the sur-
rounding rock within 10 meters above the roadway arch was
selected for stress monitoring. For the stress evolution in time,
the roadway advancing was simulated by the step-by-step
excavation method, and the step advancing distance was 3m.

According to the numerical simulation results (Figure 5),
horizontal stress evolution law was as follows:

(1) When the roadway was excavated forward 3m, the
horizontal stress peak in the same cross-section of
the roof was 35.45MPa. When the roadway was
excavated forward 9m, the peak stress was
38.54MPa. When the roadway was excavated for-
ward 18m, the peak stress was 39.42MPa. In a word,
horizontal stress peak in the same cross-section of
the roof had a tendency to increase with the roadway
excavation.

(2) When the roadway was excavated forward 6m,
horizontal stress peak was located at 2.5m in the top
coal. When the roadway was excavated forward
15m, horizontal stress peak was located at 3.0m in
the top coal. In a word, horizontal stress peak shifts
to deep with the roadway excavation.

In addition, according to the numerical simulation re-
sults (Figure 6), vertical stress evolution laws were as follows:
when the roadway was advanced for 3m, the vertical stress

peak was 64.69MPa. When the roadway was advanced for
9m, the vertical stress peak was 57.35MPa. When the
roadway was advanced for 18m, the vertical stress peak was
55.43MPa. In a word, with the roadway advancing, the
vertical stress peak at the same position of the roadway roof
gradually decreases.

From the perspective of the evolution law of horizontal
and vertical stress on the roof of the roadway, as the roadway
excavation, the horizontal stress peak increased and finally
tended to balance and shifted to the deep. Particularly the
horizontal stress peak no longer spread to the deep when it
was transferred to a depth of about 3m in top coal. But the
vertical stress peak gradually decreases as the roadway ad-
vances and eventually tends to balance.*is causes the stress
difference between the horizontal and vertical stress to
gradually increase as the roadway excavation continues. *e
maximum stress difference occurred at about 3.5m in depth
in top coal, which was about the place of cable breakage.

3.2. Elastic Energy Evolution Law of Roof. *e change of
elastic energy in the surrounding rock of roadway was the
main cause of rockburst phenomenon, incident, or accident
in a roadway [25–28].*e elastic energy of surrounding rock
of roadway is

E0 �
σ21 + σ22 + σ23 − 2μ σ1σ2 + σ1σ3 + σ3σ2(  

2E
, (1)

where E is the modulus of elasticity,Μ is Poisson’s ratio, σ1
is the maximum principal stress, σ2 is the intermediate
principal stress, and σ3 is the minimum principal stress.

Based on the numerical simulation model shown in
Figure 4, the elastic energy evolution law of the roof was
obtained (Figure 7). *e following can be seen:

(1) *e elastic energy of the shallow surrounding rock
was released instantly after the roadway was exca-
vated, and the elastic energy accumulated in the deep
coal and rock. In particular, the elastic energy ac-
cumulation range was between 3m and 4m in depth
in the top coal.

(2) As the roadway excavation, the elastic energy in the
range of 10m in depth of roof was released, and
when the roadway advanced distance changed from
3m to 6m, the elastic energy released at the area
around 3.5m in depth in the top coal was the largest.
*e position was exactly the place of cable breakage.

3.3. Cable Stress Distribution. *e force of the cable that
exceeded the ultimate strength of the anchor cable was the
most direct cause of cable breakage. Based on the numerical

Table 1: Initial ground stress of Xingcun coal mine.

σ Maximum principal stress σ Intermediate principal stress σ Minimum principal stress
Measuring
point

Depth
(m)

Value
(MPa)

Direction
(°)

Inclination
(°)

Value
(MPa)

Direction
(°)

Inclination
(°)

Value
(MPa)

Direction
(°)

Inclination
(°)

No. 1 −1186 68.46 152.86 8.35 49.63 −115.07 13.86 35.23 −147.35 −73.73
No. 2 −1156 68.65 153.87 10.26 54.69 65.57 7.16 34.92 121.25 −77.44
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Figure 1: Section size and support parameters of No. 3 exploration
roadway (unit: mm).
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Figure 2: Cable breakage of No. 3 exploration roadway.

(a) (b)

(c) (d)

(e) (f )

Figure 3: Continued.
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simulationmodel shown in Figure 4, cable stress distribution
under different excavation distances of roadway was ob-
tained (Figure 8). *e following can be seen:

(1) Whether the roadway excavation distance was 3m,
6m, 9m, and 12m, the cable stress increased first
and then decreased from the surface to the deep part
of the top coal and the rock, and the concentrated
part of the larger axial force of the cable was within
the range of 2m∼4m.

(2) When the roadway was advanced for 3m, 6 cables
with an axial force greater than 1.4×106MPa
appeared. When the roadway advanced for 9m, 12
cables with an axial force greater than 1.4×106MPa
appeared. When the roadway advanced for 12m,
there were 14 cables with an axial force greater than
1.4×106MPa, which was 2 times more than that
which appeared when the roadway advanced for 9m.
In a word, as the roadway advanced, more and more

cables with an axial force greater than 1.4×106MPa
appeared.

(3) Because the length of the bolt was 2.4m which was in
the top coal range, blot stress was uniform and little
change as the roadway excavation. In other words,
the bolts of the roof were not broken, but the cable
was broken. *e roadway scene also proved the
phenomenon.

*rough the above analysis of stress distribution, elastic
energy distribution, and cable stress, cable breakage
mechanism was revealed: in the process of roadway exca-
vation, the stress was constantly redistributed and the stress
was constantly shifting to the deep part of the roof. *e
vertical stress dropped at about 3.5m in depth in top coal of
the roadway with a large descending gradient, and the
horizontal stress reached its peak. Especially when the
surrounding rock in the load-bearing area suddenly broke,
due to the large amount of elastic energy that accumulated
here, the surrounding rock in this area would be dislocated
instantly, and the cable would be broken in the area where
the axial force was concentrated.

4. Control of Cable Breakage

4.1. Control Mechanism of Surrounding Rock Grouting.
Surrounding rock grouting technology can allow the grout
to penetrate the fissures in the surrounding rock, thereby
improving the integrity, elastic modulus, and strength of the
surrounding rock. In addition, it can transform the two-
dimension force-bearing fractured structural surface due to
the influence of excavation or mining into three-dimension
force-bearing [29–31]. *e following was a comparative
analysis on the stress distribution of surrounding rock, the
elastic energy of surrounding rock, and stress distribution of
cable before and after surrounding rock grouting.

4.1.1. Comparison of Horizontal Stress Evolution. *e me-
chanical parameters of the top coal and the rock with
grouting were set larger than that without grouting in the
numerical simulation model shown in Figure 4. Figure 9 was
a comparison of the calculation results of horizontal stress

(g)

Figure 3: Borehole peep image under different borehole depths. (a) 1.6m. (b) 2.5m. (c) 3.1m. (d) 4.0m. (e) 4.3m in depth. (f ) 4.8m in
depth. (g) 6.2m in depth.
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Figure 4: *ree-dimensional numerical simulation model of the
No. 3 roadway.
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evolution. After surrounding rock grouting, the horizontal
stress in the range of 0.5m∼3.5m of the roof was relatively
uniform. In addition, as the roadway excavation continues,
the horizontal stress of the roof surface was continuously
decreasing, which was consistent with the evolution law
before surrounding rock grouting, but the difference was
that the stress value of the roof surface did not appear to be
greatly reduced and approached lower value but gradually
approached the higher stress value after surrounding rock
grouting.

4.1.2. Comparison of Vertical Stress Evolution. Figure 10
shows a comparison of the calculation results of vertical
stress evolution. Whether it was grouted or not, as the
roadway excavation continues, the vertical stress within
10m above the roof surface gradually decreased as a whole.
But compared to that without surrounding rock grouting,
the vertical stress drops evenly within the range of 3m∼4m
of roof after surrounding rock grouting, and there was no
instantaneous sharp drop in the vertical stress. Another
aspect, regardless of whether there is surrounding rock
grouting or not, as the roadway excavation continues, the
vertical stress of the surrounding rock within 1m above the
roof surface was gradually decreasing, but there was no
situation that the vertical stress tended to be of very low
value without surrounding rock grouting. For example, at
the part 1m deep of the top coal, the vertical stress without

Table 2: Mechanical parameters of coal and rock.

Lithology Density/kg·m−3 Bulk modulus/GPa Shear modulus/GPa Friction/° Cohesion/MPa Tensile strength/MPa
Sandstone 2620 20.5 12.5 39 13 2.5
Siltstone 2640 16.1 10.2 35 12 1.9
Coal 1800 14.3 8.2 38 8 1.2
Mudstone 2490 15.6 8.8 36 11 2.2
Siltstone 2660 18.2 11.2 35 12 1.9
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Figure 5: Horizontal stress distribution under different excavation
distance.

0 1 2 3 4 5 6 7 8 9 10

Ve
rt

ic
al

 st
re

ss
 (M

Pa
)

Vertical distance from roof surface (m)

0

3

6

9

12

15

18

21

24

27

30

Excavate 3m
Excavate 6m
Excavate 9m

Excavate 12m
Excavate 15m
Excavate 18m

Figure 6: Vertical stress distribution under different excavation
distance.

0.00E + 000

1.00E + 015

2.00E + 015

3.00E + 015

4.00E + 015

5.00E + 015

6.00E + 015

El
as

tic
 en

er
gy

 (J
)

2 4 6 8 100
Vertical distance from roof surface (m)

Excavate 3m
Excavate 6m

Excavate 9m
Excavate 12m

Figure 7: Elastic energy distribution under different excavation
distance.

6 Advances in Civil Engineering



surrounding rock grouting was about 3MPa, and the vertical
stress was at 9MPa after surrounding rock grouting.

4.1.3. Comparison of Elastic Energy Evolution. Figure 11 was
a comparison of the calculation results of the elastic energy.
When the roadway surrounding rock was not grouted, as the
roadway excavation, the elastic energy of the surrounding
rock within 1m of the shallow part of the roof tended to

zero, and a large amount of elastic energy accumulated
within 3m∼4m of the roof. After the surrounding rock was
reinforced by grouting, although the surrounding rock
energy was dissipated within 1m of the shallow part of the
roof, the elastic energy dissipation in this range was less
compared to that without surrounding rock grouting. In
addition, the elastic energy distribution of the surrounding
rock was even within the range of 1.8m∼3m of the roof, and
the peak value was reduced compared to that without
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Figure 8: Stress condition of cable under different excavation distance. (a) Excavate 3m. (b) Excavate 6m. (c) Excavate 9m. (d) Excavate
12m.

1 2 3 4 5 6 7 8 9 100
Vertical distance from roof surface (m)

6
8

10
12
14
16
18
20
22
24
26
28
30
32
34
36
38
40
42

H
or

iz
on

ta
l s

tre
ss

 (M
Pa

)

Excavate 3m
Excavate 6m
Excavate 9m

Excavate 12m
Excavate 15m
Excavate 18m

(a)

1 2 3 4 5 6 7 8 9 100
Vertical distance from roof surface (m)

28

30

32

34

36

38

40

42

H
or

iz
on

ta
l s

tre
ss

 (M
Pa

)

Excavate 3m
Excavate 6m
Excavate 9m

Excavate 12m
Excavate 15m
Excavate 18m

(b)
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surrounding rock. As the roadway excavation, the degree of
the elastic energy dissipation in this range was smaller and
even than that without surrounding rock grouting.

4.1.4. Cable Stress Distribution after Surrounding Rock
Grouting. Cable stress distribution after surrounding rock
grouting under different roadway excavation distance was

obtained (Figure 12). Compared with that without sur-
rounding rock grouting (Figure 8), the following can be seen:

(1) After the surrounding rock was grouted, the cable
was uniformly stressed in the middle, and there was
no axial force concentration, and the value was
smaller than that without surrounding rock
grouting.
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Figure 10: Vertical stress evolution under different excavation distance without and with surrounding rock grouting. (a) Without
surrounding rock grouting. (b) With surrounding rock grouting.
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Figure 11: Elastic energy evolution under different excavation distance without and with surrounding rock grouting. (a) Without sur-
rounding rock grouting. (b) With surrounding rock grouting.
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(2) After the surrounding rock was grouted, the cables
with larger axial force were rib cables, but the
maximal axial stress value of the rib cables was still
smaller than that without surrounding rock
grouting.

*rough the above analysis, surrounding rock grouting
can reduce the stress concentration of surrounding rock and
cable. So surrounding rock grouting technology was pro-
posed as control technology of cable breakage.

4.2. Parameters of Surrounding Rock Grouting

4.2.1. Grouting Material. According to the above borehole
peeking results of the No. 3 roadway, it can be seen that the
top coal of the roadway was loose and broken, and cracks
were developed. So cement-based grouting material can be
selected for surrounding rock grouting of the roadway [32].
Particularly, the grouting material had a wide source and low
price. *e water-cement ratio was 0.8 :1.

4.2.2. Grouting Hole Design. *e reasonable design of
surrounding rock grouting holes can effectively shorten the
work, reduce the number of grouting materials, and increase
the utilization rate of the grout. *e grouting method of the
No. 3 roadway used a combination of shallow hole grouting
and deep hole grouting (Figure 13).*e length of the shallow
hole grouting pipe was 2600mm (in the range of the fissure
development zone), the radius was 15mm, and the spacing
and row spacing were 1300mm. *e length of the deep hole
grouting pipe was 4800mm (in the range of the small fissure
zone), the radius was 10mm, and the spacing and row
spacing were 1300mm.

4.2.3. Grouting Pressure. *e pressure selected for sur-
rounding rock grouting was to ensure that the grout can
penetrate the fissures of the surrounding rock, but the
grouting pressure should not be too high or too small [33]. If
the grouting pressure was too high, problems such as roof
falling will easily occur. If the grouting pressure was too
small, the grout cannot be diffused in the surrounding rock
due to insufficient power, and the grouting cannot achieve
the expected effect of reinforcement. So the shallow hole
grouting of the surrounding rock of the No. 3 roadway used
1MPa grouting pressure, and the deep hole grouting used
1.5MPa grouting pressure.

4.2.4. Shotcrete. *e cement of concrete strength grade C20
was used to shoot out the surface of the No. 3 roadway to
close the fissure on the surface of the surrounding rock of the
roadway to ensure that the injected grout will not flow out
and to improve the grouting efficiency and effect. *e water-
cement ratio was 0.5, and the thickness of the shotcrete was
60mm.
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Figure 12: Cable stress distribution under different excavation distance with surrounding rock grouting. (a) Excavate 3m. (b) Excavate 6m.
(c) Excavate 9m. (d) Excavate12m.
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5. Application

In order to verify the control effect of surrounding rock
grouting technology on cable breakage, the design param-
eters were applied to the new excavation section of No. 3
roadway in Xingcun coal mine and the displacement of the
surrounding rock and the cable force were monitored.

In the early stage of roadway excavation, the surface
displacement of the surrounding rock near the heading of
the roadway changes quickly. When the excavation distance
was about 20m from the heading, the surface displacement
of the roadway started to converge stably. *e convergence
displacement of the two ribs was stabilized at about 53mm,
and the convergence displacement of the roof and floor was
stabilized at about 97mm (Figure 14). *e deformation of
the roadway was small.

In order to check the integrity of the surrounding rock of
the roadway after grouting, deep base point displacement
meters were used to monitor the displacement of the sur-
rounding rock of the roadway at different depths. *e first
measuring point was arranged at a distance of 5m from the
heading of the roadway, and the next measuring point was
arranged every 20m of the roadway.*ere were 3 measuring
points in total, and the average value of the displacement
value of the same depth measured by each measuring point
was regarded as the final result. Figure 15 showed that when
the measuring point was close to the heading, the dis-
placement of each depth of the roof of the roadway increased
faster and finally stabilized gradually. According to the data,
the amount of separation in the deep part of the surrounding
rock of the roadway was smaller, and the shallow part was
slightly larger. But after a certain period of time, they all tend
to be stable, and the maximum displacement was on the
surface of the roadway. *e maximum displacement of the
roof was 38mm.

For the monitoring of the force of cable, the force of each
part of the cable decreased first, then increased, and then
stabilized (Figure 16). *e axial force of the cable on the roof
arch was the largest, and the maximum was 190.6 kN. *e
axial force of cable at the corner of the roadway was the next,
and the maximum was 171.5 kN, and the anchoring force of
the cable at the rib was the smallest, and the maximum was
151 kN. *e axial force value of all the cable did not exceed
the ultimate strength of the cable. More importantly, there
was no cable breakage.
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Figure 14: Convergence displacement of roadway surrounding
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6. Conclusion

*e study wasmainly focused on themechanism and control
of the case of cable breakage in the No. 3 exploration
roadway in Xingcun coal mine.*e main conclusions in this
paper are summarized as follows:

(1) When the roadway was excavated forward, there was a
stress adjustment process in which the horizontal stress
continuously increases and the vertical stress contin-
uously decreases in the surrounding rock.*e location
of the largest difference between the horizontal stress
and the vertical stress was about the position where the
maximum axial force and breakage of cable occurred.

(2) When the roadway was excavated forward, the elastic
energy of the surrounding rock was released from
shallow part to deep part of roof and accumulated in
the top coal at a depth of 3m-4m. *e top coal and
its accumulated elastic energy were the main factors
of cable breakage.

(3) When the roadway was affected by dynamic load, a
large amount of accumulated elastic energy in the
top coal was released, and then the cable was broken
at the position of maximum axial force.

(4) *e surrounding rock grouting technology can make
top coal improve the stress and elastic energy dis-
tribution, which was conducive to the uniform force
of the cable and the prevention of cable breakage. *e
results of the fieldmeasurements of the No. 3 roadway
showed there was no cable breakage phenomenon
and guaranteed the normal use of the No. 3 roadway.
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In order to grasp the effect of soft and hard coal pore structure on gas adsorption characteristics, based on fractal geometry theory,
low-temperature nitrogen adsorption and constant temperature adsorption test methods are used to test the pore structure
characteristics of soft coal and its influence on gas adsorption characteristics. We used box dimension algorithm to measure the
fractal dimension and distribution of coal sample microstructure. +e research results show that the initial nitrogen adsorption
capacity of soft coal is greater than that of hard coal, and the adsorption hysteresis loop of soft coal is more obvious than that of
hard coal. And the adsorption curve rises faster in the high relative pressure section. +e specific surface area and pore volume of
soft coal are larger than those of hard coal. +e number of pores is much larger than that of hard coal. In particular, the
superposition of the adsorption force field in the micropores and the diffusion in the mesopores enhance the adsorption potential
of soft coal. Introducing the concept of adsorption residence time, it is concluded that more adsorption sites on the surface of soft
coal make the adsorption and residence time of gas on the surface of soft coal longer. Fractal characteristics of the soft coal surface
are more obvious. +e saturated adsorption capacity of soft coal and the rate of reaching saturation adsorption are both greater
than those of hard coal. +e research results of this manuscript will provide a theoretical basis for in-depth analysis of the
adsorption/desorption mechanism of coalbed methane in soft coal seams and the formulation of practical coalbed methane
control measures.

1. Introduction

Coal is a kind of porous solid medium with developed pore
structure. +e abundant pore structure in the coal body is
not only a place for gas storage, but also a channel for gas
production. +e adsorption state of gas in coal makes the
mechanical properties of gas-containing coal different from
non-adsorption media. Gas-containing coal is a multi-phase
porous medium with temporal and spatial variability, which
is composed of pore fluid, matrix pores and micro-fractures.
+e distribution and connectivity of coal pore directly affect
the migration and diffusion of gas. In the process of coal
seam mining or gas drainage, the coal seamstress field,
fissure field, and gas seepage field change. Fracture

expansion and penetration of coal and rock mass caused by
mining unloading will change the interaction between coal
and gas.

+e natural pore and fissure structural characteristics of
coal determine that coal has good gas adsorption capacity
and storage performance. In recent years, scholars have
conducted a lot of research on coal pore structure and gas
adsorption characteristics. Bing et al. [1] studied the pore
structure and adsorption characteristics of outburst coal and
found that micropores with a pore size of 3–5 nm in outburst
coal are the main gas adsorption space. Xue et al. [2] used a
variety of test methods to study and found that for the same
coal grade, as the degree of structural deformation increases,
open pores gradually transform into fine bottleneck pores,
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and the adsorption capacity increases, but the coal porosity
decreases. Yuan et al. [3, 4] used nitrogen adsorption
method and mercury injection method to study the pore
structure of coal and obtained the pore characteristics of coal
adsorption and migration; Sitprasert et al. [5] used multi-
scale methods to study physical adsorption in micropores;
Rigby et al. [6] studied the gas adsorption law of irregular
meshes. Zhang et al. [7] used the low-temperature liquid
nitrogen method to study the influence of structural de-
formation on the nano-scale pore structure of coal and
found that ductile deformed coal has more complex pore
structure and a higher fractal dimension than brittle de-
formed coal. An et al. [8] conducted a fractal study on the
pore characteristics of high coal rank coals and found that
the pore fractal dimension is negatively correlated with coal
metamorphism, porosity, macropore content, and volume
median pore size, and has a negative correlation with
mesopore content and adsorption pore content. Mercury
removal efficiency and ash yield are positively correlated.
Jiang et al. [9] used the mercury intrusion method to de-
termine the characteristic parameters of the ultrafine pore
structure of coal and found that as the hardness of the coal
increases, the fractal dimension of pores continues to de-
crease. Wang et al. [10] used small-angle rays combined with
scanning electron microscopy to find that coal pores are
mostly spheres at low coal ranks, and generally ellipsoids
with high coal ranks. Klimenko et al. [11] used the condi-
tional moment model to study the fractal characteristics of
the transportation, storage, and adsorption processes in the
pores of CO2 porous media. However, there are relatively
few systematic studies on the pore characteristics of soft coal
bodies. A large number of studies have shown that the pore
distribution of porous media satisfies self-similarity and
conforms to the fractal law [12, 13]. Harpalant et al. [14–18]
showed that the coal body will produce expansion stress and
deformation after adsorbing gas. +ere are few systematic
research results on the influence of soft coal pore structure
on gas adsorption performance.

A typical soft coal body has a smaller consolidation
coefficient and a larger initial dispersion rate. +is manu-
script takes typical soft coal seams and contrasting hard coals
as the research objects. Using scanning electron microscope,
low-temperature nitrogen adsorption test and isothermal
adsorption test, combined with fractal geometry theory, the
pore structure characteristics of soft coal and hard coal and
their influence on gas adsorption characteristics are studied.
In order to quantitatively characterize the pore distribution
characteristics of soft coal and hard coal, the mechanical
properties of soft coal and the gas flow law in soft coal are
studied. +e research results of this manuscript will provide
a theoretical basis for in-depth analysis of the adsorption/
desorption mechanism of coalbed methane in soft coal
seams and the formulation of practical coalbed methane
control measures.

2. Experimental

2.1. Experimental Apparatus. +e self-developed high/low-
temperature pressure swing adsorption-desorption

experimental system is shown in Figure 1. +e experimental
equipment mainly consists of an adsorption system, a gas
desorption system, a refrigeration system, an electrical
control system, and a computer data acquisition and pro-
cessing system. +e gas adsorption experiment adopts the
pressure range is 0–8MPa. +e working temperature is
0–40°C.

+e low-temperature nitrogen adsorption test uses the
ASAP-2020 specific surface and pore size analyzer produced
by Mircromeritics. +e pore volume is less than 0.0001 cm3/
g, the pore size analysis range is 0.35 to 500 nm, and the
specific surface area analysis range is 0.0005 to 5000m2/g.
+e pore size classification method defined by the Inter-
national Union of Pure and Applied Chemistry (referred to
as IUPAC) is used. Using the ΣIGMA scanning electron
microscope produced by Zeiss, the acceleration voltage
range of the instrument is 0.1–30 kV, and the magnification
range is 12–500 kX. It can analyze the microstructure of
powder, block, and film samples.

2.2. Sample Preparations. +e soft coal sample used in the
test was taken from the Lvtang Coal Mine (LT) in Bijie
District, Guizhou, China, and the hard coal used was taken
from the Quanlun Coal Mine (QL) in Qinglong County,
Xingyi City. +e geographical location of the LT and QL is
shown in Figure 2.

Each coal sample is not less than 1kg. According to the
China Coal Industry Standard [19] to prepare the coal sample
for proximate analysis and gas adsorption experiment, the
humidification process for coal samples is shown in Figure 3.

+e data of proximate analysis of coal samples, coal har-
diness coefficient, and initial gas diffusion velocity of coal are
shown in Table 1. Select a small coal sample with a flat cross
section with a particle size of 1 to 2 cm3 for low-temperature
nitrogen adsorption test. It should be handled with care during
operation. Table 1 data display that the firmness coefficient of
soft coal is significantly lower than that of hard coal, and the
initial rate of dispersal is greater than that of hard coal.

2.3. Experimental Methods. Coal sample gas desorption
process simulation was conducted by employing the ex-
perimental device shown in Figure 3. +e gas desorption
environment of the sample was always maintained at a
temperature of 30± 1°C and a gas outlet pressure of 0.1MPa
during the measurement process, and gas desorption of the
coal sample could be considered to be an isothermal and
isostatic desorption process. +e experiment is conducted
following the steps:

(1) +e experimental coal sample is loaded into the coal
sample tank.

(2) +e coal sample tank and the reference tank are fully
degassed using a vacuum pump.

(3) When the vacuum in the experimental system rea-
ches 25 kPa, gas is introduced into the reference tank.
When the gas pressure is stable, the coal sample tank
and the reference tank are connected to conduct gas
adsorption.
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(4) As gas adsorption balance in the coal sample is
reached, the gas inlet valve is first closed, and the gas
outlet valve is opened second to conduct the gas
desorption experiment.

(5) After the experiment is completed, the measured gas
desorption amount is converted into volume in the
standard state.

3. Experimental Results

3.1. Pore Microstructure Analyses. +e coal sample from the
Lvtang coal mine showed a microscopic breccia structure
when observed under a microscope, as shown in Figure 4(a).
Its characteristic is that the coal body is broken into particles
of different sizes, some of which have more obvious edges
and corners. +e particles on the coal surface are mostly
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Figure 1: Schematic diagram of the experimental platform for the high-low temperature coal gas desorption and adsorption experiments.
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Figure 2: Geographical location of the LT and QL coal mine.
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irregular polyhedrons with sharp edges and corners. It shows
that the coal sample has poor plasticity and high brittleness.
At the same time, it can be seen that a large number of
irregular pores are developed on the surface of the coal
sample, and the size of the pores is different. +e existence
and density of the pores indicate that the coal has a certain

gas storage capacity. In addition, the existence of a large
number of holes reduces the mechanical strength of coal,
which is one of the reasons why soft coal is easily broken.

+e surface of the coal sample in Quanlun Coal Mine is
relatively flat, and a large, dominantly developed fissure can
be seen to develop stably in the longitudinal direction. +e

Sampling Screening

Scale Vacuum drying

Sample preservation

Sample crushed

Figure 3: Humidification process for the coal samples.

Table 1: Experiment and proximate analysis data of coal samples.

Coal type Coal mine Mark as Mad Aad Vdaf f ΔP

Soft coal Lvtang LT-1 0.73 10.98 12.1 0.1912 19.8
LT-2 0.83 12.1 15.1 0.1622 20.6

Hard coal Quanlun QL-1 6.54 7.24 36.11 0.6742 11.4
QL-2 5.98 6.65 35.25 0.6982 13.8

Mad is moisture content on air-dry (ad) basis, %; Aad is ash content on air-dry (ad) basis, %; Vdaf is volatile matter content on dry-ash-free (daf) basis, %; f is
coal hardiness coefficient, dimensionless; ΔP is the initial gas diffusion velocity of coal, mmHg.

(a) (b)

Figure 4: +e microstructure of the coal sample. (a) Lvtang coal sample. (b) Quanlun coal sample.
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fissure penetrates the entire coal surface in the visible range,
as shown in Figure 4(b). +e surface of the coal sample is
distributed with some inorganic components such as point-
like and pile-like clay materials. On the one hand, the
presence of inorganic components increases the strength of
the coal and acts as the skeleton of the coal; on the other
hand, it destroys the uniformity of the coal and softens when
exposed to water, which directly reduces the anti-destructive
ability of the coal body itself.

3.2. Specific Surface Areas and Pore Volume Characteristics.
Two sets of soft coal experiment coal samples from LT and
two sets of hard coal experiment coal samples from QL were
selected, and a total of 4 sets of nitrogen adsorption tests
were carried out. +e pore volume characterization method
adopts the BJH method, and the specific surface area
characterization method adopts the BET method and the
Langmuir method. +e pore structure characteristics of the
soft and hard coal surface are analyzed from different angles.
+e results of the low-temperature nitrogen adsorption test
are shown in Table 2.

It can be seen from Table 2 that the BET specific surface
area values of soft and hard coal are all smaller than the
corresponding Langmuir specific surface area values. +is is
because the calculation methods of the two models are dif-
ferent. +e Langmuir model assumes that the gas adsorption
on the coal surface is limited to a single layer, while the BET
model believes that the gas adsorption on the coal surface can
be multilayer adsorption. +at is, when the gas reaches the
saturated adsorption capacity, the adsorption capacity of the
BET model is greater than that of the Langmuir model. In
addition, single-layer adsorption capacity referred to by
Langmuir theory is the saturated adsorption capacity, while
the single-layer adsorption capacity referred to by the BET
theory is only a theoretical value. +e Langmuir saturated
adsorption capacity is not equal to the maximum adsorption
capacity, but corresponds to the closed point of the adsorption
loop on the adsorption isotherm. +e appearance of ad-
sorption loops on the adsorption isotherm indicates that there
are mesopores or microporous pores in the test object.
However, the adsorption in the mesopores appears as cap-
illary condensation. According to theory of Langmuir, it is an
adsorbate liquefaction process and cannot be regarded as an
adsorption process. +erefore, the Langmuir theoretical
model is not suitable for explaining the adsorption behavior of
the adsorbate in the mesopores. For porous media, especially
materials with more micropores and mesopores, the BET
model is more suitable for characterizing the specific surface
area. +e BET specific surface area of soft coal ranges from
10.4158 to 14.3245m2/g, and the BJH pore volume ranges
from 0.006117 to 0.008416 cm3/g. +e specific surface area
and pore volume of soft coal are 2.33 times and 1.79 times
larger than those of hard coal, respectively. Specific surface
area and pore volume are important indicators to characterize
the ability of coal to absorb gas.+e larger the value, the larger
the gas absorption volume of coal. +e average pore diameter
of soft coal is smaller than that of hard coal, indicating that the
inner surface area of the pores of soft coal is larger in unit

volume, so that the pore surface providesmore gas adsorption
sites.

3.3. Relationship between Adsorption/Desorption Curve and
Pore Structure Characteristics. +e shape of the different
relative pressure sections of the adsorption isotherm reflects
the physical characteristics of the coal surface and the re-
lationship between the coal and gas. +e relative pressure
can evaluate the performance of the coal reservoir, especially
the permeability of the coal. +e low-temperature nitrogen
adsorption/desorption curve of a typical soft and hard coal
sample is shown in Figure 5.

It can be seen from Figure 5 that when the relative
pressure is zero, the nitrogen adsorption capacity of soft and
hard coal is greater than zero. It shows that a certain volume
of nitrogen has been adsorbed in the micropores, and the
adsorption capacity of soft coal at the starting point is greater
than that of hard coal. It can be seen that soft coal has a larger
micropore area than hard coal. +is is because the gas is
preferentially adsorbed in the micropores of the coal. +e
more micropores contained in the coal, the stronger the
superposition of the adsorption potential energy in the
micropores. As a result, nitrogen adsorption capacity in-
creases faster. When the relative pressure is between 0 and
0.2, the adsorption curve shows an upward convex trend. It
shows that the force between the surface of the coal body and
the nitrogen molecules is strong [20]. When the relative
pressure is between 0.5 and 1, soft and hard coal have
different adsorption hysteresis loops. And the hysteresis
range of soft coal is larger than that of hard coal. +e size of
the hysteresis ring reflects the connectivity of coal pores. It
shows that the pore connectivity of soft coal is better than
that of hard coal [21]. Compared with hard coal, the hys-
teresis loop of soft coal is more obvious in the desorption
process. +is shows that it is very likely that a large amount
of gas will escape in a short time when mining soft coal
seams. Major outburst prevention and stress control mea-
sures should be taken to mine and ease the pressure during
mining. When the relative pressure is higher than 0.9, the
adsorption curve rises sharply, and the rise rate of the soft
coal adsorption curve is obviously greater than that of the
hard coal adsorption curve.+e opening degree of coal pores
is related to the rate of rise of the adsorption line. +e faster
the rise, the greater the opening degree of the pores.

3.4. Fractal Geometric Characteristics of Coal Surface. +e
fractal dimension can be used to characterize the fractal
characteristics of the pore surface of coal, and its numerical
value can be obtained from low-temperature nitrogen ad-
sorption test data. Calculating and analyzing from different
angles, taking the adsorption capacity at the inspection
point, the relationship between fractal dimension and ad-
sorption capacity is as follows [22]:

ln Q � Df − 3 ln ln
P0

P
  + C, (1)

where P is nitrogen partial pressure, MPa; Q is the ad-
sorption capacity when the equilibrium pressure is P, cm3/g;
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P0 is saturated vapor pressure of gas adsorption, MPa; Df is
fractal dimension, which characterizes the fractal charac-
teristics of coal pore surface, dimensionless; and C is con-
stant, dimensionless.

Taking the specific surface area of coal as an investigation
point, the relationship between fractal dimension and
specific surface area is as follows [23]:

ln A � Df − 2 ln ln
P0

P
  + C, (2)

where A is specific surface area of coal surface, m2/g; other
parameter symbols have the same meaning as above.

In the low-temperature nitrogen adsorption experiment,
a straight line can be obtained by plotting LnQ and LnA
against Ln(LnP0/P), and the fractal dimension can be ob-
tained from the slope of the straight line. According to
formula (1) and (2), the size of the fractal dimension of the
coal sample surface can be calculated, and the calculation
results are shown in Table 3.

+e data in Table 3 shows that the calculation results of
formula (1) and (2) are slightly different, and the calculation
result of formula (1) is slightly larger than that of formula (2).
+is difference may be due to the micropores or mesopores in
the coal. +e difference in the pore size of the micropores or
mesopores results in the difference in the adsorption potential
of the micropores for nitrogen, so that nitrogen molecules
cannot completely and effectively fill all mesopores. +e

scoring dimension results of the two calculation formulas
reflect the characteristics of coal pore structure to a certain
extent. It can be seen from Table 3 that the calculation results
of the surface fractal dimension of soft coal are between 2.12
and 2.35, the calculation results of the surface fractal di-
mension of hard coal are between 1.43 and 1.62, and the
average surface fractal dimension of soft coal is 1.47 times that
of hard coal. +e larger the fractal dimension, the rougher the
surface and the larger the specific surface area of coal pores.
+is also reflects that soft coal has more developed pores than
hard coal.

3.5. Characteristics of Coal Gas Adsorption. Constant tem-
perature adsorption experimental data of soft and hard coal
are shown in Table 4, and the constant temperature ad-
sorption test curve is shown in Figure 6.

Comprehensive analysis of Table 4 and Figure 6 can be
drawn that, under the same experimental conditions, the
soft coal adsorption constants a and b are both larger than
the hard coal adsorption constants. Soft coal has a larger
saturated adsorption capacity than hard coal, and at the
same time soft coal reaches the saturated adsorption
capacity faster. It shows that the gas adsorbs and stays on
the pore surface of the soft coal for a long time, the gas
coverage is high, and the soft coal has a stronger ability to
adsorb gas.
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Figure 5: Low-temperature nitrogen adsorption/desorption curve of coal sample. (a) Soft coal. (b) Hard coal.

Table 2: Coal sample nitrogen adsorption test results.

Coal
type

Coal
mine

Mark
as

BET specific surface area
(m2·g−1)

Langmuir specific surface area
(m2·g−1)

BJH pore volume
(cm3·g−1)

Average pore size
(nm)

Soft coal Lvtang LT-1 12.2148 14.2310 0.008416 6.1773
LT-2 14.3245 16.2412 0.007415 6.2112

Hard
coal Quanlun QL-1 6.2271 8.1648 0.004452 14.8725

QL-2 4.3718 6.2147 0.003674 15.5149
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4. Discussion

4.1. 7e Influence of Pore Type on Gas Adsorption

4.1.1. 7e Superposition of Adsorption Potential Energy in the
Micropores. +e abundant pore structure in the coal body is
not only a place for gas storage, but also a channel for gas
migration and diffusion. In particular, the presence of mi-
cropores greatly increases the surface area of the coal body.
Since the size of the micropores is similar to the size of the
gas molecules, the gas molecules are surrounded by the
micropores. +e adsorption force field in the micropores
produces a superposition effect, so that the adsorption
potential energy is greatly enhanced compared with the
adsorption potential energy on the flat pore wall surface.
Under low relative pressure, it has stronger adsorption at-
traction for gas molecules. Studies have shown that the
adsorption potential is greatly enhanced in circular pores
less than six molecular diameters and in slit pores less than

two molecular diameters. +e relationship between micro-
pore adsorption volume and adsorption potential energy can
be expressed as [24]

φ � φ0 · e
− Kε2

,

ε � ln
P

P0
,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(3)

where φ is adsorption volume, cm3; φ0 is maximum ad-
sorption volume, cm3; K is constant related to the micropore
structure, dimensionless; and ε is adsorption potential en-
ergy, J.

In formula (3), ε2 reflects the superposition of the ad-
sorption potential field on the micropore wall.

4.1.2. Diffusion in Mesopores. +e analysis of mesopores is
closely related to the nitrogen adsorption/desorption curve,
and the specific form of the adsorption hysteresis ring
corresponds to different mesopore structures. +e large
range of the hysteresis ring indicates that the corresponding
pores are smooth and the pores have high air permeability,
which is conducive to the migration and diffusion of gas.+e
diffusion of gas in mesopores satisfy Fick diffusion, and the
diffusion rate can be expressed as

dQ

dt
� −D0 · Ag ·

dc

dx
, (4)

where dQ/dt is gas diffusion rate, kg/s; D0 is gas diffusion
coefficient, m2/s; Ag is the gas diffusion area in the channel,
m2; and dc/dx is gas concentration gradient, kg/(m3·m).

In formula (4), “−” means that the direction of gas
diffusion in the channel is opposite to the direction of the gas
concentration gradient.

4.2. 7e Effect of Adsorption Residence Time on Gas
Adsorption. +e time from when the gas molecules hit the
surface of the coal body to when they leave the surface and
return to the gas phase is called the adsorption residence
time. If the adsorption residence time is much longer than

Table 3: Calculation results of the surface fractal dimensions of coal samples.

Coal mine Mark as Relative pressure P/P0 range Formula (1) fractal dimension calculation Formula (2) fractal dimension calculation

Lvtang LT-1 0.15–0.96 2.34 2.23
LT-2 0.17–0.97 2.35 2.25

Quanlun QL-1 0.44–0.99 1.58 1.43
QL-2 0.43–0.99 1.62 1.55

Table 4: Results of constant temperature adsorption experiment of the coal sample.

Coal mine Mark as Adsorption constants a Adsorption constants b Fitting curve R2

Lvtang LT-1 18.7513 2.6515 Q� 49.7169P/(1 + 2.6515P) 0.9991
LT-2 18.5424 2.5425 Q� 47.1457P/(1 + 2.5427P) 0.9992

Quanlun QL-1 18.1 0.44 Q＝7.74P/(1 + 0.35P)
+e adsorption constants a and adsorption constants b are important indicators of the ability of coal to absorb gas, which conform to the Langmuir adsorption
formula: Q � ((abP)/(1 + bP)). Here, a is the value reflects the maximum adsorption capacity of the coal, cm3/g; b is the value represents the rate at which the
coal reaches its saturated adsorption capacity, MPa−1; Q is gas adsorption capacity under a certain pressure, cm3; P is the gas pressure of the coal seam, MPa.
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the molecular vibration period, it can be considered that
adsorption has occurred. +e inner surface area of the pores
of soft coal is larger, it provides more gas adsorption sites,
and the adsorption site gas coverage is high. Soft coal has a
stronger adsorption potential for gas, and the adsorption
residence time of gas on the surface of soft coal is longer than
that of hard coal, so the amount of gas adsorption is greater.
+e gas coverage of coal pore surface can be expressed as

θ �
a

am

, (5)

where θ is the gas coverage on the surface of coal pores, (°); a
is the number of gas molecules adsorbed on the coal surface,
unit; and am is the number of gas molecules covering the
monolayer of 1 cm2 coal surface, unit.

+e relationship between the number of gas molecules
and the adsorption residence time τ can be expressed as

a � n · τ,

n �
NAP

(2πMRT)
1/2,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(6)

where n is the number of gas molecules that collide on the
surface of the coal body in a unit time, unit;NA is Avogadro’s
constant, which is 6.02×1023mol−1; P is gas pressure, MPa;
M is the relative molecular mass of adsorption, dimen-
sionless; R is the ideal gas constant, which is 8.314 J/(mol·K);
T is the thermodynamic temperature, K; and τ is adsorption
residence time, S.

4.3.7e InfluenceofFractalCharacteristics onGasAdsorption.
+e difference in the fractal characteristics of the coal surface
reflects the change of the coal pore structure.+e pore size of
the soft coal gradually decreases with the increase of the
fractal dimension of the coal surface.+e change curve of the
calculation result using formula (1) is shown in Figure 7.

+e larger the fractal dimension, the higher the surface
roughness of the coal and the increase of pores per unit
volume. +e radius of the pore channel decreases, which
increases the pore volume and specific surface area. +e gas
adsorption sites provided by the pore surface of the coal
increase, and the gas adsorption capacity is enhanced.

According to the theory of fractal geometry, there is the
following relationship between the pore radius and the
cumulative number in coal [25]:

N∞r
− Df ,

N � A2 · r
Df

m · λDf − 1 

λ �
r0

rm

,

. r
−Df

0 − r
Df

m ,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(7)

whereN is the total number of pores per unit volume of coal,
unit; r is the radius of the pores in the coal, nm;Af is does not
significantly include the proportional coefficient of Df; rm is
maximum radius of the pore, nm; r0 is minimum radius of

pore, nm; and λ is the ratio of the minimum and maximum
pore radius.

From formula (7), the distribution density function of
the pore radius in the coal body can be obtained:

Y(r) � ADfr
− 1+Df( 

. (8)

From formula (8), the average radius of pores in the coal
body can be obtained as

r �
Df

1 − Df

rm

1 − λ1− Df

λ−Df − 1
. (9)

Analyzing formula (9), it can be obtained that the av-
erage radius of coal pores depends entirely on the fractal
dimension Df of the coal, the upper and lower limits rm and
r0 of the pore distribution in the coal, and the total number
of pores in the porous medium per unit volume N.

In addition, upper and lower limits rm and r0 of the pore
distribution in the coal body and the total numberN of pores
per unit volume of porous media are constant. +en, the
average radius r of the pore gradually decreases with the
increase of the fractal dimension Df.

5. Conclusion

In this paper, a self-developed adsorption/desorption device
is used to test the gas adsorption and desorption perfor-
mance of soft coal and hard coal under low-temperature
conditions, combined with scanning electron microscope
and low-temperature nitrogen adsorption experiment to test
the pore characteristics of experimental soft coal and hard
coal. Analyze the microscopic pore and fracture structure
and connectivity of typical soft coal, use the box dimension
algorithm to measure the fractal dimension of the micro-
structure of the coal sample, and compare and analyze the
relevant characteristics of hard coal. And we got the fol-
lowing conclusions:
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(1) +e results of the low-temperature nitrogen ad-
sorption test calculated that the BET specific surface
area of soft coal ranges from 10.4158 to 14.3245m2/g,
and the BJH pore volume ranges from 0.006117 to
0.008416 cm3/g, both of which are larger than those
of hard coal. It shows that soft coal has more pores
than hard coal, and the inner surface of the pores is
larger. Particularly, the number of micropores and
the superposition of the adsorption potential energy
existing in the micropores make the adsorption
potential energy of soft coal to gas greater.

(2) According to the nitrogen adsorption test data, the
fractal characteristics of the pore surface of soft and
hard coal are calculated, and the average fractal
dimension of the surface of soft coal is more than
double that of hard coal. It shows that the surface
roughness of soft coal is high, there are many pores
per unit volume, and the inner surface of the pores
can provide more adsorption sites. +e gas ad-
sorption site coverage on the surface of the soft coal
body is high, and the adsorption residence time is
long. +erefore, soft coal has a stronger ability to
absorb gas than hard coal.

(3) Compared with hard coal, soft coal exhibits a larger
adsorption hysteresis loop in the nitrogen adsorption
test. It shows that the pore connectivity of coal is
better than that of hard coal. When mining soft coal
seams, it is more likely to cause a large amount of gas
escape in a short time. When mining, the main
prevention and control measures should be taken to
extract and relieve pressure [26].
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Aiming at the broken failure of anchor cable in the mining roadway roof during the mining process, the lagging support scheme of
anchor cable is proposed. Based on the results of indoor anchor cable pull-out test, the Cable element in FLAC3D is modified to
realize the extension breaking of anchor cable in the calculation process. Furthermore, the minimum principal stress and volume
strain rate mutation point are used as the failure criteria of the anchor cable.(rough the comparative analysis of five anchor cable
lagging support schemes of 6208 transport tunnel in Wangzhuang Mine Coal, the results demonstrate that the lagging support
reduces the initial support resistance of the supporting structure. With the increase of lagging time, the ability of anchor cable to
adapt to deformation increases gradually. When the lagging time reaches the gentle area of roadway deformation, its ability to
adapt to deformation remains stable. Finally, it was determined that the support should start at 10–15m of the anchor cable
lagging head of the 6208 transport tunnel. Industrial tests show that the lagging support scheme ensures that the anchor cable can
withstand a certain deformation, and the support body has no broken failure, which effectively controls the large mining-induced
deformation of surrounding rock.

1. Introduction

With the continuous development of coal mining tech-
nology, roadway support technology has developed from
passive support to active support. A large number of en-
gineering practices have proved that the combined support
technology of bolt and cable can effectively improve the
stability of surrounding rock [1–4]. With the increase of coal
mining depth, the deep complicated geomechanical envi-
ronment makes the rock mass exhibit obvious nonlinear
large deformation mechanical properties [5, 6]. With the
increase of the load acting on the supporting structure,
coupled with the superposition of dynamic loads such as
mining, mine earthquake, and rock burst, the stress and
deformation of the supporting body can easily exceed its
limit value. (e broken failure becomes more and more
prominent, which seriously affects the stability of roadway
surrounding rock [7–12].

According to many field observation results of roadway
support, most of the bolts are anchored in the shallow
surrounding rock within 2m of the roadway, and their
elongation rate is large. Generally, they will not break due to
tensile deformation. Most anchor cables are anchored in the
deep surrounding rock within 5∼8m of the roadway. Be-
cause the relative displacement between the deep and
shallow surrounding rocks is relatively large, but the elon-
gation of the anchor cable is small, the anchor cable is more
prone to broken failure [13, 14].

In order to adapt to the deformation characteristics of
deep surrounding rock, the coupling support relationship
between anchor cable and roadway surrounding rock should
be satisfied, which usually shows the coupling of strength,
stiffness, and force [15]. (1) Strength coupling: the sur-
rounding rock of the roadway has a large deformation
energy, so it is difficult to prevent the deformation of the
surrounding rock by bolt and anchor cable alone. (erefore,
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bolt and anchor cable should be used to support the sur-
rounding rock without damaging the bearing strength of the
surrounding rock. (2) Stiffness coupling: in view of defor-
mation, the surrounding rock of the roadway is mainly
broken due to the incongruous deformation. (e coupling
between the stiffness of the supporting body and the sur-
rounding rock is the basis to ensure that the surrounding
rock will not be destroyed. However, the deformation limit
of bolt and anchor cable supporting structure should be
considered to ensure its stiffness, so that it will not break and
fail. (3) Force coupling: the force of bolt and anchor cable in
roadway support is interrelated, and the coupling effect of
force will directly affect the stability of surrounding rock.

In fact, the supporting time is very important in the
strength, stiffness, and force coupling mechanism of bolt and
anchor cable support structure. (e supporting time choice
will affect the bearing state of the whole supporting system,
which determines the overall supporting effect. For many
years, many scholars have found that reasonable supporting
time is particularly important to control the deformation of
surrounding rock in the study of bolt and anchor cable
coupling support [16–18]. Based on the modified nonlinear
rheological Nishihara model, Yu et al. [19] obtained the best
secondary supporting time in Jinchuan mining area through
reverse analysis and proposed the bolt and anchor cable
combined support technology. Meng at al. [20] analyzed the
coupling deformation mechanism of supporting structure
and surrounding rock, revealed the relationship between
plastic zone expansion and stress release rate, and finally
determined the optimal supporting time. According to the
deformationmonitoring data of roadway in XingdongMine,
Liu and Li [21] obtained the optimal supporting time of each
supporting element in the combined support scheme. Yu
et al. [22] and Wu et al. [23] established a piecewise linear
strain softening model to analyze the influence of different
anchoring methods and different secondary support time on
the stability of roadway in soft rock and finally put forward a
reasonable design principle of support scheme. Previous
studies have not well analyzed and verified the reasonable
time of anchor cable lagging support from the perspective of
the coupling force of the supporting body and its supporting
effect. In order to adapt to the large deformation of sur-
rounding rock without breaking and to enhance the com-
plementarity of supporting between bolt and anchor cable,
the scheme of installing anchor cables at a certain distance in
lagging tunneling head is put forward in this paper.

Up to now, numerical simulation has made great con-
tributions to the study on deformation and support of
surrounding rock. (e anchor cable structural element in
FLAC3D has obvious advantages in simulating the working
state of bolt and anchor cable [24, 25]. However, because the
axial force of the Cable element will maintain the ultimate
load even after reaching its tensile strength, the bolt in the
model will not fail when it is stretched [26]. Currently, few
scholars consider the tensile failure of bolt and anchor cable
in simulation calculation, so it is not accurate to use it to
further study the supporting law of anchor cable.

(erefore, based on the pull-out test of solid anchor
cable, FISH language is used to modify the anchor cable

structural element in FLAC3D to achieve the simulation of
the anchor cable breaking effect under extension defor-
mation. Meanwhile, based on the modified anchor cable
structure element, the law of the force action of the anchor
cable lagging support on the supporting structure is studied,
the influence law of surrounding rock support effect is
revealed, and reasonable anchor cable lagging support
scheme is determined.

2. FLAC3D Anchor Cable Element Modification
Based on Pull-Out Test

(e Cable element built into FLAC3D can simulate the stress
and deformation of the anchor cable with small deforma-
tion, which cannot be used to reveal the extended failure
process of the anchor cable in large deformation. Based on
the deformation behavior characteristics of the measured
anchor cable in the tensile process, Fish language is used to
modify the Cable element, so that the simulation results are
closer to the reality.

2.1. Pull-Out Test of Mechanical Properties for Anchor Cable.
MZ-II anchor cable installation and LW-1000 horizontal
tensile testing machine are used in test. (e structure
characteristics and working principle of horizontal tensile
testing machine are shown in Figure 1. (e machine is
mainly composed of host, control cabinet, measurement and
control system, servo oil source, and other parts.

In the test, a mine-used steel strand anchor cable with a
diameter of 17.8mm was selected as the research object,
which was anchored inside the seamless steel pipe with an
inner diameter of 26mm and an anchoring length of
800mm. A mine-used steel strand anchor bolt with a di-
ameter of 20mm was selected as the research object, which
was anchored inside the seamless steel pipe with an inner
diameter of 30mm and an anchoring length of 600mm.(e
relevant parameters of the test anchor cable are shown in
Table 1, the test results are shown in Table 2, and the load-
displacement curve of the anchor cable is shown in Figure 2.

(e test results show that the tensile strength of this type
of anchor cable is 1591MPa, the maximum tensile force that
it can bear is about 400 kN, and its elongation is only 3.5%–
4%.(e maximum force that the bolt can withstand is about
180 kN, and the elongation is about 16%–18%. Based on the
mechanical parameters and deformation law of this kind of
anchor cable, the cable structural element in FLAC3D will be
modified.

2.2. Fish Language Optimization of Cable Element. Based on
the mechanical behavior characteristics of anchor cable, the
state of Cable element is divided into three categories: (1)
elastic stage: it fails to reach the maximum load that it can
bear, and the deformation and stress are both less than the
maximum.(e structural element will continue to deform in
elastic stage and then enter the plastic stage. (2) Plastic stage:
in this stage, the force of Cable element is equal to the
maximum load it can bear, but the deformation does not
reach the critical value, and it will continue to deform in this
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stress state. (3) Failure stage: the deformation of the
structural element exceeds the maximum deformation it can
withstand, and it will break and fail. (e optimized force
model of Cable element is shown in Figure 3.

When the anchor cable enters the yielding state and its
axial deformation reaches the specified breaking criterion,
the anchor cable will enter the breaking state. After breaking,
the axial force of the anchor cable drops to zero, and the axial
restraint on the deformation of the surrounding rock is lost.

In FLAC3D, except for the anchorage section, the interaction
between Cable element and surrounding rock is realized
through the connection between nodes at its ends and solid
elements, which can be used to simulate the role of tray and
nut in the actual support. (is kind of node can be removed
from modified Cable element through programming, and
the specific process is shown in Figure 4.

2.3. Simulation Test of Modified Structural Element. In order
to test the effectiveness of the modified scheme, the tensile
simulation experiment of anchor bolt was carried out in
FLAC3D. (e experimental object is the left-hand screw bolt
with a diameter of 20mm, the theoretical breaking load is
180 kN, and the breaking elongation is 16%. (e established
tensile test model of the bolt is displayed in Figure 5. (e
total length of the bolt model is 2m, and the fixed section
and the anchor section are both 0.5m. (e bolt is divided
into 20 elements, with 0.1m in length. (e element number
(CID) is 1 to 20 from right to left, and the monitoring el-
ement is element 10.

(e experiment tests include the original model test and
two modified model tests. During the test, a speed of 1e− 5
was applied to the left side of the model for calculation. (e
displacement and force of element 10 are continuously
monitored, and experiment results are shown in Figure 6.

(e modified model realizes the tensile failure when the
Cable element reaches the maximum elongation in the cal-
culation process. With the increase of displacement, the load
presents a trend of fluctuating decrease, which is obviously
different from the change rule of the vertical line of the load in
the pull-out test results. (e reason is that the numerical
experiment monitors the force change of the small element in
the cable structural element, and there is a certain lag and

Servo cylinder

Servo cylinder

Force sensor

Fixture tool

Pull rod

Machine frame

Figure 1: Structure of horizontal tensile testing machine.

Table 1: Mechanical properties test scheme of cable bolt.

Length (m) Diameter (mm) Anchor length (mm) Diameter of anchor hole (mm)
Bolt 2.2 20 600 30
Cable 2.5 17.8 800 28

Table 2: Experimental results of cable bolt pull-out test.

Variable/unit Bolt/value Cable/value
Tensile strength (Rm)/MPa 561 1591
Maximum force (Fm)/kN 176.2 395.62
Upper yield strength (ReH)/MPa 409 1532
Upper yield force (FeH)/kN 128.46 381.21
Lower yield strength (ReL)/MPa 402 1524
Lower yield force (FeL)/kN 128.43 379.13
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Figure 2: Load–displacement curve of cable bolt pull-out test.
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Figure 5: Simulation experiment of Cable element modification model.
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Figure 6: Comparison of the load–displacement curves between the original model and the modified model. (a) Original model.
(b) Modified model.
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fluctuation in the monitoring of the force change. (e
modification method is to equate the failure behavior of
anchor cable by removing the connection point (link point)
between the end of cable structural element and solid element.
(e released structural element no longer interacts with the
solid element (surrounding rock), so this fluctuating load
drop will not affect the simulation results. Meanwhile, this
equivalent simulation method can realize the continuous
action of the structural elements in the anchorage section,
which is in good agreement with the actual situation.
(erefore, it is considered that this modification scheme is
feasible and can simulate the action law of anchor cable
deformation failure on the surrounding rock of the roadway
more truly.

3. Mechanical Effect of Anchor Cable Lagging
Supporting Time under Mining
Dynamic Pressure

3.1. Establishment of Numerical Calculation Model and Pa-
rameters Determination. (e supporting time of anchor
cable lagging support needs to consider many factors, such as
roadway surrounding rock properties, joint structure, and
support parameters. In this study, taking roadway driving
along goaf at 6208 working face of Wangzhuang Coal Mine
for example. Because the upper section 6207 transportation
along the roadway uses the same support parameters, the
relative movement of the roof and floor of the roadway is
relatively large, and the roof squeeze transfer machine ap-
pears. Circumstances, along with a certain amount of anchor
cable breakage, seriously affected safe and efficient produc-
tion. (e modified numerical analysis model is used to study
the time of anchor cable lagging support. In Wangzhuang
Coal Mine, one side of 6208 transport tunnel is a solid coal
bank, and the other side is adjacent to the mined area of 6207
working face.(e width of coal pillars for roadway protection
is 7.6m. (e plan sketch of the mining engineering is shown
in Figure 7. (e length, width, and height of the numerical
model are 200m, 130m, and 66m, respectively. (e bottom
boundary of the model is fixed in the vertical direction, while
the two sides and front-rear boundaries are fixed in the
horizontal direction. Using the numerical model parameter
modification method of Zhang et al. [27, 28] and based on the
laboratory results, the physical and mechanical parameters of
each rock layer in the model are finally determined, as shown
in Table 3. (e mechanical parameters of the anchor cable are
selected from the experimental parameters; that is, the elastic
modulus of the anchor is 200GPa, the diameter is 20mm, the
length is 2.2m, the breaking load is 180 kN, and the anchoring
length is 0.6m. (e diameter of the anchor cable is 17.8mm,
the length is 6.0m, the breaking load is 400 kN, and the
anchoring length is 1.2m. (e roof is arranged with 6 anchor
rods with a distance of 800mm, and the roof is arranged with
2 anchor cables with a distance of 1.8m.

3.2. Simulation and Monitoring Programs. In order to de-
termine the reasonable time of anchor cable support, based
on the property that the deformation amount and

deformation rate of surrounding rock are significantly dif-
ferent with the increase of the distance from the tunneling
face, taking the distance from the tunneling face as the index,
five kinds of anchor cable lagging support schemes were
determined, as shown in Table 4. (is scheme can be used to
simulate the supporting effect of surrounding rock in dif-
ferent deformation periods, that is, the severe deformation
period, gentle period close to surrounding rock deformation,
and gentle period completely entering into the surrounding
rock deformation. (e bolt/mesh/anchor combined support
in the model is shown in Figure 8. (e mechanical behavior
of the anchor cable under advanced support stress in the
mining face and its influence on the stability of the roadway
in five schemes are simulated, respectively.

Without support conditions, the leading support pres-
sure distribution of the working face and the deformation
law of the roadway roof are shown in Figure 9. (e leading
support pressure of the working face first increases and then
decreases. (e peak value is 14MPa, and the peak point is
18m away from the working face. (e peak value area is
about 12∼22m from the working face, and the severe in-
fluence area is about 0–35m. In order to study the influence
of the deformation behavior of surrounding rock on the
supporting structure when the anchor cable lagged support,
3 measuring points at a depth of 2m in the roof were set up
before and after the peak zone of the leading support
pressure. (e measuring points are used to monitor the
failure time of anchor cable and the change rule of sup-
porting effect. (e 3 measuring points are 15m, 20mm, and
25m away from the working surface in sequence.

3.3. Determination Condition of Anchor Cable Failure. In
order to accurately reflect the failure time of the anchor cable
and the change of the support effect before and after the
failure, the minimum principal stress (σmin) and the volume
strain rate (VSR) of the surrounding rock within 2m of the
shallow part of the roadway when the anchor cable fails are
proposed as the determination indicators for the failure. In
order to prove the validity of the determination indicators,
model tests were carried out. (e numerical model is shown
in Figure 10. High in situ stress is applied to the model to
make the surrounding rock of the roadway deform greatly
until the anchor cable extends and fails. (e minimum
principal stress and the volumetric strain rate of the sur-
rounding rock within 2m of the roadway roof were mon-
itored continuously during the calculation process.

(e numerical simulation results are shown in Figure 11.
(e figure reveals that the minimum principal stress and
volume strain rate within 2m of the roadway roof monitored
before and after the failure of the anchor cable have obvious
abrupt changes, which are in one-to-one correspondence
with the time of the failure of the anchor cable. When the
modified model is not adopted (Figure 11(a)), the anchor
cable does not fail in the process of roadway deformation
and has always played a supporting role for the surrounding
rock. When the modified model is not adopted
(Figure 11(b)), the anchor cable does not fail in the process
of roadway deformation and has always played a supporting
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Figure 7: Schematic diagram of 6208 roadway engineering plane in Wangzhuang coal mine.

Table 3: Mechanical parameters used in the model.

Stratum (ickness
(m)

Density
(kg·m−3)

Elastic modulus
(GPa)

Poisson’s
ratio

Cohesion
(MPa)

Interior friction angle
(°)

Fine sandstone 28 2550 10.5 0.29 7.5 39
Mudstone 6 2400 7.0 0.33 4.5 35
Coal 6 1400 5.3 0.30 2.5 30
Mudstone 6 2400 7.0 0.33 4.5 35
Medium grained
sandstone 20 2500 9.0 0.30 6.5 37

Table 4: Comparison scheme of cable delayed supporting.

Scheme Scheme I Scheme II Scheme III Scheme IV Scheme V
Lag distance (m) Timely support 5 10 15 20
Deformation period Severe deformation Severe deformation Tending to be slowly Beginning to be slowly Slow deformation period

Step 10 model perspective
21:31:40 Sun Mar 12 2017

Center:
X: 9.484e + 000
Y: 2.192e + 001
Z: 2.831e + 001
Dist: 2.103e + 002

Rotation:
X: 9.743
Y: 399.909
Z: 19.929
Mag: 6.23
Ang: 22.500

SEL geometry

SEL geometry
Magtac- 1.000e + 000

Magtac- 1.000e + 000

Block group
1
2
3
4
5

Figure 8: Schematic diagram of bolt-mesh-anchor cable supporting in the model.
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role for the surrounding rock. In the later stage when the
deformation of surrounding rock is stable, the minimum
principal stress within the monitoring range changes around
1.55MPa, while the volume strain rate keeps around 0, and
both tend to be stable without large fluctuations. However,
after adopting the cable modified model (Figure 11(b)), the
deformation of roadway surrounding rock drives the ex-
tension of structural elements, and the anchor cable fails.
(e failure of anchor cable can also be verified by intuitively
displaying the force of Cable element in the FLAC3D model.
With the failure of the anchor cable, the minimum principal
stress of surrounding rock in the monitoring area will
suddenly decrease and the volumetric strain rate will sud-
denly increase.(e sudden failure of the anchor cable causes
the supporting resistance provided by the supporting
structure to suddenly disappear, and the internal stress state

of the surrounding rock changes, causing a sudden change in
volume strain rate of the surrounding rock. (is one-to-one
characterization relationship is verified, and the feasibility of
the two failure determination indicators, the minimum
principal stress and volume strain rate, is determined.

3.4. Variation Law of Failure Criterion of Anchor Cable in
Front of Mining Working Face. During the stoping of
working face, the variation rules of anchor cable failure
determination indexes under the five lagging support
schemes are shown in Figure 12. It is found that the failure
time of several anchor cable lagging schemes is obviously
different due to the different supporting time and coupling
stress state in the early stage. With the increase of the lagging
distance of anchor cable support, the ability of the anchor
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Figure 10: Test model of judgment index.
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deformation.
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cable to adapt to deformation gradually increases. In
schemes 3, 4, and 5, the adaptability of anchor cable to
deformation is significantly improved compared with
schemes 1 and 2. When the lagging time of the anchor cable
is a gentle area of roadway deformation (schemes 4 and 5),
the ability increment of the anchor cable to adapt to de-
formation has been reduced.

(e lagging support of the anchor cable significantly
improves the deformation bearing capacity, but the different
supporting time leads to the different coupling stress con-
ditions of the supporting body. (e initial resistance of the
supporting structure is significantly different, which is re-
flected in the mechanical phenomenon in the figure that the
minimum principal stress increases with deformation. For
scheme 3, there is no anchor cable failure at the position of
the 20m measuring point, but it also shows that the max-
imum working resistance cannot be reached in time during
the initial deformation process of the roof under the ad-
vanced supporting pressure. Due to the certain hysteresis of
the anchor cable, the initial axial force of the anchor cable
decreases, and the reduction of the minimum principal

stress in the surrounding rock at the initial stage of the
surrounding rock deformation caused by this is not strong.
(erefore, scheme 3 is considered to be feasible. It can be
seen from schemes 4 and 5 that when the anchor cable
lagging support is completely located in the gentle period of
roadway deformation, the initial minimum principal stress
in the surrounding rock is significantly reduced. (e sup-
porting body needs a long process of surrounding rock
deformation to reach its maximum support resistance, so the
supporting effect of the supporting structure cannot be fully
exerted in the early stage, which is not conducive to the
deformation control.

(erefore, considering the improvement of the defor-
mation bearing capacity of the anchor cable by different
schemes and the supporting capacity of the anchor cable in
the early stage of roadway deformation, the lagging support
time of the anchor cable is the best when it is close to the
stable period of the surrounding rock deformation of the
roadway. It is determined that the lagging support time of
anchor cable in 6208 transport tunnel in Wangzhuang Coal
Mine is within 10–15m behind the head.
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Figure 11: Variation of index. (a) Variation of assessment index before anchor Cable element is failure. (b) Variation of assessment index
after anchor Cable element is failure.
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4. Industrial Tests

In order to verify the effectiveness of the optimization
support scheme of 6208 tunnel in Wangzhuang Coal Mine,
three groups of surface displacement and anchor cable stress
measurement stations are set up. (e monitoring scheme is
shown in Figure 13. In the process of tunneling and mining,
the bolt dynamometer is used to monitor the strain of the
load-measuring bolt and the load-measuring cable, and then

the stress state is calculated according to the mechanical
parameters of the bolt and the cable. (e monitoring results
of the 1# comprehensive measuring station are shown in
Figure 14.

After raising the prestress of the bolt and adopting
lagging support for the anchor cable, roof anchor bolt and
cable show good coupling and cooperative stress relation-
ship (Figure 14). In the later stage of tunneling, the coupling
force range is basically reached. Meanwhile, the reasonable
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Figure 12: Change of the failure judgment index for the cables during the advancing of the working face.
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lagging support also ensures that the anchor cable can
withstand a certain deformation during mining without
broken failure, which ensures the safe use of the roadway.

(e surface displacement of surrounding rock is shown
in Figure 15. After adopting the optimized support scheme,
the deformation of the surrounding rock of the roadway has
been well controlled. In the mining and stopping stages, the
final relative approaching quantities of roof and floor are
37mm and 147mm, respectively, and the corresponding
relative approaching quantities of roadway sides are 149mm
and 330mm, respectively, in the two stages. In view of the
overall control effect of surrounding rock, the roadway
surrounding rock is in a relatively stable state, and its de-
formation is effectively controlled.

5. Conclusion

In mining engineering, the failure of anchor cable of the
mining roadway roof induces by mining is very serious;
therefore, solving the failure of anchor cable is very im-
portant to maintain the stability of roadway. As a result, a
solution for anchor cable lagging support is proposed in this
study. Moreover, based on the modified Cable element in
FLAC3D, the real breaking effect of anchor cable in the
calculation process is realized. (rough the simulation
analysis of five anchor cable lagging support schemes of 6208
transport tunnel in Wangzhuang Mine Coal, industrial tests
are carried out, and the feasibility of the scheme is verified
successfully. (e main conclusions are as follows:

(1) Based on the results of indoor anchor cable pull-out
test, the deformation behavior of anchor cable is
obtained. (en, the deformation property of Cable
element in FLAC3D is modified so that the extension
breaking effect of anchor cable can be realized in the
calculation process.

(2) (e minimum principal stress and volumetric strain
mutation point are used as the mechanical criterion
for the failure of anchor cable. It is proved that with
the increase of anchor cable support lagging time, the
ability of anchor cable to adapt to deformation in-
creases gradually, the increase rate decreases grad-
ually, and the initial support resistance decreases
gradually.

(3) According to the modified numerical model, it is
determined that the lagging time of the anchor cable
along the 6208 transport tunnel in Wangzhuang
Coal Mine is within 10–15m of lagging head. (e
industrial test verifies the feasibility of the scheme
and ensures the safe use of the roadway.

Data Availability

(e data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

(e authors declare that they have no conflicts of interest
regarding the publication of this paper.

Acknowledgments

(is research was financially supported by the National Key
Research and Development Program of China through
contract no. 2020YFB1314200.

References

[1] C. J. Hou, Ground Control of Roadways, China University of
Mining and Technology Press, Xuzhou, China, 2013.

[2] A. Mirzaghorbanali, H. Rasekh, N. Aziz, G. Yang,
S. Khaleghparast, and J. Nemcik, “Shear strength properties of

Roof-floor convergence
Roof-floor convergence rate

0 5 10 15 20 25 30 35
25

55

85

115

145

0

3

6

9

12
Ro

of
-fl

oo
r c

on
ve

rg
en

ce
 (m

m
)

Monitoring days (d)

Ro
of

-fl
oo

r c
on

ve
rg

en
ce

 ra
te

 (m
m

) (
d)

(c)

Rib convergence
Rib convergence rate

130

170

210

250

290

330

0 5 10 15 20 25 30 35
0

5

10

15

20

Ri
b 

co
nv

er
ge

nc
e (

m
m

)

Ri
b 

co
nv

er
ge

nc
e r

at
e (

m
m

) (
d)

Monitoring days (d)

(d)

Figure 15: Evolution of the surface displacement around the roadway. (a) Displacement of roof and floor during excavation. (b) Dis-
placement of two sides during excavation. (c) Displacement of roof and floor during extraction. (d) Displacement of two sides during
extraction.

Advances in Civil Engineering 11



cable bolts using a new double shear instrument, experimental
study, and numerical simulation,” Tunnelling and Under-
ground Space Technology, vol. 70, pp. 240–253, 2017.

[3] Z. Wen, E. Xing, S. Shi, and Y. Jiang, “Overlying strata
structural modeling and support applicability analysis for
large mining-height stopes,” Journal of Loss Prevention in the
Process Industries, vol. 57, pp. 94–100, 2019.

[4] C. Zhang, Z. Zhu, S. Zhu et al., “Nonlinear creep damage
constitutive model of concrete based on fractional calculus
theory,” Materials, vol. 12, no. 9, p. 1505, 2019.

[5] Z. Zhang, M. Deng, J. Bai, X. Yu, Q. Wu, and L. Jiang, “Strain
energy evolution and conversion under triaxial unloading
confining pressure tests due to gob-side entry retained,” In-
ternational Journal of Rock Mechanics and Mining Sciences,
vol. 126, no. 4, Article ID 104184, 2020.

[6] S. Liu, J. Bai, X. Wang, B. Wu, and W. Wu, “Mechanisms of
floor heave in roadways adjacent to a goaf caused by the
fracturing of a competent roof and controlling technology,”
Shock and Vibration, vol. 2020, Article ID 5632943, 17 pages,
2020.

[7] Y. Zhao, Y. Wang,W.Wang,W.Wan, and J. Tang, “Modeling
of non-linear rheological behavior of hard rock using triaxial
rheological experiment,” International Journal of Rock Me-
chanics and Mining Sciences, vol. 93, pp. 66–75, 2017.

[8] W. D. Ortlepp and T. R. Stacey, “Performance of tunnel
support under large deformation static and dynamic loading,”
Tunnelling and Underground Space Technology, vol. 13, no. 1,
pp. 15–21, 1998.

[9] M. He, W. Gong, J. Wang et al., “Development of a novel
energy-absorbing bolt with extraordinarily large elongation
and constant resistance,” International Journal of Rock Me-
chanics and Mining Sciences, vol. 67, pp. 29–42, 2014.

[10] P.Wang, L. S. Jiang, J. Q. Jiang, P. Q. Zheng, andW. Li, “Strata
behaviors and rock-burst-inducing mechanism under the
coupling effect of a hard thick stratum and a normal fault,”
International Journal of Geomechanics, vol. 18, no. 2, Article
ID 04017135, 2018.

[11] Y. Liu, P. Zheng, and P. Wang, “Multi-factors influence of
anchorage force on surrounding rock under coupling effect of
creep rock mass and bolt/cable,” Geomatics, Natural Hazards
and Risk, vol. 12, no. 1, pp. 328–346, 2021.

[12] Q. Wu, X. Li, L. Weng, Q. Li, Y. Zhu, and R. Luo, “Exper-
imental investigation of the dynamic response of prestressed
rockbolt by using an SHPB-based rockbolt test system,”
Tunnelling and Underground Space Technology, vol. 93, Article
ID 103088, 2019.

[13] E. Y. Dong, W. J. Wang, N. J. Ma, and C. Yuan, “Analysis of
anchor space-time effect and research of control technology
considering creep of surrounding rock,” Journal of the China
Coal Society, vol. 43, no. 5, pp. 1238–1248, 2018.

[14] H. P. Kang, J. Lin, and B. C. Zhang, “Study on small borehole
pretensioned cable reinforcing complicated roadway,” Chi-
nese Journal of Rock Mechanics and Engineering, vol. 22, no. 3,
pp. 387–390, 2003.

[15] Y. L. Lu, L. G. Wang, B. Zhang, and Y. Y. Li, “Optimization of
bolt-grouting time for soft rock roadway,” Rock and Soil
Mechanics, vol. 33, no. 5, pp. 1395–1401, 2012.

[16] L. D. Yang, J. P. Yan, Y. Z. Wang, and Q. Y. Wang, “Study on
time-dependent properties and deformation prediction of
surrounding rock,” Chinese Journal of Rock Mechanics and
Engineering, vol. 24, no. 2, pp. 212–216, 2005.

[17] H. Lin, “Study of soft rock roadway support technique,”
Procedia Engineering, vol. 26, pp. 321–326, 2011.

[18] H. P. Kang, J. Lin, and M. J. Fan, “Investigation on support
pattern of a coal mine roadway within soft rocks-a case study,”
International Journal of Coal Geology, vol. 140, pp. 31–40,
2015.

[19] W. Yu, B. Pan, F. Zhang, S. Yao, and F. Liu, “Deformation
characteristics and determination of optimum supporting
time of alteration rock mass in deep mine,” KSCE Journal of
Civil Engineering, vol. 23, no. 11, pp. 4921–4932, 2019.

[20] Q. B. Meng, L. J. Han, and Q.Wang, “Optimization analysis of
grouting timing in deep and high stress soft rock roadway,”
Journal of Central South University (Science and Technology),
vol. 48, no. 10, pp. 2765–2776, 2017.

[21] H. T. Liu and J. Q. Li, “Research on timeliness of coordination
support of bolting-mesh-shotcreting-grouting in deep road-
way,” Journal of China Coal Society, vol. 40, no. 10,
pp. 2347–2354, 2015.

[22] W. Yu, G. Wu, and B. An, “Investigations of support failure
and combined support for soft and fractured coal-rock tunnel
in tectonic belt,” Geotechnical and Geological Engineering,
vol. 36, no. 6, pp. 3911–3929, 2018.

[23] G. S. Wu, W. J. Yu, Z. Lu, and Z. Tang, “Failure law and
mechanism of the rock-loose coal composite specimen under
combined loading rate,” Advances in Civil Engineering,
vol. 2018, Article ID 2482903, 10 pages, 2018.

[24] J. Nemcik, S. Ma, N. Aziz, T. Ren, and X. Geng, “Numerical
modelling of failure propagation in fully grouted rock bolts
subjected to tensile load,” International Journal of Rock
Mechanics and Mining Sciences, vol. 71, pp. 293–300, 2014.

[25] L. Jiang, A. Sainoki, H. S. Mitri, N. Ma, H. Liu, and Z. Hao,
“Influence of fracture-induced weakening on coal mine
gateroad stability,” International Journal of Rock Mechanics
and Mining Sciences, vol. 88, pp. 307–317, 2016.

[26] S. Yan, Y. Song, J. Bai, and D. Elmo, “A study on the failure of
resin end-anchored rockbolts subjected to tensile load,” Rock
Mechanics and Rock Engineering, vol. 52, no. 6, pp. 1917–1930,
2019.

[27] Z. Zhang, M. Deng, X.Wang,W. Yu, F. Zhang, and V. D. Dao,
“Field and numerical investigations on the lower coal seam
entry failure analysis under the remnant pillar,” Engineering
Failure Analysis, vol. 115, Article ID 104638, 2020.

[28] Z. Z. Zhang, M. Deng, J. B. Bai, S. Yan, and X. Y. Yu, “Stability
control of gob-side entry retained under the gob with close
distance coal seams,” International Journal of Mining Science
and Technology, vol. 31, no. 2, pp. 321–332, 2020.

12 Advances in Civil Engineering



Research Article
Analysis on the Influence Degree of Deformation Control
Factors of Deep-Buried Roadway’s Fractured Surrounding Rock
Using Orthogonal Design

Ke Li ,1,2 Weijian Yu ,1,3 Youlin Xu ,2 Ze Zhou ,2 Mengtang Xu ,2 and Wei Liang2

1School of Resource & Environment and Safety Engineering, Hunan University of Science and Technology, Xiangtan,
Hunan 411201, China
2College of Mining, Guizhou Institute of Technology, Guiyang, Guizhou 550003, China
3Hunan Provincial Key Laboratory of Safe Mining Techniques of Coal Mines, Hunan University of Science and Technology,
Xiangtan, Hunan 411201, China

Correspondence should be addressed to Weijian Yu; ywjlah@163.com

Received 1 April 2021; Accepted 23 May 2021; Published 7 June 2021

Academic Editor: Zhijie Zhu

Copyright © 2021 Ke Li et al. *is is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

It is a complex issue to select the support structure parameters for a deep-buried roadway with fractured surrounding rock;
especially when the support structure parameters need to be adjusted, the influence degree of support structure parameters on
roadway deformation needs to be determined. *e deformation of deep-buried roadway’s fractured surrounding rock devel-
opment was investigated using multi-index orthoplan in this paper. According to the coal mine field investigation, support
structure’s failure often occurs, and some need to be repaired many times. *rough the roadway surrounding rock drilling, it was
found that the stress of the surrounding rock was relieved, resulting in the cavity and separation of the stratum layer. *e two
sidewalls’ development and roof fractures are mainly tangential, and the original rock state appears only beyond 6.3∼8.2m. *e
length of bolts, the row distance between bolts, the length of cables, and the row distance of U-shaped steel were selected as control
factors in the multi-index orthogonal design, and roadway’s deformation values were taken as the test indexes. According to the
orthoplan, nine numerical simulation schemes were designed, and FLAC3D was used for establishment.*e range analysis method
was used to analyze the test results. *e results show that the control factors’ influence order on the total deformation of the
roadway is as follows: row spacing between U-shaped steel> bolt length> cable length> row spacing between bolts, the influence
order on the deformation of the roadway floor is as follows: row spacing between U-shaped steel> row spacing between
bolts> bolt length> cable length, same as the left sidewall and right sidewall, and the influence order on the roadway roof’s
deformation is as follows: row spacing between U-shaped steel> bolt length� cable length> row spacing between bolts, which
provide a reference for the support design of deep-buried roadways with fractured surrounding rock, especially the adjustment of
the supporting structure.

1. Introduction

With the shallow resource mined out, the coal mining
gradually shifts to the deep. *e factors such as significant
buried depth, high-stress environment, complex structure,
broken surrounding rock, and aquifer influence are
superimposed, bringing about more challenges to the
maintenance of coal mine roadway [1]. *e deep-buried soft
rock roadway’s maintenance difficulty gradually becomes

the bottleneck of building high-efficiency mines. Choosing
the appropriate supporting method is challenging to solve
urgently in the coal mine site.

In the Yunnan-Guizhou plateau of Southwest China,
coal mines are greatly affected by geological structure. Under
the vigorous promotion of many scholars and engineers,
bolts (cables), section steel, shotcrete (grouting), and other
support technologies are widely used in coal mine field [2, 3].
*e exploration of support structure mechanism and its
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bearing mechanism with surrounding rock has always been
the focus of academic research and engineering practice.
Many significant achievements have emerged and solved
many engineering and technical problems. Batugin et al. [4]
developed a combined support technology for adjacent
roadways and analyzed for a rock bolt and anchor cable
mechanism based on the external staggered split-level panel
layout’s spatial structure. Yu et al. [5] and Wu et al. [6]
proposed a combined control scheme based on the bearing
system of the “long-short” bolt (cable) and the controlled
grouting reinforcement of the “internal-external” structure.
Gong et al. [7] and Li et al. [8] considered that the radial
stress had a greater effect on the spalling failure under the
three-dimensional stress condition than the axial stress.
Zhang et al. [9] established a mechanical model concerning
roof separation within and outside the anchorage zone above
the backfill area of gob-side entry retaining and derived a
formula to calculate the roof separation, whose influence
factors and law were also obtained. Zuo et al. [10, 11] an-
alyzed the stress distribution and failure mechanism of
surrounding rock for deep underground project based on
brittle constitutive model and slippage destruction theory
and considered that excavation unloading would cause the
growth of the shear stress, which leads to the local irre-
versible (plastic) slip or break, and the surrounding rock will
be divided into blocks with a certain scale; the frictions
between the blocks decide the value of the rest strength.
Zhang et al. [12] built a mechanical model of roadway stress
based on the nonconstant pressure force state and the cracks
revolution mechanisms of floor roadway surrounding rock.
Li et al. [13] presented a discontinuous elastoplastic model
for the plane strain to depict rock shear strain localization
phenomenon and considered that the discontinuous model
could profoundly describe the postpeak shear localization
phenomenon of the deep rock mass. Huang et al. [14]
considered that the large deformation of roadways includes
the large deformation of the whole movement caused by the
large structure instability of the overlying strata and the large
deformation of the movement of the fractured rock mass in
the loosening circle. Yan et al. [15] proposed a model for
end-anchored rock bolts loaded in tension by implementing
a novel tensile failure criterion as part of a 3D continuum
numerical modeling package. Zhu et al. [16] developed a
parametric asymmetric Voronoi block generation program
by Python and established the roadway’s numerical model
by combining the results of exploration test, micro prop-
erties calibration, tension and shear test of rock bolt, and
bearing characteristics of timber.

Due to the complexity of fractured rock mass, control
technology of roadway with fractured surrounding rock has
not yet formed amature system. At present, the combination
of passive support and active support is mainly used, such as
steel, bolts, cables, and grouting scheme [12, 17]. However,
due to the significant difference in the rock mass, both the
stability of rock mass and the control of surrounding rock
should be adopted to local conditions [18, 19]. Coal mine’s
sedimentary environment and structural environment are
complex in the Yunnan-Guizhou Plateau of Southwest
China. Most of the rock engineering encountered is low

strength fractured rock mass, which has low integrity and
poor overall strength and is easy to cause large deformation
or instability.

*e orthogonal design is used to carry out multiple
combinations of supporting structure parameters to deter-
mine the influence degree of supporting structure param-
eters on the supporting effect, which provides a reference for
the support design of deep-buried roadway with fractured
surrounding rock, especially the adjustment of supporting
structure.

2. Engineering Background

2.1. Basic Information. Wanshun coal mine in Tongzi
County, Guizhou Province, is located in the northeast of
Songkan syncline. *e mining elevation is +1200∼±0m, and
the maximum mining depth is 1500m. *ere are three
minable coal seams, which are numbered C5, C3, and C1,
respectively. *e coal seams’ inclination angle is 65°∼90°, the
coal seams above the elevation of +700m in theminefield are
inverted, and the coal seams are upright in the range of
+500m～+700m. Minable coal seams are all present in the
Permian Longtan Formation (P3l), and the upper strata of
P3l are in the Permian Changxing Formation (P3c), be-
longing to medium to thickly layered limestone with suture
structure and thinner layered marl, with well-developed
joints and fissures. *e underlying strata of P3l are in the
Permian Maokou Formation (P2m), which is a strong
aquifer.

2.2. Roadway Layout. Wanshun coal mine is the second
mining area. *ere are four raises in the mining area located
in P3c andmarl of Yulongshanmember of Yelang Formation
(T1y2). To eliminate the risk of gas outburst in the coal seam
and shorten the service life of headentries and tailentries in
coal mining face, before crossheadings enter the coal seam,
main transportation and ventilated roadways are arranged in
P3c between raises and coal seam. After the danger of gas
outburst is eliminated, the crossheadings will be constructed
from main roadways to coal seam every 200m, and the
headentries and tailentries are arranged after exposing coal
seam. According to the field investigation, the second
mining area’s surrounding rock, which is now arranged in
T1y2, is relatively stable and deformed.*e surrounding rock
joints and fissures of the raise and concentrated roadway in
P3c are developed (Figure 1). *e 550 main roadway
arranged in P3c and 40m away from C5 was considered an
engineering background. *e roadway layout is shown in
Figure 2.

2.3. Roadway Support and Deformation. *e 550 main
roadway has a semicircular arch section, with a clear width
of 3.6m, a wall height of 1.4m, an arch height of 1.8m, a
section of 10.0m2, and a buried depth of 700m.*e original
support method of the roadway is bolting with wire mesh
and shotcrete. *e bolts adopt resin anchored steel anchor
rod, the diameter of the bolts is 18mm, the length is 2.2m,
and the row distance between the bolts is 900× 900mm.
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According to the field investigation, the roof subsidence
is close to 1.0m, and the arch wall on the far coal side cracks
and falls seriously in the spray layer (as shown in
Figure 1(a)). *e roadway has been repaired many times.
*e steel ladder and bolts were repaired for the second time.
*e roadway continued to deform, most of the bolts failed,
and the steel ladder was squeezed and deformed (as shown in
Figure 1(b)), whereafter part of the roadway was changed to
I-steel + bolt + cables, but the bolts and cables failed in an
extensive range (as shown in Figure 1(c)). *e I-steel was
bent, and the roadway deformation was still not effectively
controlled. At present, some sections have been forced to use
retractable U-shaped steel flexible supports for support, and

the roadway is still undergoing continuous and rapid de-
formation (as shown in Figure 1(d)).

3. Analysis of Fractures and Mining Impact

3.1. Surrounding Rock Fragmentation. To observe the two
sidewalls and roof’s damage of 550 main roadway after
excavation, measurement point was arranged at a distance of
100m from the raise of the second mining area, and three
boreholes were constructed on the two sidewalls and the
roof. Observed by CXK12 stratascope, the borehole depth is
15m. *e peeking result shows that primary fissures
dominate the surrounding rock with small extension length,

Failed shotcreting

(a)

Bent steel bar

(b)

Failed bolt

(c)

Bent I-steel

(d)

Figure 1: Current status of the support structure.
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no voids, and a small amount of fragmentation within 2m of
the shallow part. *e results of stratascope are shown in
Figure 3.

Peeping data from the measurement point show that the
roof of the roadway deforms significantly; within 1.8m, it is
completely broken and broken, and there are large cavities
and separations at 3.6m, 5.0m, 6.2m, 8.0m, etc., and it
presents the original rock state only after 8.2m. *e right
sidewall was broken within 1.3m, and disturbed fissures
developed within the range of 1.6∼5.0m, but no cavity or
separation layer was produced. *e left sidewall is broken
and damaged within 1.8m, and, after 1.8m, fissures develop
at 2.4m, 2.7m, 3.0m, etc., and there are radial fractures.
After 6.3m, the original rock state appears. *e fractures in
the two sidewalls and the roof are dominated by the tan-
gential direction, expanding to form voids and separation
layers.

3.2. Damage Scope of the Mined-Out Area

(1) If the damage depth of the goaf exceeds the location
of the roadway, that is, the roadway is arranged in the
crack zone or collapse zone, the surrounding rock of
the roadway will lose stability as a whole, and the
roadway will be in a large deformed and broken
environment for a long time. *e existing common
coal mine support technology cannot control its
long-term deformation and destruction.*erefore, if
the roadway is in the goaf’s damage range, the
roadway location should be changed, and the
roadway should be rearranged, and the roadway
deformation problem should not be solved from the
perspective of support.
*e coal seam within the range of +500m～+550m
within the minefield is close to upright, and the
formation above +550m is inverted. *erefore, the
research object belongs to the coal seam floor above
+550m and the roof of the coal seam below +500m.
*e methods of actual measurement of the de-
struction depth of the roof and floor of the goaf
mainly include the liquid leakage method, micro-
seismic monitoring method, strain measurement
method, and double-ended water plugging method
of drilling holes. At present, the mined-out area of a
mining area has been closed, and its destruction
depth cannot be measured. *is paper adopts the
theoretical calculation method to calculate the de-
struction depth after considering the safety margin.

(2) Depth of damage to the floor: according to the re-
gression analysis of the measured data, Sun et al. [20]
obtained the floor failure depth equation:

h1 � 0.1105L + 0.006H + 0.4514F − 0.0085α, (1)

where h1 is the depth of floor failure, m; L is the
panel’s slope length, which is 100m; H is the coal
mining depth, which is 750m; F is the

Protodyakonov coefficient; and α is the coal seam
inclination, which is 90°. *e calculation result of
equation (1) differs from the actual measured value
by ±15%. In this paper, the surplus coefficient is 20%.
From this calculation, the damage depth of the mine
floor is 16.3m.

(3) Depth of roof damage: the caving zone and fracture
zone in the goaf of steep coal seams generally present
a uniform ear shape or asymmetrical arch up and
down, and the height of the fracture zone is calcu-
lated using the following statistical equation [21]:

h2 �
100Mh

7.5h + 293
± 7.3, (2)

where h2 is the fracture zone’s height, m; M is the
mining thickness, which is 2m; and h is the section’s
vertical height. *e vertical height of the research
mine section is not fixed, and the maximum is 100m.
Calculated by equation (2), the fracture zone’s height
in the goaf is in the range of 11.9m to 26.5m.

*e calculation results of equations (1) and (2) are
smaller than the distance between the 550main roadway and
the C5 coal seam. *erefore, the 550 main roadway is not
within the crack zone or collapse zone of the goaf.

4. Orthogonal Experimental Design

Many factors influence the effect of roadway support in
underground coal mines, such as the layer position of the
roadway layout, the environment of considerable buried
depth, the structural environment, the water content of the
formation, and the support engineering. For the above
influencing factors, only the support engineering can be very
convenient. *erefore, based on the original support plan,
this article used the orthogonal test method to determine the
degree of influence of the support structure parameters on
the roadway support effect.

*e combined support plan of bolt + anchor
cable + shotcrete +wire mesh +U-shaped steel was adopted.
Technical standards require the shotcrete in this scheme, and
there is not much room for optional wire mesh parameters,
so it is determined that the bolt length, row spacing between
bolts, cable length, and row spacing between U-shaped steel
are the control factors. *e deformation of the roadway is
used as the test index. *e level values of the main control
factors of the scheme are shown in Table 1.

If all combinations of four factors, three levels of each
factor, are to be examined, the number of tests to be per-
formed is 34 � 81. It is a hefty workload. *e selective test is
carried out by orthogonal design, and only nine tests are
required. *e orthogonal test is given in Table 2.

*e numerical models of roadway support in the above
nine tests are shown in Figure 4, and the parameters of each
support scheme marked in the figure correspond to each test
scheme in Table 2.
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5. Numerical Simulation

5.1.CalculationModel andScheme. *e damage of 550 main
roadway located in P3c is simulated based on FLAC3D, and
the model size is x × y × z� 150m × 20m × 150m. *e ex-
trusion module of FLAC3D is used to build the model. *e
number of zones in the model is 838,400, and the number
of nodes is 868,936. *e Mohr-Coulomb constitutive

model was used. *e model includes P3l, P3c, and P2m.
Considering the formation inversion, the lower stratum
and coal seam’s dip angle is 80°, and the upper part is 100° in
the model. *e upper part of the model is the bearing
boundary, the buried depth of the top of the model is about
650m, the surface force of 15.9MPa is loaded on the top of
the model, and the other five surfaces of the model are fixed
by Fix command. *e origin of the model is located in the
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Figure 3: Chart of borehole netting.

Table 1: *e level value of the main control factors.

Main control factors Level 1 Level 2 Level 3
Bolt length (m) 2.0 2.5 3.0
Row spacing between bolts (m×m) 0.6× 0.6 0.8× 0.8 1.0×1.0
Cable length (m) 5 7 9
Row spacing in U-shaped steel (m) 0.4 0.7 1.0

Table 2: *e orthogonal table of control factors L9 (34).

No.
Main control factors

Bolt length (Lb, m) Row spacing between bolts (Db, m×m) Cable length (Lc, m) Row spacing in U-shaped steel (Du, m)
T1 2.0 0.6× 0.6 5 0.4
T2 2.0 0.8× 0.8 7 0.7
T3 2.0 1.0×1.0 9 1.0
T4 2.5 0.6× 0.6 7 1.0
T5 2.5 0.8× 0.8 9 0.4
T6 2.5 1.0×1.0 5 0.7
T7 3.0 0.6× 0.6 9 0.7
T8 3.0 0.8× 0.8 5 1.0
T9 3.0 1.0×1.0 7 0.4
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middle of the roadway. *e positive value of stress and
strain indicates that the direction points to the positive
direction, and the negative value indicates that the

direction points to the negative direction. *e numerical
model is shown in Figure 5, and the mechanical parameters
of the strata are shown in Table 3.

Lb = 2.0m
Db = 0.6m
Lc = 5.0m
Du = 0.4m

(a)

Lb = 2.0m
Db = 0.8m
Lc = 7.0m
Du = 0.7m

(b)

Lb = 2.0m
Db = 1.0m
Lc = 9.0m
Du = 1.0m

(c)

Lb = 2.5m
Db = 0.6m
Lc = 7.0m
Du = 1.0m

(d)

Lb = 2.5m
Db = 0.8m
Lc = 9.0m
Du = 0.4m

(e)

Lb = 2.5m
Db = 1.0m
Lc = 5.0m
Du = 0.7m

(f )

Lb = 3.0m
Db = 0.6m
Lc = 9.0m
Du = 0.7m

(g)

Lb = 3.0m
Db = 0.8m
Lc = 5.0m
Du = 1.0m

(h)

Lb = 3.0m
Db = 1.0m
Lc = 7.0m
Du = 0.4m

(i)

Figure 4: Numerical model of supporting structures. (a) T1. (b) T2. (c) T3. (d) T4. (e) T5. (f ) T6. (g) T7. (h) T8. (i) T9.
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Table 4: Numerical calculation parameters of liner.

Young’s modulus
(GPa)

Poisson’s
ratio

Cohesion
(MPa)

Friction angle
(°)

*ickness
(m)

Normal stiffness (108

N·m−3)
Shear stiffness (108

N·m−3)
25 0.2 3 50 0.12 8 8

Table 5: Numerical calculation parameters of the bolt/cable.

Element Young’s modulus
(GPa)

Cross-sectional area
(10−4 m2)

Perimeter (10−2

m)
Cohesive strength (105

N·m−1)
Stiffness (107

N·m−2)
Tensile yield
strength (kN)

Bolt 200 3.8 9.42 4.3 2.40 228
Cable 195 3.8 9.42 1.7 1.12 607

Table 3: Rock lithology and mechanics parameters of the numerical model.

Strata and main
lithology

Density
(kg·m−3)

Bulk modulus
(GPa)

Shear modulus
(GPa)

Internal friction
angle (°)

Cohesion
(MPa)

Tensile strength
(MPa)

T1y1
Mudstone/
sandstone 2720 2.6 2.1 31 2.5 2.9

P3c Bedded limestone 2700 2.8 1.5 29 1.8 1.5

P3l

C5 coal 1 480 1.0 0.5 25 0.8 1.2
C5 coal floor 2 720 2.4 1.5 29 2.1 1.2

C3 coal 1 510 0.7 0.4 24 1.2 1.0
C1 coal roof 2 600 1.7 1.4 31 1.5 1.9

C1 coal 1 540 0.6 0.4 25 0.9 1.0
C1 coal floor 2 620 2.1 1.2 23 1.2 1.3

P2m
Layered
limestone 2 710 3.8 2.5 30 2.8 2.8
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5.2. Selection of Supporting Structure Parameters.
Structural element liner in FLAC3D is used to simulate rein-
forced wiremesh and shotcrete, and the calculation parameters
are shown in Table 4 [22].*e bolts and cables are simulated by
structural element cable, and the calculation parameters are
shown in Table 5 [22–24]. Structural element beam is used to
simulate U29 U-shaped steel, and the calculation parameters
are shown in Table 6 [21, 22].*e bolts’ and cables’ outer end is
connected with the reinforced wire mesh in a node-node way
to ensure its coordinated deformation. *eir internal end is
connected with the zone body in a node-zone way.

5.3. Numerical Simulation Calculation Results. FLAC3D was
used to calculate the above nine examination schemes.
During the calculation, the deformation of the roadway was
monitored.*emonitoring points are arranged at 5m, 10m,
and 15m in the model’s y-direction. Each monitoring point
monitors the roof, floor, and sidewalls of the roadway. After
taking the average of the four deformations of the two gangs,
the data in Table 7 are obtained. *e deformations in the
roadway’s four directions are added to obtain the roadway’s
total deformation, which serves as the orthogonal test
analysis index.

6. Analysis of Orthogonal Test Results

For the results of orthogonal experiments, there are two
methods: range analysis and variance analysis. *e range
analysis method is simple and straightforward, and the
calculation workload is small. *e variance analysis can
estimate the test error’s size and judge whether the inves-
tigated factors’ influence on the test results is significant. *e
purpose of this article is to propose a support structure that
is prioritized to be adjusted or optimized when controlling
roadway deformation. *e test indicators to be investigated
include roof deformation, floor deformation, two-side de-
formation, and total deformation. *e range analysis
method is used to compare the test data. Take the analysis of
total deformation as an example, and the processing results
are shown in Table 8.

In Table 8, Ki is the sum of the deformation of the same
level of the main control factors, Ki � 

3
i�1 yi, yi are the test

results of the same level, k� 1, 2, 3; ki is the arithmetic mean
of the test results obtained when the factor in any column is
set to level i, ki � Ki/s, where s is the number of occurrences
of each level in any column; Rm is the range of the m-th
factor, m� 1, 2, 3, 4.

Table 8 is a range analysis of the influence of various
factors on the roadway’s total deformation. From the cal-
culation results, it can be known that the degree of influence
of the four supporting structure parameters on the

deformation is Du> Lb> Lc>Db. Using the same calculation
and analysis method, the above four influencing factors are
used to make a range analysis of the roadway roof defor-
mation, floor deformation, and deformation of the two sides.
*e results are shown in Table 9.

From the calculation results in Table 9, it can be seen that
the control factors’ order of the influence on the total de-
formation of the roadway is as follows: row spacing between
U-shaped steel> bolt length> cable length> row spacing
between bolts; the order of influence on the roadway floor’s
deformation is as follows: row spacing between U-shaped
steel> row spacing between bolts> bolt length> cable
length, same as the left sidewall and right sidewall; and the
order of influence on roadway roof deformation is as follows:
row spacing between U-shaped steel> bolt length� cable
length> row spacing between bolts.

7. Discussions

(1) *e stability control of deep-buried underground
engineering structure is a hot topic in current aca-
demic research, and it is also a problematic issue. As
it has many influencing factors, some of which are
related to the geological environment, some are
related to the geological structure, which humans
cannot control. *ere are also some influencing
factors, such as selecting supporting materials and
selecting supporting structure parameters. In par-
ticular, the series of conclusions drawn in this article
is based on the site geological conditions of the
Wanshun coal mine. *ese structures are not nec-
essarily applicable to all deep-buried mines. *e
purpose of this article is to propose a research
method, especially for deep mine undergrounds.
When the deformation of the roadway’s surrounding
rock creates an acceptable range, it needs to be
adjusted. When adjusting, it is necessary to distin-
guish the primary and secondary relationship of the
factors affecting the roadway’s deformation, analyze
the influence degree of different support structure
parameters, and maximize control of the roadway’s
surrounding rock’s deformation.

(2) *e conclusions are subject to specific conditions.
Only under the conditions described in this paper or
similar conditions will the conclusions be applicable.
If the conditions change, the conclusions will be
different. *is paper provides a solution when the
deformation of roadway at the coal mine site cannot
be controlled, and the support parameters need to be
adjusted.*at is, the orthogonal test method is used to
rank the influence degree of the adjustable parameters

Table 6: Numerical calculation parameters of U-section steel.

Young’s modulus
(GPa)

Poisson’s
ratio

Cross-sectional area (10−4

m2)
Second moment of the y-axis (10−8

m4)
Secondmoment of the z-axis (10−8

m4)
200 0.3 45.69 1245 929
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for comparison. Under the minimum adjustment
work, the best support effect can be obtained.

(3) *e orthogonal test with four factors and three levels
was chosen in the paper, and no empty columnwas set.
In this case, the variance analysis cannot be performed.
To reduce the calculation amount in numerical sim-
ulation, this paper considers four control factors, and
each control factor sets three levels. However, there are
still many factors that can be considered, such as
different buried depths, different anchor cable layout
schemes, the layout of the roadway floor bolts, and
whether to use grouting reinforcement. More research
on these needs to be done later.

8. Conclusions

(1) *e deformation of the surrounding rock mass
roadway with deep-buried fissures was investigated
on site, and it was found that the support of this type
of roadway is complex, the failure of the support
structure often occurs, and some require multiple
repairs. Peeping through drilling holes in the sur-
rounding rock of the roadway, it is found that, due to
the excavation of the roadway, the stress of the
surrounding rock mass is relieved, resulting in
cavities and separation, and the development of the
cracks in the two sidewalls and the roof is mainly
tangential.

Table 7: Monitoring values of roadway deformation.

Test number Roof (mm) Floor (mm) Left sidewall (mm) Right sidewall (mm) Total deformation (mm)
T1 30 91 51 49 221
T2 43 90 55 52 240
T3 75 93 62 57 287
T4 55 93 57 54 259
T5 30 89 51 49 219
T6 35 89 55 52 231
T7 44 91 53 49 237
T8 56 92 57 54 259
T9 31 89 52 50 222

Table 8: Range analysis of the main control factors.

No.
Control factor

Total deformation (mm)
Bolt length Row spacing between bolts Cable length Row spacing in U-shaped steel

T1 1 (2.0) 1 (0.6× 0.6) 1 (5.0) 1 (0.4) 221
T2 1 2 (0.8× 0.8) 2 (7.0) 2 (0.7) 240
T3 1 3 (1.0×1.0) 3 (9.0) 3 (1.0) 287
T4 2 (2.5) 1 2 3 259
T5 2 2 3 1 219
T6 2 3 1 2 231
T7 3 (3.0) 1 3 2 237
T8 3 2 1 3 259
T9 3 3 2 1 222
K1 748 717 711 662
K2 709 718 721 708
K3 718 740 743 805
k1 249.3 239.0 237.0 220.7
k2 236.3 239.3 240.3 236.0
k3 239.3 246.7 247.7 268.3
Rm 13.0 7.7 10.7 47.7

Table 9: *e range of calculation results for each factor.

Item
Control factor

*e order of control factors
Bolt length Row spacing between bolts Cable length Row spacing in U-shaped steel

Roof, R 9.3 4.0 9.3 31.7 Du> Lb � Lc>Db
Floor, R 1.0 1.3 0.3 3.0 Du>Db> Lb> Lc
Left sidewall, R 2.0 2.7 1.0 7.3 Du>Db> Lb> Lc
Right sidewall, R 1.7 2.3 0.3 5.7 Du>Db> Lb> Lc
Total deformation, R 13.0 7.7 10.7 47.7 Du> Lb> Lc>Db
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(2) *e multi-index orthogonal design was adopted to
carry out various combinations of supporting
structure parameters to determine the degree of
influence of the supporting structure parameters on
the supporting effect. *e bolt length, row spacing
between bolts, cable length, and row spacing between
U-shaped steel are selected as the main control
factors, and the total deformation of the roadway
roof, floor, two sidewalls, and the roadway is used as
the examination index. Nine numerical simulation
schemes were designed based on orthogonal ex-
periments, and a numerical model consistent with
the geological conditions of the coal mine site was
established using FLAC3D. Numerical calculations
were carried out to simulate the ground pressure
conditions under the condition of deep burial at the
site.

(3) *e test results were analyzed by range analysis. It
was found that the control factors’ influence order on
the total deformation of the roadway is as follows:
row spacing between U-shaped steel> bolt length-
> cable length> row spacing between bolts; the in-
fluence order on the deformation of the roadway
floor is as follows: row spacing between U-shaped
steel> row spacing between bolts> bolt length-
> cable length, same as the left sidewall and right
sidewall; and the influence order on the roadway
roof’s deformation is as follows: row spacing between
U-shaped steel> bolt length� cable length> row
spacing between bolts.
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To reveal the critical factors of the main roof influencing stability of surrounding rocks of roadways driven along goaf in fully-
mechanized top-coal caving faces, this paper builds a structural mechanics model for the surrounding rocks based on geological
conditions of the 8105 fully-mechanized caving face of Yanjiahe Coal Mine, and the stress and equilibrium conditions of the key
rock block B are analyzed, and focus is on analyzing rules of the key rock block B influencing stability of roadways driven along
goaf. +en, the orthogonal experiment and the range method are used to confirm the sensitivity influencing factors in numerical
simulation, which are the basic main roof height and the fracture location, the length of the key rock block B, and the main roof
hardness in turn. It is revealed that the basic main roof height and its fracture location have a greater influence on stability of god-
side entry driving. On the one hand, the coal wall and the roof of roadways driven along goaf are damaged, and the deformation of
surrounding rocks of roadways and the vertical stress of narrow coal pillars tend to stabilize along with the increase of the basic
main roof height. On the other hand, when the gob-side entry is located below the fracture line of the main roof, the damage
caused by gob-side entry is themost serious.+erefore, on-site gob-side entry driving should avoid being below the fracture line of
the main roof. At last, industrial tests are successfully conducted in the fully-mechanized top-coal caving faces, 8105 and 8215, of
Yanjiahe Coal Mine.

1. Introduction

Adoption of the narrow coal pillar gob-side entry driving
technique can efficiently increase recycling efficiency of coal
resources and control effect of surrounding rocks of road-
ways. +e technique has been widely used in China, but
stability of surrounding rocks of roadways driven along goaf
has limited further development of the technique [1–17].
Research has shown that there are multiple factors that
influence the stability. References [1–17] are the Chinese
scholars’ findings. Among them, Bai et al. [1, 2] built an arc-
shaped triangular block structural mechanism model for
surrounding rocks based on stress conditions of the working
face; Li [3, 4] analyzed influence of big and small structures
of roadways driven along goaf in fully-mechanized top-coal

caving face on stability of surrounding rocks; Zhang et al.
[5, 6] analyzed deformation features of surrounding rocks of
gob-side entry retaining in the fully-mechanized coal face
with top-coal caving and influence of multiple factors on
deformation and stress of gob-side entry retaining with
entry-in packing in the top-coal mining face; Wang et al.
[7, 8] discussed influence of three different fracture locations
of the overlayingmain roof of roadways driven along goaf on
stability of surrounding rocks of the roadway and rational
width of the narrow coal pillar based on the fracture line
location of key rock B in the main roof; Zhu et al. [9] studied
the main factors affecting the deformation of the filling body;
Xie [10] adopted UDEC simulation to analyze rules of six
factors, such as support technique and influencing stability
of surrounding rocks of gob-side entry retaining in top-coal
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mining faces; Zhang et al. [11, 12] analyzed four different
Chinese coal mining sites and evaluated the influencing
factors; Meng and Li [13] studied parameters’ sensitivity of
bolt support in gob-side entry driving and found that the
main influence parameters were bolt pretightening force and
bolt interval; Yuan et al. [14] studied the dynamic effect and
control mechanism of key strata in the immediate roof; Bai
et al. [15] studied the stress state and the deformation failure
mechanism of the heading adjacent to the advancing
working face roof structure; Li et al. [16] studied the in situ
stress distribution characteristics of the rock mass near
different slope angles’ hillslope surfaces; Wang et al. [17]
studied the stability of the concrete artificial side introduced
to stabilize a gob-side entry.

+e above analysis suggested that stability of the key rock
block B could directly influence stability of the large
structure of roadways driven along goaf and indirectly in-
fluence the stress environment of the small structure. +e
former mainly adopted theoretical analysis and quantitative
experiments to analyze stability of the large structure of
roadways driven along goaf, while the latter mainly analyzed
influence of factors, such as support parameters, on stability
of surrounding rocks of roadways based on numerical
simulation. Few of them analyzed sensitivity of major factors
of the main roof on stability of surrounding rocks of
roadways driven along goaf in fully-mechanized top-coal
caving faces. In view of the research gap, this paper built a
structural mechanics structure for surrounding rocks of the
key rock block B to quantitatively analyze influence of main
roof factors on stability of surrounding rocks. Based on
mining technical conditions of Yanjia Coal Mine in Bin-
chang Mining Area, four factors of the main roof are
confirmed. Combining the orthogonal experimental
scheme, the author analyzes sensitivity of the four main roof
factors and conducts a univariate analysis of the two factors
with a stronger sensitivity. Research findings are successfully
applied to the 8105 working face and further promoted in the
8215 working face. +erefore, research results of this paper
can contribute to popularization of gob-side entry driving
technique under similar geological conditions.

2. Mechanical Analysis of the Key Rock Block
B in the Main Roof

2.1. Building of the Key Rock Block B Mechanical Model.
Currently, the narrow coal pillar gob-side entry driving
technique is prevailing in China. After the overlaying rock of
the goaf in the working face of the former sector stabilizes,
the roadway driven along goaf starts. Figure 1 shows the
structure of the fracture line of the main roof surrounding
rock structure within the coal wall during gob-side entry in a
fully-mechanized top-coal caving face.

Below is the stress analysis of the key rock block B [18]:
the resultant force of shear force and horizontal thrust of the
key rock block A on the key rock block B is RAB and TAB,
respectively; the resultant force of vertical shear force and
horizontal thrust of the key rock block C on the key rock
block B is RBC and TBC, respectively; the dead load of the soft
stratum above the block B is FR; the dead load resultant force

of the block B is FZ; the support force of the goaf waste rock
for the block B is FG; the support force of the damaged
immediate roof in the section without top-coal caving for the
block B is FD; the support force of the immediate roof in the
narrow coal pillar for the block B is FS; the support force of
the immediate roof of the physical coal wall for the block B is
FM; the rotation angle of the block B is θ. +e stress situ-
ations of block B are shown in Figure 2. To put the sur-
rounding rock structure of the block B in an equilibrium
state, the block B should achieve equilibrium of stress
horizontally and vertically after its stability. Besides, there is
no allowance for slipping and rotation.

(1) Vertical:

 Fy � 0,

RAB + FM + FD + FG − 2RBC − FR − FZ � 0.
(1)

(2) Horizontal:

 Fx � 0,

TAB − 2TBC cos α � 0,
(2)

where α stands for the base angle of the key rock
block B (°).

(3) Conditions for the key rock blocks B and A to lose
stability are as follows [19]:

TAB tan φ≥RAB,

TAB

L1a
≤ ησc,

(3)

where tanφ stands for the friction factor between the two
rock blocks, (TAB/L1a) stands for the average crushing stress
between the two rock blocks, MPa, η stands for the special
coefficient of the stress analysis between the two rock blocks,
and σC stands for the compressive strength of the rock block
B, MPa.

2.2. Analysis of Factors Influencing Stability of the Key Rock
Block B. Based on structural stress analysis of the key rock
block B, it can be seen that the length of the block B can
directly influence the area of the immediate roof that it
covers after rotary subsidence. Since the dead load of the soft
stratum is above the key rock block B, FR, the dead load of
the key rock block B, FZ, will cause different degrees of
contact with the immediate rock or the goaf waste rocks; the
value of FG, FD, FS, and FM is thus decided. During the
rotary subsidence process, if the block B does not contact the
immediate rock and the goaf waste rocks, or it does contact
them but generate no compression, the immediate roof or
the goaf waste rocks cannot provide support stress for the
main roof. When the block B contacts the two and generates
compression, the latter will provide support stress for the
main roof. +e value of the stress is closely related to the
compression rate of the immediate roof and the goaf waste
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rocks, and the compression rate has a close bearing on
thickness, strength, and swell factor of the immediate roof
and the coal strata and the mechanical strength of goaf waste
rocks.

When the fracture line location of the main roof is
different [8], the horizontal stress remains the same, but the
vertical stress of the key rock block B changes. See the
following:

(1) When the fracture line of the main roof is within the
physical coal wall,
Under the condition, the vertical stress changes as
follows:

RAB + FM + FD + FG + FS − 2RBC − FR − FZ � 0. (4)

(2) When the fracture line of the main roof is outside the
narrow coal pillar,
Under the condition, there is no FM on the block B
vertically, and the stress changes as follows:

RAB + FD + FG − 2RBC − FR − FZ � 0. (5)

(3) When the fracture line of the main roof is just above
the roadway,

Under the condition, there is no FM and FS on the block
B vertically, and the stress changes as follows:

RAB + FD + FG + FS − 2RBC − FR − FZ � 0. (6)

To sum up, different fracture line locations of the main
roof will directly influence the value of the vertical stress on
the block B. Besides, during the rotary subsidence process,
different compression ratios with the immediate roof can
result in different value of support stress.+erefore, there are

many factors influencing stability of the block B. It is hard to
accurately and quantitatively describe its value theoretically
and in practices. It is necessary to turn to the numerical
simulation to analyze influence of factors of the basic roof on
stability of surrounding rocks in gob-side entry in fully-
mechanized top-coal caving faces.

3. Confirmation of Sensitivity of Major
Factors of the Main Roof

3.1. Confirmation of Influencing Factors. +e working face of
Yanjiahe Coal Mine features a single-wing main roadway
belt layout. In order to efficiently connect working faces and
efficiently control deformation of the surrounding rock of
roadways, the narrow coal pillar gob-side entry is adopted,
and favorable technical and economic efficacy is achieved
[20–23], but geological conditions of Yanjiahe CoalMine are
complex, and the working face mine pressure behaviors and
drill peeping analysis show that storage condition changes of
the main roof are huge [2, 3]. Based on geological conditions
of Yanjiahe Coal Mine, rules of four factors, including the
main roof height and strength, the length of the key rock
block B, and the fracture location of the main roof, in
influencing stability of surrounding rocks of roadways
driven along goaf is analyzed.

3.2. Orthogonal Experiment. +e orthogonal experimental
scheme is adopted to analyze different degrees of in-
fluence of four factors of the main roof on stability of
surrounding rocks of roadways driven along goaf. +e
experimental scheme and the four factors are shown in
Tables 1 and 2. Under the same bolt support, the de-
formation of surrounding rocks of roadways is an index
to measure influence of different factors on stability of
surrounding rocks of roadways. According to the or-
thogonal experimental scheme, the sensitivity of the four
factors is ranked in order, and the two of them with a
greater sensitivity are selected for the univariate analysis
as to their influence on stability of surrounding rocks of
roadways.

3.3. Modeling. Based on geological conditions of the 8105
fully-mechanized top-coal caving face, the authors adopt
UDEC2D4.0 to build the numeric calculation model
[21, 24, 25]. +e constitutive relation between the rock block
and the surrounding rocks features a Mohr–Coulomb
model. +e physical mechanical parameters of the rock mass
are shown in Table 3. +e belt cross-heading fracture surface
of 8105 is 4000mm× 3000mm; and, the combined support
featuring high-intensity deformed steel bar resin bolt + high
preload + cable reinforcement + roof bolting with bar and
wire [18, 22] is adopted. During the simulation process, the
neighboring caving faces are first excavated and balanced;
and, then comes the gob-side entry driving. +e whole
process should lay out corresponding stress and displace-
ment monitoring points.

Rock block A

The section without
top-coal caving

Cross headingNarrow coal
pillar

Gob-side entry
driving

Immediate roof

Coal seam

Rock block B
Rock block C

IIV II

III

Figure 1: Surrounding rock structural mechanics model during
gob-side entry in a fully-mechanized top-coal caving face.
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Figure 2: Structural stress of surrounding rocks of the key rock
block B.
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3.4. Analysis of the Orthogonal Experimental Scheme. +e
“cross-measurement method” is adopted to measure de-
formation of surrounding rocks. +en, the range method is
used to comparatively analyze the deformation of four
factors under three levels. +e deformation of surrounding
rocks is shown in Table 2.

From Table 2, it can be seen that the range of the four
factors influencing overall stability of surrounding rocks of
roadways, including the main roof height and hardness, the
length of the key rock block B, and the fracture location, based
on the orthogonal univariate analysis is 393.54mm, 29.19mm,
84.20mm, and 93.03mm, respectively; the range of the four
factors influencing stability of surrounding rocks on two ribs of
roadways is 173.09mm, 54.59mm, 3.96mm, and 29.02mm,
respectively; and, the range of four factors influencing stability
of the roof-to-floor surrounding rocks is 220.45mm,
25.40mm, 80.24mm, and 90.18mm, respectively.

+us, the degree of influence of the four factors of the
main roof on stability of surrounding rocks of roadways
driven along goaf can be ranked as follows: the main roof
height＞ the main roof fracture location＞ the length of the
key rock block B＞ the main roof hardness. +e degree of
influence of the four factors on surrounding rocks on two
ribs of roadways can be ranked as follows: the main roof
height＞ the main roof hardness＞ the main roof fracture
location＞ the length of the key rock block B. +e degree of
influence of the four factors on the roof-to-floor sur-
rounding rocks can be ranked as follows: the main roof
height＞ the main roof fracture location＞ the length of the
key rock block B＞ the main roof hardness. It can be seen
that the main roof height and the main roof fracture location
are two factors with a greater sensitivity.

4. Sensitivity Univariate Analysis of the
Main Roof

4.1. Simulation Scheme. In order to further analyze the
influence of the main roof height and its fracture location on
stability of roadways driven along goaf, the univariate
analysis is adopted. +e simulation scheme is shown in
Table 4. +e main roof hardness is set to be medium-hard,
and the length of the key rock block B is set to be 18m.

4.2. Univariate Analysis Scheme

4.2.1. Influence of the Main Roof Height on Stability of
Surrounding Rocks of Roadways. +e average value of the
deformation of surrounding rocks of roadways and the
vertical stress value before and after coal pillar driving of
nine schemes included in Table 2 are shown in Figure 3.

From Figure 3, it can be seen that the coal pillar stress
before driving is larger than that after driving. Before the
roadway driving, the overlaying strata of neighboring caving
faces is basically stable, the key rock block B is in an
equilibrium state, and the stress on the coal wall is con-
centrated. In Schemes 1–3, Schemes 4–6, and Schemes 7–9,
the vertical stress scope in the central position of the narrow
coal pillar is 7.41∼9.43MPa. +is suggests that the influence
of the main roof height and the fracture location on the coal
pillar stress before the roadway driving is not significant.
After the roadway driving, the stress of surrounding rocks of
roadways needs to be redistributed, and the stress peak value
transfers to the inside of the coal. At the moment, the coal
pillar is in the stress declining area. In Schemes 1–3, Schemes
4–6, and Schemes 7–9, the average vertical stress of the coal
pillar is within the range of 4.36∼5.03MPa, 1.56∼2.67MPa,
and 2.07∼2.38MPa, respectively. +is suggests that, when
the main roof height is 0m, the narrow coal pillar has a
greater support stress, FS, for the key rock block B. Along
with the increase of the main roof height, the support stress
of the main roof in the section without coal and the goaf
waste rocks for the key rock block B is FD and FG, re-
spectively, thus reducing the compression of the key rock
block B on the immediate roof above the coal pillar.

From Figure 3, it can be seen that the relative defor-
mation on the two ribs of the roadway in Schemes 1–9 is
151.50%, 141.45%, 136.04%, 163.12%, 143.72%, 131.24%,
168.07%, 76.96%, and 146.21% of the roof-to-floor relative
deformation.+us, it can be judged that deformation on two
ribs dominates in roadways driven along goaf in fully-
mechanized top-coal caving faces. +e relative deformation
on two ribs in Schemes 1–3, Schemes 4–6, and Schemes 7–9
is 274.95∼322.25mm, 315.01∼368.86mm, and 295.57
mm∼390.31mm, respectively; the deformation is small in
Schemes 1–3.+e deformation in Schemes 4–6 and Schemes
7–9 is almost the same. After roadways driven along goaf, the
surrounding rocks of roadways obtain timely support. +e
surrounding rocks’ stress is quickly redistributed. Relying on
bolt and cable support, surrounding rocks of roadways form
a small structure. With the rotary subsidence of the key rock
block B, the support stress provided by the immediate roof
and the physical coal wall right above the narrow coal pillar,
FS and FM, increases and the stress of the narrow coal pillar
and the physical coal wall concentrates, thus resulting in
expansion and deformation of surrounding rocks.

4.2.2. Influence of the Main Roof Fracture Location on
Stability of Surrounding Rocks of Roadways. +e deforma-
tion of surrounding rocks of roadways in Schemes 1∼3,

Table 1: Experimental factors and levels.

Level
Factor

Main roof height (m) Main roof hardness (MPa) Length of the key rock block B (m) Fracture position of the main roof (m)
1 0 Soft/25 16 Inside the coal wall 2m
2 5 Medium-hard/35 18 Right above the roadway
3 10 Hard/45 20 Outside the coal wall 2m

4 Advances in Civil Engineering
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Schemes 4∼6, and Schemes 7∼9 is shown in Figures 4(a)–
4(c), respectively.

From Figure 4, it can be seen that deformation of sur-
rounding rocks of roadways driven along goaf mainly
happens in the physical coal wall and the roof side. Under
the same height but different basic roof fracture locations,
the deformation of surrounding rocks of roadways is dif-
ferent. Below is a detailed analysis.

When the main roof height is 0m, the deformation of the
coal wall side, the roof side, the coal pillar side, and the floor
side in roadways shown in Schemes 1–3 is 241.40mm,
117.29mm, 40.85mm, 55.73mm, 210.84mm, 109.53mm,
64.11mm, 49.40mm, 214mm, 152.12mm, 108.25mm, and
48.76mm, respectively.

At the moment, there is no immediate roof above the
coal strata, thus resulting in no goaf waste rock support
force, FG, for the key rock block B.When the basic main roof
fracture location is right above roadways, the key rock block
B will rotate and sink directly on the roof side of the roadway
and the side of the narrow coal pillar. Under the condition,
the deformation of surrounding rocks of roadways is larger
than that under the other two conditions.

When the main roof height is 5m, the deformation of the
physical coal wall side, the roof side, the coal pillar side, and
the floor side is 360.9mm, 229.73mm, 89.68mm, 85.23mm,
386.14mm, 248.3mm, 85.87mm, 85.87mm, 343.56mm,
277.26mm, 131.39mm, and 91.6mm, respectively.

When the main roof height is 10m, the deformation of
the physical coal wall side, the roof side, the coal pillar side,
and the floor side is 338.99mm, 219.34mm, 95.11mm,
76.24mm, 365.29mm, 263.28mm, 111.97mm, 81.28mm,
364.9mm, 318.25mm, 126.38mm, and 72.06mm, respec-
tively. At the moment, there is an immediate roof between
the coal strata and the main roof. After roadway driving and
rotary subsidence of the key rock block B, the block B might
receive the stress from the main roof, FD, FS, FM, and FG.
+rough the immediate roof, it will function on the coal

Table 4: Simulation scheme.

Main roof height (m)
Main roof fracture location

Inside the coal wall 2m Outside the narrow coal pillar 2m Right above the roadway
0 Scheme 1 Scheme 2 Scheme 3
5 Scheme 4 Scheme 5 Scheme 6
10 Scheme 7 Scheme 8 Scheme 9
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Figure 3: Display of relative deformation of surrounding rocks of
roadways and vertical stress of the coal pillar.

Table 3: Physical mechanical parameters of the rock mass.

Lithology Bulk modulus (GPa) Shear modulus (GPa) Internal friction angle (°) Cohesion (MPa) +ickness (m)
Coarse-grained sandstone 11 9 36 4.0 7
Sandy mudstone 16 12 32 3.5 20
Siltstone 20 16 33 6.0 10
Siltstone 20 16 33 6.0 6
No. 5−1 coal seam 8 6 28 1.5 3
Mudstone 6 5 28 4.0 2
Sandy mudstone 16 12 32 3.5 2
No. 5−2 coal seam 8 6 28 1.5 2
Mudstone 6 5 28 4.0 3
Sandy mudstone 16 12 32 3.5 3
Siltstone 20 16 33 6.0 3
Sandy mudstone 16 12 32 3.5 8
Siltstone 20 16 33 6.0 4
No. 7 coal seam 8 6 28 1.5 2
Mudstone 6 5 28 4.0 2
Sandy mudstone 16 12 32 3.5 1.5
No. 8 coal seam 8 6 28 1.5 7
Sandstone 12 10 38 7.0 28.5
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pillar, the roadway roof, the physical coal wall, and the goaf
to achieve an equilibrium state. When the main roof fracture
location is right above roadways, the compression rate be-
tween the narrow coal pillar and the immediate roof right
above roadways is relatively large, and the stress concen-
tration is high. Consequently, the deformation of sur-
rounding rocks of the narrow coal pillar side and the roof
side becomes larger than that under the above two
conditions.

+erefore, in order to reduce the stress concentration
degree of the narrow coal pillar side and right above
roadways, it is necessary to avoid laying gob-side entry
driving right below the main roof fracture location. In this
way, the bolt or the cable will control deformation of sur-
rounding rocks of roadways more easily.

5. Engineering Application Analysis

Based on the above research, engineering application
analysis is conducted on two fully-mechanized top-coal
caving faces, namely, 8105 and 8215.

5.1. 8105Fully-MechanizedTop-CoalCavingFace. 8105 track
transport roadway drives along the 8104 goaf. It is necessary
to master the main roof fracture line location on the 8105
top-coal caving face. +erefore, the 8103 track transport
roadway and the 8105 belt transport roadway lay the probing
drills on the 8102 goaf and the 8106 goaf. Measurement
shows that the basic main fracture line is located within the
physical coal wall, which is 3.42∼3.87m away from the goaf
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Figure 4: Deformation of surrounding rocks of roadways when the main roof fracture location is different. (a) +e main roof height is 0m.
(b) +e main roof height is 5m. (c) +e main roof height is 10m.
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boundary. +erefore, the coal pillar width should not be
within the range of 3.42∼3.87m [8, 22]. (See Figure 5) +e
numerical simulation analysis is adopted to analyze
changing rules of surrounding rock deformation and coal
pillar and seam floor vertical stress under different coal pillar
width. Finally, the reasonable width of the coal pillar is 6.5m.
After 20 days of roadway driving, the surrounding rocks are
basically stable, and the maximum roof-to-floor and two-rib
displacement is 118mm and 65mm, respectively. Influenced
by the caving face excavation, the maximum roof-to-floor
and two-rib displacement is 200∼420mm and 380∼600mm,
respectively. +e control effect of surrounding rocks of
roadways is shown in Figure 6.

5.2. 8215 Fully-Mechanized Top-Coal Caving Face. +e 8215
track transport roadway drives along the 8214 goaf
boundary, and the coal pillar width of the coal section is
8.0m. Six monitoring stations are laid out to monitor
surrounding rocks of roadways. After 20 days of roadway
driving, the surrounding rocks are basically stable, the bolt
and cable working conditions are favorable, and the max-
imum roof-floor and two-rib displacement amount of six
monitoring stations is 100∼160mm and 80∼100mm, re-
spectively. Influenced by excavation, the maximum roof-
floor and two-rib displacement amount is 220∼460mm and
340∼620mm, respectively. +e stress variation rules of the
coal monitored by the monitoring station 2 are shown in
Figure 7. 064Y, 065Y, and 066Y in Figure 7 represent the
surrounding rock stress 4m within the narrow coal pillar,

5m within the physical coal wall, and 10m within the
physical coal wall.

From Figure 7, it can be seen that the stress 4m within the
coal pillar is low and changes within the range of 0.1∼0.2MPa.
+e stress 5m within the physical coal wall is large. If not
influenced by excavation, it changes within the range of
0.1∼0.6MPa, and if influenced by excavation, it changes within
the range of 0.7∼0.8MPa. +e stress 10m within the physical
coal wall is relatively large. If not influenced by excavation, the
change is within the range of 0.1∼0.8MPa; if influenced by
excavation, the peak stress value can reach 10.9MPa. Results
suggest that, if the coal is not influenced by excavation, the
surrounding rock stress is relatively small; if influenced by
excavation, the surrounding rock stress is transferred to be
within the physical coal wall. However, the roadways driven
along goaf far always in the stress decline area, which is ben-
eficial to the surrounding rock control of roadways.

Changing rules of the surrounding rock deformation
and the coal stress suggest that roadways, influenced by
excavation, are efficiently controlled, thus meeting re-
quirements of the working face stopping [20, 23]. In order to
master the main roof fracture line of the 8215 caving face,
probing drills are laid by the 8215 track transport roadway to
the overlaying strata on the 8214 goaf, and the probing
results are shown in Figure 8.

From Figure 8, the large fractures concentrate above the
coal pillar near the goaf. +eir distance away from the coal
pillar margin is short, namely, 1.22m, 3.42m, and 4.15m,
respectively. Areas with obvious fractures are gradually away
from Coal 8, and they are mainly distributed near the upper
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Figure 5: Probing results of the main roof fracture location.
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right of the coal pillar in goaf and far away from the coal
pillar margin. It suggests that it is reasonable to set the coal
pillar to be 8.0m, which can avoid putting the roadway right
under the basic fracture line, and the surrounding rock
control effects are shown in Figure 9.

6. Conclusions

+is paper builds the structural mechanics model of the
key rock block B, points out that equilibrium of the key
rock block B should meet conditions not to lose equi-
librium horizontally and vertically, qualitatively analyzes
the influence of the main roof factors on stress of the key
rock block B, and places particular emphasis on stress-
changing rules of the key rock block B vertically under
three different fracture locations of the main roof.

Based on mining technical conditions of Yanjiahe Coal
Mine in BinchangMining Area, four factors of the main roof
are confirmed, including the main roof height and hardness,
the length of the key rock block B, and the main roof fracture
location. +e orthogonal experiment is used to set nine
plans; the range method is employed to confirm the sen-
sitivity order of the main roof, which is as follows: the main
roof height＞ the main roof fracture location＞ the length
of the key rock block B＞ the main roof strength.

+e univariate method is adopted to analyze the in-
fluence of the main roof height and the fracture location
on stability of surrounding rocks of roads in fully-
mechanized caving faces. It is found that surrounding
rock deformation during roadways driven along goaf
happens in the physical coal wall and the roof side. +e
deformation of surrounding rocks of roadways and the
vertical stress of the narrow coal pillar tend to stabilize
along with the increase of the main roof height. Mean-
while, the roadway driving right below the basic fracture
line should be avoided.

+e engineering application effects suggest that the
narrow coal pillar layout is reasonable on the 8105 and
8215 caving face, which can avoid putting the main roof
fracture location right above the roadway. +e sur-
rounding rocks of the driving roadways are in a low-stress
environment, and the surrounding rocks of the roadways
are efficiently controlled. All these have guaranteed safe
and efficient stopping of caving faces.
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In order to study the optimal coal pillar width and surrounding rock control mechanism of gob-side entry under inclined seam
condition, the 130205 return air entry adjacent to 130203 gob in Yangchangwan No. 1 well is taken as a typical engineering
background. By means of engineering background analysis, theoretical analysis based on inside and outside stress field, numerical
simulation by FLAC3D software, and in situ industrial test and relevant monitoring methods, the optimal coal pillar width and
surrounding rock control technology are obtained. ,e results show that the influence range of inside stress field is about
12.2∼12.8m based on theoretical calculation result; under the influence of 10m coal column, the overall deformation of the
roadway is relatively small and within the reasonable range of engineering construction, so the width of the coal pillar along the
return air roadway is set to 10m which is more reasonable; the cross-section characteristics of special-shaped roadway lead to
asymmetric stress distribution and fragmentation of surrounding rock, and then the asymmetric surrounding rock control
technology under the coupling effect of roof prestressed anchor + high-strength single anchor cable + truss anchor cable support is
proposed. ,e monitoring results of this support method are effective for the maintenance of gob-side entry, and the study
conclusions provide new guidance for the surrounding rock control mechanism of gob-side entry under inclined seam conditions.

1. Introduction

During the underground coal seam mining process, coal
pillar mining is usually realized in the form of open-cut
tunneling. Scholars determine the reasonable size of coal
pillar through theoretical calculation, numerical simulation,
and engineering test and arrange the tunnel in the stress
reduction zone, when the coal pillar is in the yielding state
but still has the bearing capacity, and can keep the tunnel
stable if it is reasonably supported [1–3]. If the width of the
coal pillar is not reasonable; it may cause dynamic pressure
disaster in the process of roadway boring. ,erefore,
choosing a reasonable width of coal pillar can improve the
coal resource recovery rate and reduce the cost of roadway
support under the premise of ensuring roadway safety.

Wilson [4] carried out an analysis on the stability factors of
soft rock retrieval roadway and discussed comprehensively
the mechanism of roadway soft rock damage under the
influence of coal column width and workface retrieval. Bai
et al. [5] analyzed the stability of narrow coal pillars along the
air-excavated roadway by numerical simulation methods to
arrive at a reasonable range of coal pillar widths under
specific geological conditions. Xie et al. [6] revealed the effect
of coal pillar width change on the distribution and change
law of surrounding rock stress and pointed out that the
reasonable width of the coal pillar in the guard lane should
be less than the critical width of the transfer of stress within
the solid coal of the lane gang to the coal pillar. He and
Zhang [7] proposed a systematic asymmetric support theory
by analyzing the deformation characteristics of the
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surrounding rock along the hollow roadway in large sec-
tions. Hou and Li [8] studied the stability principle of the size
structure of the surrounding rock along the air-digging lane.
Zha et al. [9, 10] analyzed the influence of the basic top
fracture location on the narrow coal pillar protection lane
and studied the selection criteria of reasonable coal pillar
width based on this. Li et al. [11], in order to improve the
accuracy of the numerical model calculation, set the mining
area as a strain hardening model and the coal column as a
strain-softening model according to the mechanical prop-
erties of the coal rock body.

In previous studies, vertical stress was used as one of the
criteria for determining the stability of the surrounding rock,
while usually the crustal movement is dominated by hori-
zontal movement, and it is inherently wrong to ignore the
influence of horizontal stress and shear stress to evaluate the
stability of the surrounding rock. ,e second invariant of
deviatoric stress (J2) as a unit of characterization of the
magnitude of shear stress and distortion appears to be more
relevant for determining the degree of shear damage and
integrity of the rock mass. It can be expressed by the
combination of the maximum principal stress (σ1), the in-
termediate principal stress (σ2), and the minimum principal
stress (σ3), as follows:

J2 �
1
6

σ1 − σ2( 
2

+ σ2 − σ3( 
2

+ σ3 − σ1( 
2

 . (1)

Many scholars have used the second invariant of
deviatoric stress to study the mechanical characteristics of
surrounding rock, and some research results have been
obtained [12, 13]. In this paper, taking 130205 backwind
road of Yangchangwan coal mine as the engineering
background, on the basis of theoretical analysis, the influ-
ence of coal seam inclination on the roadway surrounding
rock is fully considered, and FLAC3D numerical simulation
is used to derive the distribution of the main deflection stress
and deformation mechanism of the roadway surrounding
rock, which provides the basis for the reasonable selection of
coal pillar width.

2. Engineering Situations

130205 working face is located in the eastern part of the well
field of Yangchangwan No.1 well, the adjacent 130203 working
face in the upper part of the 130205 working face has been
mined out, and a 20mwidth of coal pillar was left to protect the
130205 return air entry. ,e burial depth of 130205 working
face is about 587.1∼726.7m, and the average burial depth is
656.9m. Its primary mineable coal bed is the No.2 coal seam,
the thickness of this coal seam is about 8.2∼10.7m, and the
average thickness of this coal seam is 8.4m. ,e layout plan of
130203 fully mechanized working face is shown in Figure 1.

3. Theoretical Analysis of Narrow Coal
Pillar Width

3.1.Relationshipbetween thePositionof theBasicTopBreaking
Line and the Width of the Coal Column. With the advance of
the upper section of theworking face, the basic top of the edge of

themining area breaks until it touches the gangue, gangue to the
basic top to form a preliminary support role, and the adjacent
blocks bite each other to form an articulated structure, which is
relatively stable by the horizontal thrust of the adjacent rock
blocks [14–16]. According to the “internal-external stress field”
mine pressure theory that was put forward by Song et al. [17],
the break line again divides the lateral coal body into 2 parts, one
of which is the internal stress field determined by the weight of
the moving rock beam, and the other is the external stress field
associated with the overall force of the overlying rock, where a
new plastic and elastic zone is again formed within the external
stress field, as shown in Figure 2.,e mechanical model can be
obtained by simplifying Figure 2, as shown in Figure 3.

From Figure 3, the support pressure in the internal stress
field at a distance x from the edge of the coal wall is shown as
follows:

σy � Gx · yx, (2)

where Gx is the stiffness of the coal seam at a distance x from
the coal wall in the internal stress field (Pa) and yx is the
compression of the coal body at a distance x from the coal
wall in the internal stress field (m).

Reducing this to a linearly varying process, the geometric
relationship yields as follows:

yx �
y0

x0/cos(θ − ψ)
·

x0

cos(θ − ψ)
−

x

cos(θ − ψ)
 , (3)

Gx �
G0

x0
x, (4)

where y0 is the maximum compression at the coal wall at the
edge of the mining area (m); θ is the dip angle of the coal
seam, set at 13° according to the mine data; ψ is the break
angle between the rock seams when the key block B breaks,
which is 5°∼7° according to the actual measurement; x0 is the
size of the internal stress field range of this coal seam (m).

Combining equations (2) and (3), the support stress
component of the internal stress field in the direction
perpendicular to the coal bed roof can be obtained as follows:


x0 · cos(θ−ψ)

0
σy � G0y0x0

cos2(θ − ψ)

2
−
cos3(θ − ψ)

3
 .

(5)

,e direction of the supporting stress of the internal
stress field is vertical downward, so the magnitude of the

Assistant transportation dip entry

130205 return air entry

Assistant transportation bypass

130203 return air entry

Return air dip entry

130203 belt transporter entry

Belt conveyor dip entry 20m

Figure 1: 130203 fully mechanized working face layout plan.
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supporting stress within the range of the internal stress field
is shown as follows:

G0y0x0 · cos2(θ − ψ)/2  − cos3(θ − ψ)/3  

cos ψ
. (6)

,e support stress within the internal stress field is
approximated as the weight of the basic top rock layer in the
range of the internal stress field when incoming pressure
occurs, i.e.,

G0y0x0 · cos2(θ − ψ)/2  − cos3(θ − ψ)/3  

cos ψ
� LC0Mc,

(7)

where L is the length of the working face of the upper section
(m);C0 is the incoming pressure step of the working face (m);M
is the thickness of each transfer rock beam (m); c is the average
capacity of each transfer rock beam (kN/m3). From the be-
ginning of the collapse of the direct top until the end of the

gangue process, as the deformation of the coal seam and the
direct top is synchronized, the geometric relationship can be
obtained as follows:

y0

xo/cos(θ − ψ)
�
Δh

L′/cos(θ − ψ)
�

h − mz Kp − 1 

L′/cos(θ − ψ)
, (8)

where ΔL is the maximum sinkage when the direct top touches
the gangue stability (m); L′ is the span of the direct top hinge
rock beam (m); h is themining height of the seam (m);mz is the
collapse height of the broken direct top (m); Kp is the broken
expansion coefficient of the basic top rock.

,e stiffness G0 of the coal body in the plastic state can be
expressed by the envelope theory as follows:

G0 �
E

2(1 + v)ζ
, (9)

where E is the modulus of elasticity of coal body (Pa); v is
Poisson’s ratio; ξ is the influence coefficient, which is related
to the fracture development in the coal body.

Inside stress field zone Outside stress field zone

Key block C

Key block B

Key block A

The arch fracture line

θ

Figure 2: Lateral abutment stress distribution along dip direction in coal mass adjacent to gob.
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Figure 3: ,e basic roof fracture structure and stress condition above coal mass adjacent to gob.
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,emagnitude of the internal stress field can be obtained
by combining the above equations as follows:

x0 �

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

12LC0Mc(1 + v)ζL′ cos ψ
E h − mZ Kp − 1   · 3 cos2(θ − ψ) − 2 cos3(θ − ψ) 




.

(10)

According to the geological data of the mine and field
measurements, it is known that L� 170m, C0 is 32∼35m,
M� 12.8m, and c � 27 kN/m3, v � 0.27, ξ � 0.8, L’� 18∼21m,
E� 2.5GPa, h� 4.5m, mz � 4.1m, Kp � 1.7, and θ� 13°. ,e
internal stress field can be found in the range of 12.2 to
12.8m. ,e internal stress field is in a low stress range; if the
roadway is arranged within the internal stress field range by
using the roadway along the air boring, it can effectively
improve the mechanical state of the roadway surrounding
rock, improve the stability of the roadway, and reduce the
roadway maintenance cost.

3.2. Preliminary Determination of Coal Pillar Width of In-
clined Coal Seam. Usually, the basic top fracture line is
located in the coal wall at 0∼14m. When the fracture line is
located in the coal wall at 9∼14m, generally 1∼5m coal pillar
is used to arrange the roadway along the empty roadway
within the fracture line; at this time, the sum of the width of
the roadway along the empty roadway and the width of the
narrow coal pillar is less than the width of the “internal stress
field”, so that the roadway is in the low stress area. However,
in addition to the support pressure factor, the influence of
the size of the stable area inside the narrow coal column and
the influence of the sheet gang, water accumulation in the
mining area, and uneven strength of the coal body on the
stability of the narrow coal column should also be
considered.

(1) Yangchangwan coal mine No.2 coal seam belongs to
the inclined coal seam, above the mining area gangue
along the coal seam tendency to have downward
pressure on the coal pillar, and there is a certain
range of plastic damage area at the coal wall, the coal
pillar internal fissure is developed, and stability is
poor, so leaving 1∼5m coal pillar cannot ensure that
the coal pillar can exist in the elastic core area of the
main bearing capacity

(2) Because the combustion point of No.2 coal is rela-
tively low, it is especially important to reduce the
degree of fissure development in the coal column in
order to prevent the spontaneous combustion of
residual coal caused by the leakage of wind from the
return air tunnel to the mining area

Considering the role of the coal pillar to block gangue,
waterproof, fire prevention, gas, etc., the protective coal
pillar is at least set at 3∼5m. In order to meet the normal
working design of the shaft width of 5m, the width of the
coal pillar is initially set at 8∼10m. ,e 8∼10m protective
coal pillar is left and the roadway is arranged within 2∼3m
below the basic top fracture line, which effectively avoids the

huge load transmitted down by the arch foot and keeps the
surrounding rock of the roadway relatively stable after
digging.

4. Numerical Simulation

4.1. Establishment of the Numerical Simulation Model.
According to the production geological condition of 130205
working face, a FLAC3D numerical model is established, as
shown in Figure 4. ,e model is fixed at the two boundaries
of theX and Y axes and the bottom boundary of Z axis, a self-
weight load of 17.625MPa is applied directly above the
model Z axis, and the lateral pressure coefficient is set to 1.2,
which is confirmed by in situ stress test results. ,e rock
parameters were obtained by evolutionary analysis based on
the measured results. ,e coal seam model was set as the
Mohr-Coulomb strain-softening model [18, 19], and the
rock mechanical parameters of the coal seam and sur-
rounding rocks are listed in Table 1.

4.2. @e Second Invariant of Deviatoric Stress Field
Distribution

4.2.1. Distribution of Second Invariant of Deviatoric Stress in
Coal Pillar Affected Area of the Roadway Surrounding Rock.
,e second invariant of deviatoric stress represents the
magnitude of the shear force and deformation of the rock
body, which can objectively reflect the essential character-
istics of the deformation and damage of the surrounding
rock caused by the excavation of the roadway [13, 20]. It is
more comprehensive than the previous use of only the
support pressure (vertical stress) as a measure.,e weight of
the overlying rock in the mining void area of the middle and
upper section of the inclined coal seam is transferred to the
side of the coal pillar by means of a fracture arch, so the
width of the coal pillar is crucial to the mechanical state of
the surrounding rock along the empty roadway. ,e sim-
ulation studies the second invariant of deviatoric stress cloud
at Y� 80m cut for coal column widths of 5, 8, 10, 12.5, 15,
and 20m, respectively, as shown in Figure 5.

4.2.2. Coal Seam Tendency Second Invariant of Deviatoric
Stress Distribution State. By monitoring the magnitude of
σ1, σ2, and σ3 stresses at the location of the coal pillar and
solid coal midline, the second invariant of deviatoric stress
under the influence of different coal pillars is calculated and
plotted, as shown in Figure 6.

From Figure 6(a), the following can be seen:

(1) ,e peak value of the second invariant of deviatoric
stress shows a trend of increasing first and then
decreasing. For the coal pillar in the section of
5∼12.5m, with the increase of the width of the coal
pillar, the peak value of the second invariant of
deviatoric stress in the coal pillar shows a “positive
correlation” growth. For the coal pillar in the
12.5–20m section, the curve shape changes from
“single peak” to “double hump” as the width of the
coal pillar increases, and the peak of the second

4 Advances in Civil Engineering
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Figure 4: ,e establishment of a three-dimensional numerical model by FLAC3D software.

Table 1: Testing result of coal samples about physical and mechanical properties.

Types Density
(g·cm−3)

Bulk modulus
(GPa)

Shear modulus
(GPa)

Cohesion
(MPa)

Internal friction angle
(°)

,ickness
(m)

Fine sandstone 2.70 13.3 10 10.2 37 5.0
Medium
sandstone 2.34 12.3 9.1 5.2 37 13.0

Fine sandstone 2.70 13.3 10 10.2 37 5.0
Siltstone 2.65 9.1 7.8 7.2 34 5.0
Carbon mudstone 2.54 8.4 5.7 8.0 36 1.5
2# coal 1.30 5.0 2.1 1.68 28 8.5
Siltstone 2.65 9.1 7.8 7.2 34 5.0
Mudstone 2.25 6.8 4.8 6.2 26 2.0
Fine sandstone 2.70 13.3 10 10.2 37 5.0
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Figure 5: ,e second invariant of deviatoric stress cloud in the surrounding rock of the roadway under different width coal pillars. (a) 5m
coal pillar, (b) 8m coal pillar, (c) 10m coal pillar, (d) 12.5m coal pillar, (e) 15m coal pillar, and (f) 20m coal pillar.
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Figure 6: ,e second invariant of deviatoric stress distribution curves in the two coal girders of the roadway under different width coal
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invariant of deviatoric stress in the coal pillar shows a
“negative correlation” with the width of the coal
pillar

(2) ,e peak location of the second invariant of
deviatoric stress also shows a trend of increasing and
then decreasing

For the coal pillars in the 5∼12.5m section, as the width
of the pillar increases, the location of the peak appears at a
linear increase from the horizontal distance of the roadway,
with the peak location shifting away from the roadway. For
the coal column in the 12.5∼20 section, the hump shape
starts to appear when the coal column equals 15m. At this
time, the peak of the hump is almost equal, which is called
the “positive trapezoid” shape here. ,us, within this range
of coal pillars, the shape of the second invariant of deviatoric
stress distribution undergoes a transformation from single
hump - orthotropic shape-double hump, and the interior of
large coal pillars is more complete, which also indirectly
reveals the reason for the feasibility of traditional large coal
pillars.

From Figure 6(b), the following can be seen:

(1) ,e overall second invariant of deviatoric stress in
the solid coal shows the “asymmetric” character-
istic of increasing first and then decreasing, and
the coal pillars of different widths have a tendency
to converge within 40m of the surrounding rock
on the side of the solid coal. ,e magnitude of the
second invariant of deviatoric stress in the coal
body 40m away is almost 0, and the coal body in
this range is approximately in the original rock
stress zone

(2) Overall, with the increase of the width of the left coal
pillar, the peak of the second invariant of deviatoric
stress within the solid coal decreases and the stress
has a tendency to transfer from the solid coal side to
the coal pillar side. As the width of the coal column
increases, the corresponding peak position of the
solid coal side as a whole shows a negative linear
correlation law with it

4.2.3. Characteristics of Top Plate’s Second Invariant of
Deviatoric Stress Distribution. In order to analyze the dis-
tribution characteristics of the second invariant of deviatoric
stress in the surrounding rock of the tunnel roof, a total of 3
monitoring lines were set up, each line set up a monitoring
point at 0.5m interval, each line has a total of 40 monitoring
points, and the roof monitoring line was laid out as Figure 7,
using the formula which is shown in equation (1) to find out
the second invariant of deviatoric stress and postprocessed
to obtain curve in Figure 8.

,e following pattern can be derived from Figure 8:

(1) When the coal column is stable and the width of the
coal column is small, the shallow surrounding rock
above the roof of the roadway has a higher second
invariant of deviatoric stress, and with the increase of
the surrounding rock depth, the stress increases

again after the second invariant of deviatoric stress
decreases to a certain minimal value, and a higher
stress concentration zone appears, and the wider the
coal column is, the smaller the peak of this influence
zone is

(2) When the coal column is stable and the width of
the coal column is large, the shallow surrounding
rock above the roof of the roadway has a low value
of the second invariant of deviatoric stress com-
pared with the narrow coal column, the shallow
surrounding rock is more stable and does not form
a strong shear stress concentration area, and the
integrity of the roof of the roadway is better under
this large coal column. As the depth of the sur-
rounding rock increases, due to the distance from
the mining area, the influence of stress in the
adjacent mining area is relatively small, and there
is an overall “negative exponential” relationship
between the value of the second invariant of
deviatoric stress and the increase in the depth of
the surrounding rock

(3) ,e different horizontal distance between the three
monitoring lines and the mining area directly
affects the size and location of the peak of the
second invariant of deviatoric stress. It can be seen
that ① the degree of damage to the surrounding
rock on the top plate monitoring line 3 is much
greater than that on the monitoring line 1, and the
shear fragmentation of the shallow part of the top
plate shows significant asymmetric characteristics;
② the surrounding rocks of the three monitoring
lines under different width coal pillars differ
greatly in the peak value of the second invariant of
deviatoric stress due to the influence of adjacent
mining areas. When the coal pillar width is 5∼8m,
the minimum peak second invariant of deviatoric
stress under the influence of 8m coal pillar is
12.42MPa when monitoring the surrounding rock
of line 1 under the influence of adjacent mining
area, which is 9.74% lower than the peak at 5m
coal pillar. When the width of the coal pillar is
5∼10m, the minimum peak of the second invariant

Coal pillar

Rock parting layer

1# monitoring line

130203 gob

Solid coal

2# monitoring line

3# monitoring line

Figure 7: Monitoring point arrangement plan in the roof of the
roadway.
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of deviatoric stress under the influence of 10m coal
pillar is 9.31MPa in the surrounding rock of
monitoring line 2 by the adjacent mining area,
which is 36.28% lower than the peak of 5m coal
pillar; the minimum peak of the second invariant
of deviatoric stress under the influence of 10m coal
pillar is 11.32MPa in the surrounding rock of
monitoring line 3, which is 25.58% lower than the
peak of 5m coal pillar; ③ under the influence of
10m coal pillar, the surrounding rock of moni-
toring line is less influenced by the upper section of
mining area, and shear damage is not big; from the
safety point of view, choosing this width coal pillar
is more conducive to the stability of the roof

4.3. Deformation Characteristics of the Tunnel Surrounding
Rock

4.3.1. Displacement Distribution State within the Coal
Column. In order to investigate the reasonableness of the
width of the coal pillar left between 130205 along the empty
road and the upper section of the mining area, the char-
acteristics of the horizontal displacement distribution within
the coal pillar of different widths were selected as the object
of study, as shown in Figure 9. ,e following can be seen:

(1) In the side close to the mining area, the displacement
of the coal body to the mining area is more obvious,
and it can be seen from Figure 9(b) that when the
width of the coal column is less than 5m, there is a
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Figure 8: ,e second invariant of deviatoric stress curve by top slab surrounding rock monitoring line. (a) 1# monitoring line. (b) 2#

monitoring line. (c) 3# monitoring line.
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large displacement of the coal column along the
direction of the coal seam inclination on the side of
the mining area, and at this time, the coal column is
broken seriously and thrown down to the mining
area. Under the influence of 8m and 10m coal pillar,
the displacement of coal pillar to the mining area is
greatly relieved compared with 5m coal pillar, and
then with the increase of coal pillar width, although it
can reduce the degree of breakage within the coal
pillar, its overall effect is not obvious

(2) From Figure 9(b), it can be seen that under the
influence of 12.5m coal pillar, the maximum dis-
placement of 222.04mm is generated on the side of
the mining area, the minimum displacement is
93mm at 20m coal pillar, and the overall dis-
placement curve approximately forms a “single
hump” shape

(3) As seen in Figure 9(a), when the coal columnwidth is
10m, continuous 0mm displacement points start to
appear within the coal column. ,e elastic nucleus
zone without displacement is extremely important to
the stability of the coal column. ,e elastic nucleus
zone has strong stability under the mutual extrusion
of the surrounding coal body, which can effectively
avoid gas protrusion and wind leakage and other
disasters and facilitate the management and main-
tenance of the roadway

,erefore, the necessity of narrow coal pillars for the
stability of the roadway can be seen. ,e elastic core zone
with very small displacement starts to appear within the
10m coal pillars, the elastic core zone plays the main
bearing role for the overlying rock layer, and its width is
inseparable from the stability of the dug tunnel and the
high maintenance cost at a later stage. ,erefore, the
width of the coal pillar is initially set at 10 m from the

consideration of the internal stability of the coal pillar
alone.

4.3.2. Deformation Law of the Surrounding Rock along the
Air Dug Tunnel. ,emonitoring points are set up at the two
helpers of the roadway, the two ends of the top and bottom
plates, and the midline, respectively, and the displacement
curve shown in Figure 10 is obtained, which shows the
following:

(1) ,e sinkage of the roof slab: as the width of the coal
pillar increases, the sinking amount of roof moni-
toring point on the side of the coal pillar is always
larger than that on the side of solid coal. ,erefore, it
is necessary to reasonably arrange anchor support
near the roof of the coal pillar, so that it can form a
“small structure” with a shallow surrounding rock to
fully improve the residual strength of the sur-
rounding rock and improve the stress environment
of the surrounding rock

(2) Bottom drum volume: 130205 backwind lane bottom
slab is loose and soft; in the process of stress dis-
tribution of surrounding rock caused by lane exca-
vation to the new balance of stress, the bottom slab
coal keeps bulging into the lane space, compared to
the direct bottom as the lane bottom slab will form a
larger bottom drum volume

(3) ,e displacement of the coal pillar gang: from the
overall view of the curve, the displacement of the coal
pillar gang is most obvious at the midline, the dis-
placement of the shoulder angle of the coal pillar
gang is small and does not change significantly, and
the overall displacement of the bottom angle of the
coal pillar gang shows a trend of increasing first and
then decreasing
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Figure 9: Horizontal displacement distribution curves under coal column of different widths. (a) Coal pillar midline displacement curve. (b)
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(4) ,e amount of solid coal gang migration: from the
average displacement data, the influence of coal
pillar width on the solid coal gang is not significant,
under the influence of 12.5m coal pillar, the dis-
placement of the solid coal gang reaches the maxi-
mum 17.73mm, under the influence of 15∼20m
large coal pillar, the displacement decreases, and
under the influence of 20m coal pillar, the average
displacement of the solid coal gang reaches the
minimum 9.29mm

In summary, the variation of coal pillar width along
the air dug tunnel has a greater impact on the amount of
roof sinking, bottom bulge, and coal pillar gang dis-
placement in the 130205 return tunnel. Under the in-
fluence of 10m coal column, the overall deformation of
the roadway is relatively small and within the reasonable
range of engineering construction, which can fully meet
the basic roadway transportation, ventilation, and pe-
destrian requirements, the internal coal column is more

stable and the stress carried above the coal column is
relatively small, and the roadway roof is less affected by
the superimposed stress of the adjacent mining area, so
the width of the coal column along the air dug roadway is
set to 10m which is more reasonable.

5. Roadway Rock Control Technology
and Practice

5.1. Rock Control Technology along the Empty Roadway.
Based on the numerical simulation results and combined
with the actual mine production requirements, the causes of
maintenance difficulties in the 130205 return airway can be
summarized as follows:

(1) ,e coal pillar plays an extremely important role in
supporting the overlying rock as the support point of
the fracture arch from the time the roadway is dug
until the coal pillar is stabilized. Because the coal
body has strain-softening characteristics, so in the
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Figure 10: Variation of the displacement of the surrounding rock of the roadway under different width coal pillars. (a) Top plate sinkage.
(b) Bottom drum volume. (c) Coal pillar gang approach amount. (d) Solid coal gang approach amount.
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subsequent 130205 working face of the recovery
process, by the influence of superimposed support
pressure, coal column stability again greatly reduced,
may lead to destabilization of the roadway occurred
in large deformation, and even cause serious eco-
nomic losses

(2) No.2 coal seam thickness distribution is more un-
even, and there is more gangue layer in the direct
bottom; in view of this special geological structure
design along the coal seam mid-waist line boring,
forming a special roadway structure with coal body
as the bottom plate, coal seam bottom plate coal
quality is softer, so the stability of the bottom plate
along the empty roadway compared with other
similar roadway needs to pay more attention to
consider

In response to the above problem, the “new prestressed
truss anchor cable + single anchor cable+ anchor
rod+net+ slurry spray” support method is adopted in 130205
section backwind flat road, and concrete hardened base plate is
used to limit the coal body projection of the base plate. ,is
asymmetric support system effectively reduces the maximum
tensile stress of the coal rock body in the middle area of the
roadway and improves the strength and resistance of the coal
rock body [21–23]. ,is asymmetric support system can ef-
fectively reduce themaximum tensile stress in the central part of
the roadway and improve the strength and resistance to
deformation.

5.2. Parameters of Return Air Tunnel Support System. ,e
stability of the surrounding rock of the retrieval tunnel is
equally inseparable from the interaction between the sup-
port and the surrounding rock, and Figure 11 shows the flat
section of the shaped section support along the hollow
tunnel.

From Figure 11, the following can be seen:

(1) ,e roof anchors are v22mm× L2500mm left-hand
threaded steel anchors, each anchor is 900mm apart,

the distance between the corner anchors on the side
of the coal pillar gang and the coal pillar gang is
250mm, the anchors near the two gangs are inclined
15° to the outside, and the rest of the anchors are
arranged perpendicular to the roof. ,e truss anchor
cable adopts two v22mm× L11300mm high-
strength low relaxation prestressing steel strands,
and the anchor cable near the gang is inclined 10° to
the outside, and there is another single anchor cable
near the solid coal gang with the specification of
v22mm× L10300mm

(2) v20mm× L2300mm threaded steel anchor rods
were used in the solid coal gang, 5 anchor rods were
arranged in a row, the distance between rows of
anchor rods is 750mm× 1000mm, the upper anchor
rods are 250mm from the top plate, the anchor rods
near the top plate were inclined upward by 15°, the
anchor rods near the bottom plate are inclined
downward by 10°, and the rest were arranged per-
pendicular to the gang

(3) ,e coal pillar gang uses v20mm× L2300mm
threaded steel anchor rods, 6 anchor rods are
arranged in a row, the distance between rows of
anchor rods is 750mm× 1000mm, the upper anchor
rods are 250mm from the top plate, the anchor rods
near the top plate are inclined upward by 15°, the
anchor rods near the bottom plate were inclined
downward by 10°, and the rest were arranged per-
pendicular to the roadway gang

5.3. Numerical Simulation Analysis of Support. 130205 along
the empty roadway roof staggered with truss anchor cable
and single anchor cable joint support form greatly enhances
the surrounding rock support difficult area of the bearing
performance and the use of numerical simulation method to
analyze the support form under the roadway surrounding
rock pressure characteristics, as shown in Figure 12. Al-
though the distribution of the second invariant of deviatoric
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Figure 11: Scheme of rock support system in the roadway. (a) Front view. (b) Top view.
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stress in the shallow surrounding rock of the roof still shows
asymmetry, its overall distribution is relatively uniform, the
stress concentration area at the shoulder nest of solid coal is
relieved, and the range of low stress area on the gang side of
coal pillar is also reduced. According to the reciprocal in-
fluence relationship between the top plate and gang de-
formation of the roadway, the coupling effect of its
asymmetric support can alleviate the roadway deformation,
thus effectively limiting the harmful deformation damage of
the surrounding rock, achieving the uniformity of non-
uniform load, and thus maintaining the roadway stability.

6. Mineral Pressure Observation and
Analysis of Results

,is return airway is continuously observed for the con-
vergence of the tunnel surrounding rock while it is dug. Two

lines are set up at the top plate to monitor the convergence of
the surrounding rock after tunneling, line 1 is 0.8m near the
coal pillar side, line 2 is 0.8m near the solid coal side, and the
monitoring points of the gang and bottom plate are all at
their midline locations. ,e curve of the surrounding rock
change after tunneling is shown in Figure 13. It can be seen
that the process of surrounding rock stabilization after
roadway boring is a dynamic process until the equilibrium
state, the top and bottom plates and coal pillar gangs tend to
stabilize at about 30 d roadway deformation, and the solid
coal gangs tend to stabilize at 20 d after roadway boring. ,e
maximum deformation of the top plate 1 line is 55mm, the
maximum deformation of the top plate 2 line is 51mm, the
maximum displacement of the coal pillar gang is 38mm, and
the maximum displacement of the solid coal gang is 15mm.
Monitoring results, this support method is effective for the
maintenance of the roadway.

7. Conclusion

(1) Usually, the roadway is arranged within the internal
stress field, so that the surrounding rock of the
roadway is in a low stress state, which greatly im-
proves the mechanical environment of the sur-
rounding rock. In this paper, this paper establishes a
simple mechanical model of inclined coal seam and
derives the formula of the influence range of “in-
ternal stress field” in inclined coal seam

(2) Using FLAC3D simulation technology, it is con-
cluded that along the coal seam inclination direction,
with the increase of coal pillar width, the second
invariant of deviatoric stress curve in the coal pillar
shows the transformation from single hump shape to
positive trapezoid shape to double hump shape, the
solid coal stress gradually shifts to the coal pillar side
with the increase of coal pillar width, and the rea-
sonable coal pillar width is usually less than the width
of the coal pillar when the extreme value of the
second invariant of deviatoric stress appears

(3) ,e top plate surrounding rock on the side of coal
pillar has a high second invariant of deviatoric stress
compared with the top plate on the side of solid coal,
and the top plate surrounding rock has asymmetric
destructive property; in the inclined coal seam, it is
usually taken as reasonable narrow coal pillar width
at the minimum fluctuation value of the second
invariant of deviatoric stress

(4) ,e internal integrity of the coal pillar directly de-
termines the stability degree along the empty
roadway. With the compaction of coal gangue in the
mining area after the working face, the fissures on
both sides of its narrow coal pillar are also gradually
developed, its bearing capacity continues to decrease,
and the existence of a certain range of elastic core
area in the middle of the coal pillar is crucial to the
stability of the coal pillar and the roadway

(5) A new type of truss anchor cable joint support
method is proposed for asymmetric control of the
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Figure 12: Cloud diagram of the second invariant of deviatoric
stress distribution for the effect of rock support in the roadway.
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roadway, with high-strength anchors placed in each
row of the roof and gang to reinforce the coal body,
and the top plate is staggered with a single anchor
cable and truss anchor cable to enhance the bearing
capacity of the difficult area of support, thus im-
proving the stress environment of the surrounding
rock and preventing the malignant collapse of the
coal pillar gang roof and shoulder sockets
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To safely and economically eliminate the threat of high geostress in the coal mining process, based on the engineering case study of
pressure relief by slotting residual coal pillars at a mine in the Kailuan mining area, a method of pressure relief by slotting coal
seams with a wire saw was explored, and numerical simulation was carried out. .e results show that the wire saw can cut coal
seams in a large area, with a cutting efficiency and slotting depth greater than those of hydraulic slotting; a stress concentration
zone forms in front of the wire saw coal cutting working face and a stress reduction zone and a stress recovery zone form behind.
.e pressure relief range varies, increasing at first and then decreasing. .e exploration and practice of pressure relief by slotting
coal seams with a diamond wire provides theoretical guidance and practical reference for pressure relief by slotting coal seams.

1. Introduction

High geostress during coal mining is a great threat to coal
mine production safety, and slotting pressure relief is an
effective method to release high geostress in coal seams
[1–4]. Based on the principle of water hammer pressure
breaking coal by high-pressure water jet impact, high-
pressure water jet seam slotting equipment and technology
have been developed and applied under certain conditions
[5–7]. .e high-pressure water jet pressure in use is
60∼100MPa, and the diameter of the nozzle is 2∼2.5mm.
When coal rocks with a firmness coefficient f of 0.3∼1 are cut
under these conditions, an annular slot with the slot height
of 2∼6 cm and the slot depth of 1.5∼2.5m can be obtained
[8]. In practice, due to the limited influence range of hy-
draulic slotting, to realize large-area pressure relief by
slotting coal seams, it is often necessary to drill multiple
boreholes and cut multiple intermittent slots in the coal
seams to carry out joint pressure relief, which requires a

great deal of manpower and is very costly. To find a safe and
economical method for large-area coal seam slotting, a di-
amond wire saw (DWS) is used to replace the high-pressure
water jet to cut coal seams for pressure relief. In this paper, a
method of slotting coal seams with a wire saw is proposed.
.rough numerical simulation and the practice of pressure
relief by cutting coal pillars with a wire saw, the changes in
the vertical stress of coal rocks and the range of pressure
relief during the advancing process of the working face with
wire saw coal cutting are studied, aiming to provide theo-
retical guidance for pressure relief by slotting coal seams
with a wire saw.

2. Engineering Practice of Coal Seam Slotting

2.1. Proposed Slotting Coal Seams with a DWS Method for
PressureRelief. When amine in the Kailuanmining area was
in the deep mining stage, under the influence of high
geostress and remnant pillar, the coal rock impact dynamic
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instability was severe. A total of 47 dynamic failures were
documented above the mining depth of −530m, and the
other dynamic failures occurred in the normal mining
working face below the mining depth of −630m. At this
mine, the false roof of the residual coal pillars consisted of
dark gray mudstone. .e immediate roof consisted of rel-
atively hard laminated gray siltstone and medium-grained
sandstone. .e direct floor was composed of hard sandy
mudstone and siltstone. .e hard floor was composed of
fine- and medium-grained sandstone, which was hard and
relatively brittle. On this basis, to explore a safe and eco-
nomical method for relieve the pressure of the residual coal
pillars and reduce and eliminate the threat of high geostress,
the Hunan University of Science and Technology and
Kailuan Group jointly developed a set of equipment for
slotting coal seams with a wire saw and carried out a pressure
relief by cutting coal pillars with a single wire between the
T3150 air channel and T2051 North driving roadway No. 2.

2.2. Effect and Process of Slotting Coal Seams with aWire Saw.
Wire saw cutting is an advanced cutting method that is
simple to perform and has a high flexibility [9–12]. .e
principle of slotting coal seams with wire saw is as follows.
.e wire saw machine drives the diamond beaded rope to
move at high speed in the coal seam. .e diamond particles
on the wire saw continuously grind the coal body. .e wire
saw machine moves on the track to drive the beaded rope to
feed, and the wire saw continuously cuts the coal seam
inward. After slotting the coal seam, a narrow and long slot
space similar to the goaf is formed inside the coal seam. It is
generally believed that Hertz fracture and volume break are
the main ways of diamond particles cutting fractured rock
mass [13–15].

A slotting system with a wire saw generally consists of a
wire saw machine, a guide device, a string bead wire, and a
control and auxiliary system. A working face can be con-
structed by cutting drilling and wire return drilling in the
coal seam, as shown in Figure 1. .e preparation work
before slotting mainly includes equipment installation, wire
winding, and reeving. .ere are three steps for operation.
Step 1: the first group guide device is installed in one side of
the roadway, and the wire saw machine and the second
group guide device are installed in the other side of the
roadway. Step 2: the string bead wire is reeved through the
borehole..e string bead wire is winded through the driving
wheel, and the device of the wire saw machine is guided in
turn. .e tension of the string bead wire is adjusted. .en,
the string bead wire with a joint is fastened. Step 3: the wire
saw machine is started, and the rotational speed of the
driving wheel is adjusted. Next, the auxiliary system is
started to spray water to cool the string bead wire and
suppress the dust. Finally, the advancing speed of the wire
saw on the track is controlled to cut the coal seams along the
advancing direction from the start of drilling. .e operating
parameters of coal seam wire saw slotting are shown in
Table 1. Engineering practice shows that the wire saw can cut
the coal seam in a large area, with the linear cutting speed
reaching 15m/s and the cutting efficiency reaching 80m2/h.

After cutting the coal pillars with the wire saw, there is a long
narrow slot space left with a seam height of 15mm and a
seam depth of 30m. .e statistics indicate that both the
working efficiency and seam depth after coal scam slotting
with a wire saw are better than those after hydraulic seam
slotting. .e following numerical simulation focuses on the
variation in vertical stress and pressure relief range in the
advance of the working face when cutting coal seams with a
wire saw.

3. Numerical Simulation of Pressure Relief by
Wire Saw Slotting

To ensure the accuracy of numerical simulation and the
solving efficiency, considering the practice of coal seam wire
saw slotting engineering, we used the ratio function of
FLAC3D and applied the domain decomposition method to
form a three-dimensional model composed of dense,
transitional and loose grid areas, with dimensions of
100m× 10m× 18m, 528,000 grid cells, and 580,860 grid
points, as shown in Figure 2(a). .e dense grid around the
slot in the model is partially enlarged, as shown in
Figure 2(b).

A Mohr–Coulomb constitutive model was adopted. A
10MPa vertical stress was applied on the upper boundary.
Rolling boundary conditions were adopted on the front and
back boundary, left and right boundary, and lower
boundary..e horizontal stresses of the front, back, left, and
right of the model were considered hydrostatic pressures.
Lying in the middle part of the coal seam, the wire saw coal
slotting working face advanced by 0.8m each time from the
start slotting position along the coal seam direction..e rock
mechanics properties of each layer are shown in Table 2.

3.1. Vertical Stress Distribution. .e vertical stress distri-
bution during the advancement of the wire saw coal slotting
working face is shown in Figure 3. According to Figure 3,
when the wire saw coal slotting working face advanced by
0.8m, two stress concentration zones, A1 and A2, were
formed on the left and right coal walls of the slot, respec-
tively, and the vertical stress of the coal pillars approximately
1m above and below the slot was released.

When the working face advanced by 11.2m, the vertical
stress 7m above and 9m below the slot was released, the
range of the stress reduction zone B was greatly extended,
the vertical stress in the stress reduction zone was reduced to
approximately 0MPa, the stress release rate was up to 100%,
the two stress concentration zones A1 and A2 formed, the
vertical stress in the stress concentration zone was increased
to approximately 30MPa, and the stress concentration factor
became three.

When it advanced by 22.4m, the stress recovery zone C
formed in the middle of the slot, the vertical stress in the
stress recovery zone returned to approximately 6MPa, and
the original stress reduction zone was divided into B1 and
B2, which were close to the A1 side of the stress concen-
tration zone and the A2 side of the stress concentration
zone, respectively. When it advanced by 33.6m, the range
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Table 1: Operating parameters of the cutting system with DWS.

Type W v V h d
Parameter 37 15 11.5 15 0.8
W� power, KW; v � linear velocity, ms−1; V � diameter, mm; h� slot height, mm; d� advanced distance, m.

A A′1 2

T3150 air channel

Wire saw cutting seam area
Wire return drilling

Advancing direction

Horizontal guide wheel

Vertical guide wheel

Diamond wire saw

Water suppling pipe

T2051 north driving roadway No. 2

Nozzle FBDSJ-III explosion proof wire saw

Start cutting drilling

(a)

Start cutting drilling
Vertical guide wheel

Horizontal guide wheel

Wire return drilling

FBDSJ-III explosion proof wire saw

Start cutting drilling
Vertical guide wheel

Horizontal guide wheel

Wire return drillingn

FBDSJ-III explosion proof wire saw

Diamond wire saw

(b)

Figure 1: Schematic diagram of the test system and site layout for cutting coal pillars with DWS. (a) Layout chart and (b) A-A′ side view.
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Figure 2: Continued.
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Figure 3: Vertical stress distribution of different slot depths. (a) L� 0.8m, (b) L� 11.2m, (c) L� 22.4m, and (d) L� 33.6m.

Slot (h = 0.0015m)

(b)

Figure 2: .e FLAC3D numerical simulation model.

Table 2: Rock mechanics properties.

Type H c E μ c t φ
Fine sandstone 4 2560 8.83 0.27 5.8 3.5 38
Mudstone 4 2150 5.51 0.31 3.5 2.8 30
Coal 2 1400 3.28 0.26 1.8 0.8 24
Mudstone 4 2150 5.51 0.31 3.5 2.8 30
Fine sandstone 4 2560 8.83 0.27 5.8 3.5 38
H� thickness, m; c � unit weight, kgm−3; E�Young’s modulus, GPa; μ�Poisson’s ratio; c� cohesive forces, MPa; t� tensile strength, MPa; φ� angle of
internal friction, °.
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of the stress recovery zone C extended, the vertical stress in
the stress recovery zone returned to approximately 8MPa,
and the changes in the stress of the stress concentration
zone and the stress reduction zone on both sides were not
obvious.

3.2. Vertical Stress Release and Stress Release Range. For the
purpose of exploring the coal rock stress release and the
changes in the pressure relief range, formula (1) presents the
calculation method of the stress release rate. .e FISH
language in FLAC3D software was used to analyze the 10%,
30%, 50%, 70%, and 90% vertical stress release at the top
0.7m of the slot, as shown in Figure 4.

η �
σi′

− σi

σi
× 100%, (1)

where σ i is the initial stress value of grid cells i, MPa; σ i′ is
the stress value of grid cells i after pressure relief, MPa; and η
is the stress release ratio of grid cells i, %.

In Figure 4, the ordinate indicates the pressure release
range Ls

η and the abscissa denotes the advancement distance
of the wire saw coal slotting working face (slot depth). a, b, c,
d, and e are the critical points at which the pressure relief
range of the wire saw slotting changes from increasing to
decreasing when the stress release rate is 10%, 30%, 50%,
70%, and 90%, respectively. Figure 4 shows that when
η� 10%, the wire saw coal slotting working face advances
from 0.8m to 23.2m and Ls

10 increases from 0.8m to 22.2m.
When the working face advances from 23.2m to 31.2m, Ls

10
is reduced from 22.2m to 19m. .ereafter, Ls

10 does not
change with increasing L.

When η� 30%, the wire saw coal slotting coal working
face increases from 0.8m to 17.6m, and Ls

30 increases from
0.4m to 16.8m. When the working face advances from
17.6m to 28m, Ls

30 is reduced from 16.8m to 11.4m.
.ereafter, Ls

10 does not change with increasing L.

At η� 50%, the wire saw coal slotting working face
advances from 0.8m to 14.4m, and Ls

30 increases from 0.4m
to 16.8m. When the working face advances from 14.4m to
21.6m, Ls

30 is reduced from 13.4m to 8m. .ereafter, Ls
10

does not change with increasing L.
When η� 70%, the wire saw coal slotting working face

advances from 0.8m to 12m and Ls
30 increases from 0m to

11.2m. When the working face advances from 12m to
25.6m, Ls

30 is reduced from 11.2m to 6m. .ereafter, Ls
10

does not change with increasing L.
At η� 90%, the wire saw coal slotting working face

advances from 0.8m to 10.4m and Ls
30 increases from 0m to

9m. When the working face advances from 10.4m to 20m,
Ls
30 is reduced from 9m to 3.2m. .ereafter, Ls

10 does not
change with increasing L.

During the advancement of the wire saw coal slotting
working face, with the increase in L, Ls

η increases first and
then reduces to a certain stable value. .e relationship
between Ls

η and L is fitted, as shown in Table 3.

4. Discussion

In the practice of slotting coal seams with wire saws, a 30m
slotting depth cut by a single wire has been realized. Under
normal circumstances, the efficiency of coal seam wire saw
slotting reaches 80m2/h. Compared with those of the
existing hydraulic slotting approaches, the depth and effi-
ciency of coal seam wire saw cutting are approximately 5
times greater and equivalent, respectively. .e advancing
distance of wire saw slotting affects the pressure relief effect
of wire saw slotting. When the working face advances from
0.8m to approximately 10m, the degree and range of
pressure relief by slotting coal seams with a wire saw both
increase significantly. After that, stress recovery occurs in the
middle of the slot due to roof and floor contact, and the
range of stress recovery increases with the continuous ad-
vancement of the working face, but the range of pressure
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Figure 4: Ls
η at different slot depths.
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relief by slotting coal seams with a wire saw decreases to a
certain extent. .is analysis shows that wire saw slotting is
similar to mining a very thin “protective layer” in coal seams,
delaying and controlling the roof and floor contact of the
slot, which may allow the wire saw slotting to produce a
better pressure relief effect than hydraulic slotting. In ad-
dition, in practice, when a high-pressure water jet is used to
slot hard coal seams, the difficulty of cutting will be higher,
and the slotting depth will be smaller. As the Mohs hardness
of the objects cut by the wire saw is generally higher, wire
saw slotting may have more advantages in slotting hard coal
rocks, which may be more conducive to wire saw slotting
operation and its pressure relief effect.

5. Conclusions

(1) Wire saw slotting can cut a long and narrow slot in a
coal seam, and its cutting efficiency and slotting
depth are better than those of hydraulic slotting.

(2) A stress concentration zone forms in front of the
wire saw coal slotting working face, while the stress
reduction zone and the stress recovery zone form
behind the working face. In the advancing process of
the wire saw coal slotting working face, the stress
release range varies, increasing at first and then
decreasing to a certain stable range with the increase
in the advancing distance of the working face.

(3) Partial stress recovery occurs after the roof and floor
contact in the middle of the slot, which is the critical
condition for the range of the pressure relief effect of
wire saw slotting to change from increasing to de-
creasing. According to the actual situation, the creep
and deformation characteristics of overlying coal
rocks over the coal slot cut by a wire saw can be
further explored.
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(e retained rib displacement accounts for roughly 80% of rib-to-rib convergence in gob-side entry retaining in deep coal mines,
which shows significant nonsymmetrical feature and long-term rheological phenomenon. Affected by mining-induced stress,
cracks spread widely, and broken zones expand beyond the anchoring range. Without grouting and supplementary support in
retained rib, the surrounding rock-support load-bearing structure will be in a postpeak failure state, and the anchoring force of the
bolting system will be greatly attenuated. After grouting, the compressive strength of grouting geocomposite specimen is
significantly higher than the postpeak residual strength of the intact coal specimen, and it is partially restored compared to that of
the intact coal specimen. (e ductility of the fractured coal specimen increases after grouting, and it has stronger elasticity and
plasticity. Broken rock block can become a whole with coordinated bearing capacity, and its stability is improved after grouting.
(e grouting technique could restore the integrity and strength of the fractured retained coal rib, repair the damaged bolting
structure, and make the surrounding rock and supporting structure become an effective bearing structure again. (e research
result shows that it is feasible to restore the bearing capacity of the retained coal rib by grouting technique.

1. Introduction

Gob-side entry retaining is a technique to maintain the
original roadways along the gob edges after coal mining.
Gob-side entry retaining can improve the coal recovery rate,
reduce the excavation rate, and reduce the probability of
rock burst, which is an important technology to achieve
continuous mining without coal pillars. Its technical ad-
vantages and economic benefits are significant [1–3]. Under
the rapid development of surrounding rock control theories,
coal mining equipment, support techniques, and support
materials, gob-side entry retaining has been successfully
applied under various conditions [4–9].

Under the influence of high in situ stress and mining-
induced stress, it is difficult tomaintain the retained roadway
in deep coal mines [7, 10]. During the long-term rotation
and subsiding of the main roof above the retained roadway,
the original cracks in the surrounding rock gradually ex-
pand, and new cracks appear at the same time. (e

surrounding rock is loose, is broken, and has a large amount
of deformation and long-term rheology [11]. In this process,
the loose and broken surrounding rock of the retained coal
rib is the weakest part of the whole roadway, and large-
deformation often occurs in this part, which may even affect
the stability of the whole roadway [12, 13]. Maintaining the
bearing capacity of the retained coal rib has an important
effect on the overall stability of the surrounding rock of the
retained roadway.

In this paper, the surrounding rock deformation char-
acteristics of retained roadway are monitored and sum-
marized.(e temporal and spatial development of the cracks
in retained coal rib and its influence on bolting support
structure are tested and analyzed. (e effect of grouting
reinforcement on the strength of fractured coal is tested, and
the principle of grouting reinforcement to restore the
bearing capacity of surrounding rock is proposed. (e
technique of restoring the load capacity of the fractured coal
by grouting has been successfully applied to some filed cases.
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2. Surrounding Rock
Deformation Characteristics

(e surrounding rock deformation observation site is lo-
cated in the tail roadway of 1252 (1) panel in the Panyidong
Mine, which is retained after coal mining.(e panel layout is
264m wide by 1728m long. (e elevation of the panel is
− 823–− 738m, and the ground elevation is + 21.5 –+ 22.1m.
(e average thickness of the coal seam is 2.3m, and the dip
angle is 3°–9°. (e main roof is medium-fine sandstone with
a thickness of 0–11.0m. (e immediate roof is composed by
mudstone, sandy mudstone, and 11–3 coal seam, with a
thickness of 0–8.4m. (e surrounding rock deformation of
retained roadway is shown in Figure 1. (e surrounding
rock deformation presents the following characteristics:

(1) Roadway deformation presents a significant non-
symmetrical feature, which is mainly caused by the
retained coal rib deformation and the floor heave.
(e retained coal rib deformation accounts for 85%
of the rib-to-rib convergence; and the floor heave
accounts for 79% of the roof-to-floor convergence.

(2) (e roadway surrounding rock is in a state of high-
speed deforming for a long time under the distur-
bance of the main roof rotation and subsiding, and it
still shows a long-term rheological phenomenon
after the main roof structure is stabilized. In deep
mines, the retained roadway surrounding rock is
loosened and broken under the influence of the
mining-induced stress before and after the working
face, and its bearing performance is significantly
reduced. Surrounding rock has a strong rheological
property, which has lower speed and sustained de-
formation. If proper reinforcement support is not
adopted, the damaged area of the roadway will
further increase, and even completely lose stability.

3. Cracks Development in Retained Coal Rib

3.1.ObservationPlan. (edevelopment of cracks in coal and
rock is one of the characteristics of its stability, and it has
always been a research hotspot in the stability of roadway
surrounding rock [14, 15]. Affected by times excavation and
mining disturbances, the retained coal rib is loose and
broken and deforms in a large area during the service
process. (e internal cracks of the surrounding rock will
develop, and its bearing capacity is reduced. (e expansion
of the cracks leads to the debonding of the bonding interface
between the anchoring agent and the surrounding rock and
gradually extends to both sides of the cracks, which causes
the axial stress of the bolting structure to decrease expo-
nentially [16, 17]. (is paper uses the observation results of
the borescope to reflect the stability of the surrounding rock
of the retained coal rib. Studying the development of cracks
in the retained coal rib can provide an evaluation of its
stability status and optimize the timing of grouting and other
reinforcement methods [18, 19].

In order to observe the development of the cracks in the
retained coal rib along with the advancement of the working

face, holes with a depth of 6m were drilled at the positions of
50m, 30m, 10m, and 5m in front of the working face, at the
working face, and 10m, 20m, 40m, 60m, 100m behind the
working face along the coal seam inclination. In order to
quantitatively describe the development of cracks in the
holes, referring to other research results, coal bodies and
cracks are divided into the following four categories [20].
Various kinds of typical cracks are shown in Figure 2.

(a) Small Crack. (e crack is original crack or newly
developed with aperture less than 2mm

(b) Medium Crack. Affected by the mining-induced
stress, the aperture of the cracks in the coal rib has
increased to 2–5mm

(c) Large Crack. When the coal rib is relatively broken,
multiple cracks are connected to each other and
gradually expand, and the aperture reaches more
than 5mm

(d) Broken Zone. Affected by mining-induced stress, a
large number of cracks in the surrounding rock of
the large-deformation roadway are interconnected
with each other, and the range of the broken zone is
greatly expanded

3.2. Development of the Cracks and Its Influence onAnchoring
System. After the borescope was completed, the develop-
ment of the cracks in the boreholes was sketched, and the
result is shown in Figure 3. In order to facilitate statistics and
analysis, every 500mm width of the broken zone is equiv-
alent to a small crack, a medium crack, and a large crack.
Figure 4 shows the final statistical results of the cracks in the
drilling hole. (e development of cracks in the retained coal
rib along with the working face is as follows:

(1) Outside of the mining-induced stress area, the cracks
in coal rib are generated within a depth of about 1m
from the surface. (e causes of cracks are mostly the
original small cracks, mining-induced stress caused
by roadway excavation, and weathering of coal on
the roadway surface.

(2) With the advancement of the working face, the
roadway surrounding rock fracture gradually pen-
etrated into the coal body. Within the range of
0–30m in front of the working face, the highmining-
induced stress section, the cracks in coal rib are
generated within a depth of about 0–2.8m from the
surface. (e greatly fluctuating mining-induced
stress caused a large number of new cracks in the
retained coal rib and caused the original cracks to
expand further. However, it is worth noting that
because the roadway adopts the active strong bolting
support method, and the main roof above the
roadway has not broken or rotated and subsided, the
range of the broken zone in coal rib has not been
greatly expanded at this time.

(3) In the 0–40mmining-induced stress-affected section
behind the working face, both the ranges of cracks
and the width of the broken zones have increased
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significantly, and the broken zone has also begun to
appear inside the retained coal rib. After the main
roof breaking, rotating, and subsiding, stress con-
centration occurs in the retained rib, which causes
the shallow part of the coal rib to be crushed and
squeezed out. At the same time, it also causes the
weakening and failure of the bolting structure. At
this time, the surrounding rock-supporting load-
bearing structure is already in a postpeak failure
state. (e roadway surrounding rock needs
strengthening supporting in time; otherwise, there
will be slow and continuous plastic flow in the future.

(4) Beyond 100m behind the working face, retained coal
rib cracks extend beyond 6m depth. It is often found
that the broken zone is in the deep part of the sur-
rounding rock, and the cracks width is further in-
creased. At this stage, the surrounding rock of the
roadway has been in a loose and broken state, the
anchoring force of the bolting system has been greatly
attenuated or has been lost, and the roadway is in a
state of plastic flow under low supporting force.

4. Mechanical Properties of Grouted Fractured
Coal Mass

Grouting can bond the broken surrounding rock, improve
the overall mechanical properties of the surrounding rock,
weaken the stress concentration between the rock blocks,
and make the broken surrounding rock reform a bearing
structure. By comparing the stress-strain curves of the intact
coal mass and the fractured coal mass grouting geo-
composite, the mechanical properties of grouted postpeak
coal can be obtained, and the effect of grouting reinforce-
ment can be analyzed.

4.1. Experimental Device and Plan. (e experiment was
carried out on the MTS 815.03 testing machine and the self-
made pressure-bearing grouting device. (e self-made
pressure-bearing grouting device can produce the fractured
coal mass grouting geocomposite specimen by
Φ50mm× 100mm, as shown in Figure 5.

(e first step of the experiment was a conventional
uniaxial compression experiment, which mainly measured
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the compressive strength and stress-strain curve of the intact
coal mass specimen to obtain the mechanical parameters of
the intact coal mass specimen. (e second step was to
prepare the grouting geocomposite specimen. Stirring the
cement slurry evenly according to the three water-cement
ratios of 0.7, 0.8, and 1.0. Put the specimen that has been
fractured in the previous step of the experiment into the

pressure-bearing grouting device, and then pour the cement
slurry to submerge the specimen. After closing the device
cap, start the grouting pump to grout until the pressure
reaches 2MPa, and then stop pressurizing. Maintain the
pressure until the slurry condenses. Cure at room tem-
perature for 2 to 3 weeks until the cement slurry reaches its
maximum strength. (en, trim the grouting geocomposite
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specimen to make them meet the experimental require-
ments, as shown in Figure 6.

4.2. Experiment Result and Data Analysis. (e ratio of the
grouting geocomposite specimen strength to the residual
strength of the intact specimen is defined as the consoli-
dation coefficient; the ratio of grouting geocomposite
specimen strength to the compressive strength of the intact
specimen is defined as the recovery coefficient. In this ex-
periment, the mechanical properties of coal specimen with
different P. O42.5 Portland cement water-cement ratios
before and after grouting are obtained, as shown in Table 1.
Figure 7 shows the stress-strain and Poisson’s ratio-strain
during the whole loading process of the grouting geo-
composite specimen under the condition of 0.8 water-ce-
ment ratio. Analyzing the experimental results, we can get
the following conclusions:

(1) After grouting, the compressive strength of the
grouting geocomposite specimen is significantly
higher than the postpeak residual strength of the
intake coal specimen, and it is partially restored
compared to that of the intact coal specimen. When
the water-cement ratio is 0.7, 0.8, and 1.0, the average
consolidation coefficient and recovery coefficient of
the grouting geocomposite specimen are 2.84, 2.55,
and 1.24 and 35.33%, 31.43%, and 40.12%,
respectively.

(2) During the whole process from the beginning of the
compression to the failure the grouting geo-
composite specimen, there is no stress sudden de-
crease stress after failure of the specimen. It shows
that the ductility of the fractured coal specimen
increases after grouting, and it has stronger anti-
deformation ability and plasticity.

(3) After the specimen is fractured, the rock blocks slip
and move along the fracture surface, the lateral
deformation increases rapidly, and its Poisson’s ratio
μ increases rapidly. Poisson’s ratio μ of the grouting
geocomposite specimen is smaller than that of the
intact specimen, which indicates that the broken

rock block can become a whole with coordinated
bearing capacity, and its stability is improved after
grouting.

5. The Principle of Retained Coal Rib Bearing
Capacity Recovered

5.1.6e Principle of Bearing Capacity Recovered. Affected by
times excavation and mining disturbances, the original
cracks in the retained coal rib are activated, extended and
merged, and eventually became internal and surface broken
zones. (is leads to progressive interface debonding of the
anchoring system, which is one of the main forms of bolt
support system failure in deep coal mines [16, 17]. In this
situation, the large rib to rib deformation is unavoidable, and
large-scale plastic zones and even broken zones appear and
develop.

After grouting, the cracks in the retained coal rib at are
cemented and filled, the cohesion, internal friction angle,
and elastic modulus of the retained coal rib are significantly
improved, and the stress concentration in the retained coal
rib is greatly weakened. (e grouting technique has restored
the integrity and strength of the fractured coal rib, repaired
the damaged anchoring structure, and made the sur-
rounding rock and supporting structure become an effective
bearing structure again [21]. Use the coordinated bearing
capacity of bolts and cables to support the surrounding rock.
Bolts are used to maintain the shear strength and integrity of
the surrounding rock in the shallow surrounding rock.
Anchor cables are used to fully utilize the load-bearing
capacity of large rock masses with relatively light damage in
the deep rock. Under the triple reinforced support of
grouting, bolt, and cable, the retained coal rib can effectively
resist the impact of mining-induced stress, avoid the con-
tinued expansion of cracks, and significantly improve the
stability. (e stability of retained coal rib has been signifi-
cantly improved.

5.2. Grouting Opportunity. Research shows that there is an
optimal grouting opportunity for grouting in dynamic stress
roadway surrounding rock [22–25]. If the grouting is carried
out too early, an effective grouting diffusion path has not
been formed inside the surrounding rock, and the rein-
forcement effect will be poor. Under the influence of mining-
induced stress, the surrounding rock and supporting
structure of the roadway will deform or even be damaged. If
the grouting is carried out too late, large-scale loosening and
destruction of the surrounding rock of the roadway have
appeared, and the bolting and supporting structure have
been damaged. At this time, simply relying on grouting can
no longer prevent the instability of the roadway.

According to the crack development in retained coal rib
and its influence on the bolting structure, grouting can be
carried out in the section affected by strong mining-induced
stress before and after the working face, in which grouting
can achieve the best results at this time. In this section, a
large number of cracks have been formed in coal rib, and the
broken zone has not been extended beyond the bolting

Figure 5: Pressure-bearing grouting device.
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(a) (b)

Figure 6: Grouting geocomposite specimen (a) and its broken pieces (b).

Table 1: Mechanical properties of coal specimen before and after grouting.

No. Water-
cement ratio

Intact specimen
UCS (MPa)

Intact specimen residual
strength (MPa)

Grouting geocomposite
specimen UCS (MPa)

Consolidation
coefficient

Recovery
coefficient (%)

1
1.0

19.50 2.84 8.19 2.88 41.98
2 24.63 2.50 7.52 3.01 30.54
3 16.01 2.04 5.36 2.63 33.48
4

0.8
11.45 2.73 5.33 1.95 46.54

5 26.74 - 0.54 - 2.01
6 22.92 3.32 10.49 3.16 45.76
7

0.7
19.19 5.37 8.83 1.64 46.02

8 16.51 5.80 4.65 0.80 28.19
9 8.30 2.98 3.83 1.29 46.14
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Figure 7: Mechanical properties of coal specimen before and after grouting. (a) Typical stress-strain curve. (b) Typical Poisson’s ratio-strain
curve.
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range. At this time, the interaction between the bolting
structure and the surrounding rock is in a critical state, and
the bolting system has exerted its maximum supporting
effect. Grouting in the strong mining stress affecting section
could repair damaged surrounding rock and bolting
structure and rebond the broken zones of the surrounding
rock. (e broken surrounding rock bonded by grouting
reforms a bearing unit, which greatly increases the resis-
tance-increasing speed of bolts and cables in large-defor-
mation roadways.

6. A Field Case

6.1. Working Panel Situation and Roadway Initial Support.
(e tail roadway of 12418 panel in the Xieqiao Mine was
retained after coal mining.(e panel layout is 212.8mwide by
826.9m long. (e elevation of the panel is -579∼−598.8m,

and the ground elevation is + 18.3∼+27.1m. (e average
thickness of the coal seam is 3.08m.(emain roof of the coal
seam is composed of siltstone, medium-fine sandstone, and
sandstone, with an average thickness of 5.85m. (e imme-
diate roof is composed by cemented fracture mudstone, sandy
with a thickness of 4.56m.

(e roadway has a trapezoidal shape with a width× height
dimension of 5.0× 3.0m, and it was supported by bolts,
meshes, and cables. (e roof was supported by 7 bolts, the
diameter and length of the bolts were 20mm and 2500mm,
and the layout is 800×1000mm. High prestressed anchor
cable beams were constructed on the top plate, the diameter
and length of the steel strand were 17.8mm and 6300mm,
and the layout was “2-2-0-2-2”. (e retained rib was sup-
ported by 5 bolts, the diameter and length of the bolts were
20mm and 2500mm, and the layout was 780×1000mm.(e
mined rib was supported by 54 bolts, the diameter and length
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of the bolts were 18mm and 2000mm, and the layout was
730×1000mm.(e width of the filling wall is 3.0m.(e wall
is made of ready-mixed concrete, and the main components
are cement, fly ash, and sand and gravel aggregates and
additives. (e measured final setting strength is 25–30MPa.

6.2. Grouting and Supplementary Support in Retained Coal
Rib. When the roadway was not affected by the mining-
induced stress, a row of anchor cable beams was carried out
along the roadway direction on the retained rib to control its
rapid deformation during the mining. (e distance between
the anchor cable beam and the roadway floor was 2.5m, and
the diameter and length of the steel strand were 17.8mm and
4300mm, respectively.(e drill hole was inclined upward by
40°. Quick-hardening sulphoaluminate cement was adopted
for grouting cement, the compressive strength of which can
reach 30MPa in one day and 42.5MPa in three days.
Grouting was carried out 20–30m in front of the working
face with a water-cement ratio of 0.8. (ree grouting bolts
were arranged in each row in the retained rib, the length of
the bolts is 2600mm, and the distance between the bolts was
1.0–2.0m. (e hole sealing length of the grouting holes
needs to be 1.0m, and the grouting pressure was
1.0–1.5MPa. (e layout of grouting bolts is shown in
Figure 8.

6.3. Retained Roadway Deformation. Grouting and sup-
plementary support in retained roadway have controlled
the surrounding rock deformation, as shown in Figures 9
and 10 . In front of the working face, the rib-to-rib con-
vergence was only 300mm, which provided a foundation
for the stability of the retained roadway behind the working
face. (e retained roadway within the section of 0–40m
behind the working face was strongly affected by mining-
induced stress. (e influence of mining-induced stress in
the section of 40–90m behind the working face gradually
weakened, and the deformation speed of the retained rib
and wall began to slow down. Outside the section of 100m
behind the working face, the roof rotated and subsided to a
stable state. At this time, the deformation speed of the
retained roadway gradually decreased and entered a stable

period. After that, the deformation of the retained coal rib
is less than 1mm per day. Grouting and supplementary
support kept the surrounding rock of the roadway intact,
and the width and height of the roadway were about 3.6m
and 2.5m respectively.

7. Conclusion

(1) (e retained roadway deformation presents a sig-
nificant nonsymmetrical feature. (e retained coal
rib deformation accounts for most of the rib-to-rib
convergence in deep mines.

(2) If proper support method is not adopted, the cracks
in the retained rib will gradually increase, and the
range of the broken zone will expand from the
surface beyond the bolting range. Without grouting
and supplementary support in retained rib, the
surrounding rock-supporting load-bearing structure
will be in a postpeak failure state, and the anchoring
force of the bolting system will be greatly attenuated.

(3) After grouting, the compressive strength of the
grouting geocomposite specimen is significantly
higher than the postpeak residual strength of the
intake coal specimen, and it is partially restored
compared to that of the intact coal specimen. (e
ductility of the fractured coal specimen increases
after grouting, and it has stronger elasticity and
plasticity. Broken rock block can become a whole
with coordinated bearing capacity, and its stability is
improved after grouting.

(4) (e grouting technique could restore the integrity
and strength of the fractured coal rib, repair the
damaged bolting structure, and make the sur-
rounding rock and supporting structure become an
effective bearing structure again. (e research result
shows that it is feasible to restore the bearing capacity
of the retained coal rib by grouting technique.
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)e first weighting control is one of the difficult problems that cannot be avoided in the safe and efficient production of longwall
mining face. To optimize the existing pressure releasing technology of open-off cut, the open-off cut roof cutting pressure releasing
(OCRCPR) technology is put forward on the basis of roof cutting pressure releasing gob-side entry retaining (RCPRGER)
technology. Firstly, the mechanism of the technology and the design method of related key parameters are summarized. )en the
pressure releasing effect of OCRCPR and the stress environment change under this technology are analyzed by mechanics
calculation and numerical simulation, respectively, which verify the feasibility of the OCRCPR technology from the theoretical
level. Finally, a test mining face is taken as an example to implement the field test. )e field test results show that the OCRCPR can
effectively shorten the first weighting step and weaken the first weighting strength and has a good pressure releasing effect.

1. Introduction

In 1950s, the world first longwall mechanized mining coal
was established in Britain. )is mining technology has the
advantages of high mining efficiency, high resource recovery
rate, and convenient production continuity. Since China
began to learn the longwall mining method from the Soviet
Union during the First Five-Year Plan period, after many
years of experiment and promotion, combined with the coal
seam occurrence conditions in China, the longwall mining
technology with Chinese characteristics has been developed
[1].

However, in the process of longwall mining operation,
the weighting control of the main roof is one of the un-
avoidable problems about safety [2]. In particular, the first
weighting of the working face is the most violent strata
behavior process which is difficult to control. For quite some
time, many researchers have studied the mechanism of rock
pressure in this process and have got a lot of achievements in

the prediction of first weighting step, the analysis of the main
roof instability process, the prevention and control of roof
leakage and wall caving and so on. For examples, Dai
Xingguo has established the calculation method of main roof
first weighting step according to the damage limit analysis of
plate structure [3, 4]. HuangQingxiang analyzed the stability
of roof structure and its control ways during the first
weighting period based on the “S-R” theory [2]. Existing
research results give many references for the prevention and
control of first weighting in longwall face, but its prevention
and control strategy mainly is weighting forecast in advance
and passive support reinforcement, which has not really
changed the weighting structure of the main roof and has
great limitations in practical application.

In recent years, with the deepening of theoretical re-
search and the improvement of practical level, the roof
presplitting blasting technology of open-off cut appeared in
the prevention and control of working face first weighting
[5–7]. Existing presplitting blasting technologies on open-off
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cut roof realize the prevention and control of first weighting
to a certain extent by actively changing the shape and
structure of roof, but there are still many shortcomings in
the process of field implementation: first, the direction of
presplitting blasting is difficult to control, the efficiency of
roof breaking is low, and it is easy to cause damage to the
original support of open-off cut; second, the implementation
process is complicated, as it often needs to carry out the blast
on open-off cut roof after the hydraulic supports, which will
affect the mining progress at the initial stage.

)erefore, taking a test working face as an example, this
paper draws lessons from the theory of roof cutting entry
retaining (RCPRGER) put forward by academician He
Manchao and studies the open-off cut roof cutting
(OCRCPR) technology based on tension blasting [8]. )e
research results can further optimize the means of pre-
vention and control of first weighting in longwall face,
improve the pressure releasing efficiency of first weighting,
and expand the application scope and advantages of longwall
mining.

2. The OCRCPR Technology

Existing RCPRGER technology can change the retained
entry roof structure actively through the presplitting blasting
and take use of the gangue collapsed from lower layers of
goaf roof to realize the entry retaining without coal pillar or
material, as shown in Figure 1(b) [9, 10]. Based on above, in
order to reduce the first weighting strength of main roof
artificially on the strike direction, the OCRCPR technology
is put forward, and the roof structure of open-off cut can also
be changed actively by presplitting blasting, as shown in
Figure 1(c).

2.1. Open-Off Cut Pressure Releasing Mechanism and Related
Design. In the mining early stage of traditional longwall
working face, the one end of goaf roof is supported by the coal
wall on strike section, and the other end is supported by the
hydraulic supports of working face and the coal wall in front of
open-off cut, showing a fixed beam state (as shown in Figure 2)
[11, 12]. )erefore, the length of roof suspension behind
working face is usually longer before the first weighting, and the
first weight strength is also usually greater, which is easy to cause
damage to the hydraulic supports and other equipment of the
working face.

When using OCRCPR technology to carry out the pre-
splitting roof cutting on the open-off cut roof along the in-
clination direction of mining face, in the mining early stage, the
goaf roof presents a cantilever beam structure on the strike
direction, and the goaf roof is only supported by the hydraulic
supports and the front coal wall (as shown in Figure 3). At this
time, compared with the roof uncut condition, the first
weighting step of working face will be greatly shortened, and the
first weighting strength can also be greatly reduced.

Referring to the practical experience, the formula of roof
cutting height preliminary design is shown as Formula (1).
When there are more than one strata layer about cutting
roof, the roof bulking coefficient can be got through

weighted calculation based on thickness of each layer as
follows [13]:

HF �
HM − ΔH1 − ΔH2( 

(K − 1)
, (1)

K � 
n

i�1
Ki

Di

HM

, (2)

where HF is the cutting height, HM is the coal seam mining
height, ΔH1 is the roof subsidence volume, ΔH2 is the floor
heave volume, K is the bulking coefficient, n is the number of
rock layers in the roof cutting range, n≥ 1, Di is the thickness
of each rock layer, 1i≤ n, and Ki is the bulking coefficient of
each rock layer, 1i≤ n.

)e roof cutting angle design of open-off cut includes three
cases: backward inclination, forward inclination, and vertical
inclination, as shown in Figure 4. (a) Under the same roof
cutting height, the amount of gangue in the roof cutting range is
larger under backward inclination condition, which is con-
ducive to the filling of the goaf. )erefore, choosing the
backward inclination roof cutting design can reduce the cutting
height to a certain extent under the thick coal seam. (b) Forward
inclination design is more conducive to roof collapse within the
cutting range, so when the thickness of coal seam is small and
the cutting height is low, roof collapse can be promoted earlier
through the design of this scheme. (c))e advantage of vertical
roof cutting is easy to construct. Usually the space behind
supports in the open-off cut is limited, and the vertical cutting
has a lower space demand and whose construction adaptability
is better.

2.2. Bidirectional Concentrated Tension Blasting Technology.
In the OCRCPR technology, the directional roof presplitting
is also realized by the bidirectional concentrated tension
blasting technology. )is blasting technology can make the
explosive blasting energy directional transmit, and the
principle of bidirectional concentrated tensile blasting is
shown in Figure 5 [14, 15].

In the field application of this study, the pipe size of
blasting is φ36.5mm× 1500mm, and pipes can be connected
one by one. )e best blasting parameters can be determined
by field blasting test.

3. Effect Analysis of Roof Cutting
Pressure Releasing

)e schematic diagram of entry retaining technology with
roof cutting is shown in Figure 1(b). To further study the
pressure releasing effect of open-off cut roof cutting on
above, this section uses twomethods, mechanical calculation
and numerical simulation, to analyze the first weighting of
mining face and the stress environment.

3.1. Calculation about First Weighting

3.1.1. Open-Off Cut Roof Uncut Condition. Under the open-
off cut roof uncut condition, the first weighting process of
roof is shown in Figure 2 [16, 17]. Because the tendency
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Figure 2: Working face first weighting under traditional condition: (a) roof structure before first weighting; (b) roof structure at first
weighting.

GoafRetained
entry

Roof cutting
slit

Working face

BB

A

A

Coal

First
weighting

step

(a)

Coal
GoafRetained

entry

Upper roof

Lower roof

(b)

Coal
Goaf

Upper roof

Lower
roof

Coal

First weighting step

(c)

Figure 1: Schematic diagram of roof cutting in retained entry and open-off cut: (a) plane of roof cutting in retained entry and open-off cut;
(b) section map of entry retaining roof cutting (section B-B); (c) section map of open-off cut roof cutting (section A-A).
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Figure 3: Working face first weighting under open-off cut roof cutting condition: (a) roof structure before first weighting; (b) roof structure
at first weighting.
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length of working face is much longer than the weighting
step of strike direction, the lower roof before collapse at the
mining early stage can be seen as a fixed beam state, whose
stress analysis is shown in Figure 6.

According to the stress analysis above, the following can
be got:

R1 � R2 �
qL

2
,

M1 � M2 � −
1
12

qL
2
,

Mx � R1x −
qx

2

2
+ M1 �

q

12
6Lx − 6x

2
− L

2
 .

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(3)

At both ends of the fixed beam (when x� 0 or x� L),
Mmax � -qL2/12; at the middle of the fixed beam (when x� L/
2), M� qL2/24. )e normal stress at any point is

σ �
My

Jz
, (4)

where M is the moment of the section where the point
is located, y is the distance from the point to the center
axis, and Jz is the end distance of the symmetrical center
axis. Because the bending moment is the highest at both
ends of the fixed beam, the tensile stress is also the highest
at there:

σmax �
qL

2

2h
2 . (5)

When σmax �RT, that is, when the normal stress of the
stratum reaches its ultimate tensile strength, the stratum will
be fractured. At this time, the ultimate span of the roof (first
weighting step) is

L � h

����
2RT

q



, (6)

where L is the first weighting step, h is the thickness of rock
beam, RT is the tensile strength of rock beam, and q is the
uniform load of rock beam and its overlying rock mass.

When the working face is weighting, the main stress of
hydraulic support is from the gravity of the falling lower
roof. According to this, the weighting strength can be es-
timated according to the following formula:

P �
Lhρ
ly

�
h
2ρ
ly

����
2RT

q



, (7)

where ρ is the density of rock beam and ly is the support
length of single hydraulic support.

3.1.2. Open-Off Cut Roof Cutting Condition. Under the
open-off cut roof cutting condition, the first weighting
process of roof is shown in Figure 3 [17]. At this time, the
lower roof before collapse at the mining early stage can be

Locked
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Energy
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pipe

Connecting
sleeve

(a)

Blasting hole

Bidirectional concentrated
tension blasting

(b)

Figure 5: Devices and principle of bilateral cumulative tensile blasting: (a) energy gathering pipe and connecting sleeve; (b) mechanism
model (Figure 5 is reproduced from Xingen Ma et al.).
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Figure 4: Roof cutting angle design of open-off cut.
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seen as a cantilever beam state, whose stress analysis is
shown in Figure 7.

According to the stress analysis above, the bending
moment on any section of the cantilever beam is

Mx � −
1
2
(ql − x)

2
. (8)

)e maximum bending moment occurs at the fixed
position of the beam, namely,

Mmax � M1 � −
qL

2

2
. (9)

)e tensile stress here is the maximum:

σmax �
3qL

2

2h
2 , (10)

when σmax �RT, that is, when the normal stress of the
stratum reaches its ultimate tensile strength, the stratum will
be fractured. At this time, the ultimate span of the roof (first
weighting step) is

L � h

���
RT

3q



. (11)

)e weighting strength can be estimated as follows:

P �
Lhρ
ly

�
h
2ρ
ly

���
RT

3q



. (12)

We can see that the structure of lower roof changed from
fixed beam to cantilever beam in the mining early stage after
the open-off cut roof cutting, and then the first weighting
step became shorter and first weighting strength became
weaker.

3.2. Stress Evolution Analysis of Surrounding Rock. Based on
the geological conditions of test mining face, the sur-
rounding rock stress evolution process with or without
open-off cut roof cutting at the mining initial stage will be
simulated by using FLAC 3D numerical simulation software
[18, 19]. Modeling size is 200m× 170m× 50m, including
roof 30m, coal seam 3m, and floor 17m. In this model,
working face simulation strike length is 160m, simulation
tendency length is 130m, and simulation entry width is 5m,

as shown in Figure 8. )e parameters of each stratum in this
model are shown in Table 1, the cutting height is designed as
7.7m, and the vertical roof cutting is adopted [20].

)e numerical simulation results of key section are
shown in Figure 9. When mining to footage 0m, the stress
distribution with roof cutting is asymmetrical. Compared
with the symmetrically stress distribution under open-off cut
roof uncut condition, the peak value of stress concentration
in advance is slightly higher. When mining to footage 10m,
the goaf roof collapse under the open-off cut roof cutting
condition is more sufficient than that under the roof uncut
condition, and the stress peak value in advance of mining
face begins to be less than that of roof uncut condition.
When mining to footage 20m and 40m, the roof collapse
shape is basically stable under the two conditions, and the
stress peak value under the open-off cut roof cutting con-
dition is more smaller than that under roof uncut condition.
)e relationship between the stress concentration peak value
and the mining footage under the two conditions in the early
mining stage is further sorted out as shown in Figure 10,
which shows that the peak values are all equal to 31.0MPa
under two conditions when mining to 6.8m; the stress
concentration peak value under open-off cut roof cutting is
slightly higher before mining to 6.8m; the stress concen-
tration peak value under open-off cut roof cutting is smaller
after mining to 6.8m, and the difference increases gradually
with the working face advancing within the first weighting
step.

)rough the above analysis, the open-off cut roof cutting
can cut off the support to goaf roof of coal pillar behind the
open-off cut, and then the advanced stress concentration
strength of working face is higher at initial mining stage. But
with the mining, the goaf roof is easier to collapse under the
roof cutting condition, and the advanced stress concen-
tration strength of working face turns to be smaller than that
of roof uncut condition.

4. Field Condition and Cut Top Design

On the basis of the above mechanism and effect analysis
through theoretical calculation and numerical simulation,
taking 8304 mining face of Tashan coal mine as an example,
the field test of OCRCPR technology is carried out to verify
the feasibility and practicability.
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Figure 6: Stress analysis of fixed beam: (a) mechanical model; (b) shear stress diagram; (c) bending moment diagram.
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4.1. Engineering Overview. )e key information of test
mining face is shown in Table 2 and Figure 11 [21].

As test working face, 8304 working face adopts com-
prehensive mechanized mining method, and its planned

daily mining speed is 10m. )e auxiliary haulage entry of
this working face is designed to be retained by roof cutting
and still used as auxiliary haulage entry for 8305 working
face. In order to reduce the working face first weighting

q
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R
1

(a)

Q
1

(b)

M
1

(c)

Figure 7: Stress analysis of cantilever beam: (a) mechanical model; (b) shear stress diagram; (c) bending moment diagram.
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Figure 8: Numerical simulation model: (a) three-dimensional model; (b) A-A section under open-off cut roof uncut condition; (c) A-A
section under open-off cut roof cutting condition.

Table 1: Physical and mechanical parameters of each rock layer.

Lithology Density/kN/m3 Tensile strength/MPa Internal friction angle/° Cohesion/MPa Bulk modulus/GPa Shear
modulus/GPa

Medium
sandstone 25 8.4 33 2.6 11.49 7.26

Mudstone 23 3.2 28 0.2 0.20 0.15
Coal 13 3.3 29 0.2 0.35 0.18
Siltstone 23 4.3 32 0.8 2.11 1.86
Fine sandstone 24 7.3 32 1.0 3.81 3.05
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Figure 9: Numerical simulation results: (a) mining to footage 0 (m) ① open-off cut roof cutting condition; ② open-off cut roof uncut
condition; (b) mining to footage 10 (m)① open-off cut roof cutting condition;② open-off cut roof uncut condition; (c) mining to footage
20 (m) ① open-off cut roof cutting condition; ② open-off cut roof uncut condition; (d) mining to footage 40 (m) ① open-off cut roof
cutting condition; ② open-off cut roof uncut condition.
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strength and promote the rapid stability of retained entry
initial section, the OCRCPR test is carried out on 8304
working face.

4.2. Open-Off Cut Roof Cutting Design. )e roof cutting
height can be calculated to be 7.5m according to Formula (1)
without considering the roof subsidence and floor heave
(taking the roof bulking coefficient as 1.41). Comparing with
the roof lithological column, the cutting height is adjusted to
7.7m [21]. Because the test mining face is medium-thick coal
seam working face, the vertical roof cutting design with
stronger adaptability and lower construction difficulty is
selected. )e roof cutting line is arranged at the intersection
of the coal pillar behind the open-off cut and whose roof is
along the tendency direction of working face. In order to
facilitate the construction, after the open-off cut is pene-
trated and the hydraulic support is arranged, a 1.5m wide
passage is set up behind the hydraulic supports, and the
specific roof cutting design is shown in Figure 12.

4.3. Open-Off Cut Roof Cutting Process. Based on the above
design, the hydraulic support with model ZZS10000/20/38 is
selected for 8304 working face, and the sectional dimension
of the open-off cut is set as 8.0m× 3.1m. After the pene-
tration of open-off cut, the hydraulic supports need to be
installed firstly, and an enough space should be left behind
supports for blasting holes drilling. )en the marking line of
the roof cutting is drawn on the open-off cut roof according
to design, which serves as the baseline of the blasting holes
drilling and roof presplitting blasting (as shown in Fig-
ure 13). To ensure the cutting effect of bidirectional con-
centrated tension blasting, the marking line should be kept
as straight as possible along the working face tendency
direction.

After the roof cutting height, angle, and position all
determined, the roof cutting blasting parameters, including
explosive charge weight, blasting hole spacing, and blasting
hole amount at single initiation, all need to be further got

through field blasting test [22, 23]. )e field blasting test is
divided into three steps as shown in Figure 14 [15]. )e first
step is to carry out single hole blasting test, namely, blasting
one hole each time with different explosive charge weight to
determine the reasonable charge of a single hole. )e second
step is to carry out interval hole blasting test, namely,
blasting holes each time with different hole spacing and
leaving peephole to judge the reasonable spacing. )e third
step is to carry out continuous hole blasting test, namely,
through the harmful gas monitoring to determine the
blasting hole amount at single initiation. )rough field test,
it is determined that the single blasting hole charge structure
in 8304 working face is 4 + 3 + 3 + 2, four energy gathering
pipes are filled in each blasting hole, and the sealing length of
each hole is 1.7m (as shown in Figure 15). )e common
presplitting effect in peephole is shown as Figure 16, and the
average single hole crack rate detected in site is 83.6%.

5. Engineering Application Analysis

5.1. Roof Initial Collapse. )e 8304 working face not only
uses the OCRCPR technology to weaken the first weighting
but also uses the entry retaining technology with roof
cutting. )e roof cutting range of open-off cut is the 107m
section near entry retaining side, and another 20m section
without roof cutting is set as the control section (as shown in
Figure 17). On one hand, open-off cut roof cutting on the
entry retaining side can reduce the first weighting step and
strength, which is good for the rapid stability of retained
entry initial section; on the other hand, the retained entry
can also provide an observation condition for the goaf roof
collapse.

Based on themining experience of the samemining field,
it is inferred that the first weighting step of 8304 working
face should be within 50-70m. )erefore, the initial caving
of the goaf roof is observed in the retained entry at footage
10m. When it is behind the working face 20m, the goaf roof
collapse at retained entry side is shown in Figure 18(a). At
this time, the immediate roof has collapsed with large areas,
but the gangue pile has not yet reached the goaf roof. When
it is behind the mining face 40m, the goaf roof collapse at
retained entry side is shown in Figure 18(b). At this time,
gangue pile has reached the goaf roof with bulking, and the
gangue wall has been formed basically. In the initial mining
stage, the open-off cut roof cutting and the entry roof cutting
influence the goaf roof collapse at same time. So the goaf roof
collapse process at this time does not have the representa-
tiveness of the whole mining face in the inclination direc-
tion. However, in the further mining and entry retaining
process, the gangue wall all formed within the range 35-42m
behind the working face, and the OCRCPR can promote the
roof collapse in the early mining stage and basically elim-
inate the problem that the goaf roof is difficult to collapse in
the early mining stage.

5.2. Monitoring and Analysis of First Weighting. In addition
to the direct observation of the roof collapse in the retained
entry, this study also verifies the pressure releasing effect to
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Figure 10: Comparison of stress concentration peaks in advance of
working face.
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working face first weighting of the open-off cut roof cutting
through the pressure monitoring shown as Figures 17 and 19
[24–26].

)e monitoring results of weighting step are shown in
Figure 20. Overall, the periodic weighting step is shorter
than the first, and that of the retained entry side is longer
than the other side. Affected by the roof cutting of open-off
cut and entry, the first weighting step of the retained entry
side is also smaller. In order to further highlight the pressure
releasing effect of open-off cut, the difference between first
weighting step and periodic weighting step is arranged in
Figure 20(b). )e difference between first and periodic

weighting step is smaller in the roof cutting range of open-off
cut, and the difference is larger in the roof uncut range of
open-off cut.

Similarly, the monitoring results of weighting strength
are shown in Figure 21. Overall, the periodic weighting
strength is lower than the first, and the periodic weighting
strength of the retained entry side is smaller. )e difference
between first weighting strength and periodic weighting
strength is arranged in Figure 21(b). )e difference between
first and periodic weighting strength is smaller in the roof
cutting range of open-off cut, and the difference is larger in
the roof uncut range of open-off cut. To sum up, the

Table 2: Basic parameters of 8304 working face.
Coal seam tdickness/average (m) 1.80–3.55/3.1 Deptd (m) 367–411
Mining height (m) 3.1 Dip angle/average (°) 2∼6/4
Strike lengtd (m) 670 Tendency lengtd (m) 127
Immediate roof/tdickness (m) Mudstone/1.47 Immediate floor/tdickness (m) Mudstone/3.2
Main roof/tdickness (m) Fine sandstone/3.88 Main floor/tdickness (m) Siltstone/3.1

8304 working face

8305 working face

Tendency length
127 m

Retained entry 670 m

Stopping line

Strike length 680 m

Tendency length
110 m

(a)

Lithology�ickness (m)Columnar

Coal

Mudstone

5.46 Fine sandstone

0.80 Mudstone

2.89 Medium sandstone

1.23 Mudstone

1.30 Medium sandstone

0.50 Fine sandstone

1.38 Siltstone

1.44

3.10

(b)

Figure 11: Layout and roof lithologic histogram of 8304 working face.
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3.10 Coal

1.44 Mudstone

5.46 Fine sandstone

0.80 Mudstone

2.89 Medium sandstone

1.23 Mudstone

1.30 Medium sandstone
0.50 Fine sandstone
1.28 Siltstone

Mining direction

Roof cutting slit

Open-off cut
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Figure 12: Open-off cut roof cutting design of 8304 working face.

Figure 13: Open-off cut roof cutting scene of 8304 working face.
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Figure 14: Continued.
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Peephole
Blasting hole

Blasting time n Blasting time n + 1

(c)

Figure 14: Blasthole layout of blasting test: (a) single hole blasting test; (b) interval hole blasting test; (c) continuous hole blasting test
(Figure 14 is reproduced from Xingen Ma et al.).
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Figure 15: Charge structure of explosive rolls.
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Figure 16: Fissure map of roof cutting blasting.
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Figure 17: Monitoring scheme.
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(a) (b)

Figure 18: Gangue collapse process at 10m footage: (a) behind working face 20m; (b) behind working face 40m.

Figure 19: Monitoring equipment for hydraulic support.
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Figure 20: Monitoring result of weighting step: (a) weighting step statistics; (b) weighting step difference.
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OCRCPR can effectively shorten the first weighting step and
reduce the first weighting strength and has a good pressure
releasing effect.

6. Conclusions

(1) Based on the entry retaining technology with roof
cutting, the pressure releasing technology of
open-off cut roof is put forward, namely, changing
the roof structure of open-off cut actively by roof
presplitting cutting, which can weaken the first
weighting strength and shorten the first weighting
step of working face artificially on the strike
direction.

(2) By means of mechanical calculation, the clamped
beam structure of open-off cut roof under roof uncut
condition and the cantilever beam structure under
roof cutting condition are analyzed, respectively, and
the roof cutting pressure releasing principle is
explained from the first weighting step and strength
about mining face. Besides, the stress evolution
processes of surrounding rocks under the two
conditions are deduced by numerical simulation to
verify the roof cutting pressure releasing effect of
open-off cut roof.

(3) Taking the tested mine as an example, this paper
summarizes the design, implementation process, and
application effect of the OCRCPR test. )rough the
observation of roof collapse process at the initial
stage of mining and the stress monitoring of hy-
draulic support in working face, it further verifies
that the roof cutting technology of open-off cut can
effectively shorten the first weighting step and
weaken the first weighting strength of working face.
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A large-scale model test on the interaction between a micropile group and a landslide was conducted, to investigate the effect of
micropiles on the landsides prevention. .e bearing mechanism, force condition, and failure mode of a micropile group for
reinforcing landslide were analyzed in detail..e results showed that the thrust force over micropiles induced by landslide showed
a trapezoidal distribution, with a higher Earth pressure near the sliding surface. .e resistance from the sliding body behind the
pile behaved in a parabolically trend. Meanwhile, the resistance force from the sliding bed was distributed unevenly along the
height direction, with a higher resistance force near the sliding surface behind the pile.When a landslide occurred, micropiles were
subjected to an increase in loading and displacement, eventually to the failure state. .e load-bearing sections of the micropiles
were all subjected to negative bending moments, with larger bending moments within the half length of pile range near the sliding
surface. .e maximum negative bending moment occurred at the height of seven times the diameter of the pile above the sliding
surface. .e damage mode along each row of micropiles was almost the same, showing a damage area within the range of three
times the diameter of the pile above and below the sliding surface..e failure of micropile induced by landslides was mainly due to
a combination effect of bending and shearing near the sliding surface.

1. Introduction

Micropiles refer to bored piles with the diameter is less than
300mm, formed by pressure grouting after pores are drilled
with strong reinforcement. Due to their convenient and
rapid construction, flexible pile placement, and small dis-
turbances to landslides, micropiles are increasingly used in
landslide prevention projects [1–10]. Although micropiles
have been used to prevent the landsides, the bearing
mechanism of micropiles is not fully understood.

Experimental studies have been conducted on the
horizontal load-bearing performance of micropiles. For
example, through field tests, Zeng et al. [11] preliminarily
studied the relationship between the lateral load acting on a
single micropile and the required pile length. Richards et al.
[12] investigated the lateral load-bearing performance of
micropiles. Konagai et al. [13] carried out a detailed analysis
on the performance of micropile groups with rigid caps

under lateral loading through model tests. However, the
micropiles were taken as the pile foundation in the previous
studies. .e application of micropiles in landslide treatment
remains rare and needs to be further studied. Several studies
focused on the anti-sliding effect of micropiles via model
test. For example, Liang [14] preformed a model test and
studied the ultimate flexural bearing capacity test of mini
pile featuring steel tube and centered steel bar. Chen [15]
presented an investigation into anti-sliding characteristics of
high-pressure grouting steel-tube micropiles by model ex-
periments. Zhang [16] carried out model tests to analyze the
anti-sliding performance of multiple segmented grouting
steel pile group from the aspects of soil pressure and bending
of steel pipe. Grouting effect, pile group effect, and failure
mode were also discussed. Hu [17] studied the stress de-
formation characteristics of micropile and the transmission
law of a landslide through groups of experiments of different
piles spacing under three rows of a micropile reinforcement
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debris landslide. Although these researches provided valu-
able results on this area, the results were basically based on
small-scale models. It is necessary to carry out large-scale
model tests to study the force and deformation mechanism
of micropiles under the action of landslide.

In this study, a large-scale model test regarding the
interaction between landslide and micropile groups was
conducted. .e thrust force on a micropile induced by a
landslide was monitored, along with the stress distribution
and displacement of micropile. Accordingly, the bearing
mechanism, force condition, and failure mode of a micropile
group to reinforce a landslide were discussed in detail.

2. Testing Model

2.1. Model Test Design. A model of landslide was generated
as a sliding bed and a sliding body above, which consisted of
loess as shown in Figure 1. .e sliding body was used to
trigger the landslide by applying graded loads on the top of
the slope. .e micropiles were distributed along the slope
foot, divided into 5 rows, a total of 23 piles. .e top of
micropiles was connected with a steel beam. By installing the
pressure gauges in front of and behind the micropile, the
variations of force on micropiles were monitored. .e strain
of the pile was tested using the strain gauge attached to the
main reinforcement of the micropile. .is value was also
used to calculate the bending moment of the pile. .e de-
formations of the micropile and the sliding body were
recorded by the displacement meter installed at the top of
the pile and the toe of landslide. .e schematic diagram of
the test model is shown in Figure 1.

2.2. Similarity Ratio. According to the test conditions,
geometric similarity ratio CL � 3 and elastic modulus simi-
larity ratio CE � 1 were adopted in this study. Based on the
principle of similarity theory [10], the similarity ratio of
physical quantities was determined as follows: Cq � 3, CP � 9,
Cσ � 1, Cε � 1, CAc � 9, CAs � 9, where Cq denotes the simi-
larity ratio of linear load on the pile body; CP denotes the
similarity ratio of concentrated force on the pile body; Cσ
denotes the similarity ratio of stress of the pile body; Cε
denotes the similarity ratio of strain of the pile body; CAc
denotes the similarity ratio of cross-sectional area of the pile
body; and CAs denotes the similarity ratio of cross-sectional
area of reinforcement.

2.3. Materials

2.3.1. Sliding Bed and Sliding Body. Figure 2 shows the soil
filling process. .e slope was filled by layers of loess taken
from the southern suburbs of Xiʼan City. .e weight of the
compacted soil was 18.3 kN/m3, and the moisture content
was 15%. After layered filling, the sliding bed and sliding
body were compressed to a target density. After the filling of
slopes, the slope surface was made according to the designed
shape, and the excess soil was removed. In order to reduce
the boundary effect, three through grooves were designed in
the sliding body and filled with sand.

2.3.2. Sliding Surface. Figure 3 depicts the photo of sliding
surface. After filling the sliding bed soil, the sliding surface
was made according to the shape of the designed sliding
surface and double-layer plastic films were put on the sliding
surface to simulate the sliding zone. On the basis of the no-
pile test, we determined the load and the landslide thrust
when the sliding body was in the ultimate equilibrium state
using the reverse calculation: c� 3.5 kPa, and φ� 16°.

2.3.3. Model Pile and Connecting Beam. Figures 4 and 5
show the precast reinforcement concrete and connecting
beam of micropiles, respectively. To facilitate the burial of
test instruments, the model piles used in this test were
reinforced concrete prefabricated piles, and the micropiles
were poured with fine aggregate concrete. .e concrete
strength grade was C25, and the cement strength grade was
42.5 R..e length of the pile was 4m, the diameter of the pile
was 60mm, and the reinforcement method was 4 φ 6.5. .e
top of the piles was linked with the angle steel to simulate the
connecting beam.

2.4. Layout of Micropiles. Figure 6 illustrates the layout of
micropiles and pressure gauges. Five rows of micropiles were
laid out with 0.5m row spacing and 0.8m row middle pile
spacing.

2.5. Measurements

2.5.1. Pressure Measurements for the Micropiles. .e pres-
sure gauges were embedded along the piles in front of and
behind piles to monitor the distribution and variation of
landslide thrust of the micropiles, resistance from the sliding
body behind the piles, and resistance from the sliding bed.
Figure 7 depicts the position and number of pressure gauges.

2.5.2. Strain Measurements of the Micropiles. To test the
bending moment of the micropile, strain gauges were pasted
in pairs before and after the longitudinal bar of the tested
piles. .e spacing of the strain gauges is 10 cm. After
measuring the strains of different parts of the micropile, the
bending moments can be obtained by

M �
EI ε+ + ε−( 

h
. (1)

In the formula,M is the bending moment, N·m; EI is the
flexural rigidity of the micropile, N·m2; ε+, ε− are, respec-
tively, the tensile and compressive strains of each measuring
point; and h is the distance of the tensile and compressive
strain gauges at the same section, m.

2.5.3. Displacement Measurements. .e displacement
gauges were placed on the top of the piles as well as at the toe
of the landslide model, aiming to measure the displacement
of the pile group and slope deformation.
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2.6. Loading Condition. After model test was assembled and
monitoring sensor was implemented, layers of sandbags used as
the multi-stage loading were placed on the top of the landslide
model. .e photo of multi-stage loading is shown in Figure 8.

Each loading increment was 8kPa. At each loading step, the
recording of sensors was monitored [18, 19]. After reaching the
stable value, the next step of load would be applied. A total of
48kPa loads were applied in this test, as shown in Figure 8.

(a) (b)

(c) (d)

Figure 2:.emanufacturing process of the sliding body. (a) Layered filling of soil; (b) removing excess soil; (c) excavating the landslide toe;
(d) the completed test model.
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Figure 1: Schematic diagram of the test model. (a) Schematic diagram of the test model; (b) sectional view of the model (unit: cm).
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3. Results and Analysis

3.1. Failure Modes of Micropiles. After the test, sectional
excavation was conducted to observe the failure charac-
teristic of micropile as shown in Figure 9. From the exca-
vation section, it can be observed that the landslide
completely slipped along the presupposed sliding surface

and no new fracture surface occurred. .e damage zone of
the micropiles in each row was almost the same..e damage
zone of the pile was 12 cm under the sliding surface to 15 cm
over the sliding surface. Within the range of the damage, the
pile body was bent with several slanted cracks. Outside the
range of the damage, the pile body was almost integrated.
.e load-bearing segment leaned slightly toward the front

(a) (b)

Figure 4: .e precast reinforcement concrete micropiles: (a) Reinforcement; (b) micropiles.

Figure 5: .e connecting beam on the top of micropiles.

(a) (b)

Figure 3: Schematic diagram of sliding surface. (a) .e sliding surface; (b) double-layer plastic films were put on the sliding surface.
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edge of the slide. Because of the deformation of the soil, there
was a certain range of void area between the pile body
around the sliding surface and surrounding soil. .e void
area around the sliding surface was located on the surface
between the slide bed soil of the pile body and the slide bed
soil behind the pile. By analyzing the damage conditions of
the micropile, it was evident that the failure mode was
composed of the bent and shear around the sliding surface.

3.2. Force Condition ofMicropiles. Figure 10 shows the force
distribution of the soil at each measurement point near the
micropile.

Figure 11 shows the force distribution of the soil at each
measurement point of the micropile. .e pile section above
the slipping surface was regarded as the anti-sliding segment
of the pile. .e pile section under the slipping surface was
regarded as the anchoring section of the pile.

Sand groove

Sliding direction

Micropiles
Pressure gauges

50
cm

80cm

Figure 6: Layout of micropiles and pressure gauges (unit: cm).
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(a) (b) (c) (d)

Figure 9: .e damage of micropiles. (a) Overall damage of micropile groups; (b) breakage of the pile in first row near the slipping surface;
(c) breakage of the pile in middle row near the slipping surface; (d) breakage of the pile in last row near the slipping surface.

Figure 8: Multi-stage loading on the top of the landslide model.
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3.2.1. Distribution of the Landslide-7rust Force of the Pile in
the First Row. Distribution of the landslide-thrust force of
the pile in the first row is shown in Figures 11(a) and 12(a),
including measuring points 1-1-1, 1-1-2, 1-1-3, and 1-1-4.
After the filling stage, the landslide-thrust force was basically
distributed in a polygonal line, which could be calculated
according to trapezoid distribution in design phase. After
the toe of the slope was excavated, the Earth pressure at 0.2m
over the sliding surface (1-1-4) enlarged and the Earth
pressure of the other three points decreased, implying that
the micropile was displaced at this time. .e distribution
mode of landslide thrust began to change and the point of
resultant force moved close to the sliding surface. After

loading, at 0.2m over the sliding surface (1-1-4), the Earth
pressure enlarged continuously. While the Earth pressure at
0.7m over the sliding surface (1-1-3) increased slightly,
meanwhile the Earth pressure at 1.3m over the sliding
surface (1-1-2) decreased slowly. Finally, the landslide thrust
was distributed approximately in a triangle shape and the
Earth pressure near the sliding surface was relatively large.

3.2.2. Resistance from the Sliding Body behind the Pile in the
First Row. Resistance from the sliding body behind the pile
in the first row is shown in Figures 11(b) and 12(a), in-
cluding measuring points 1-2-1, 1-2-2, 1-2-3, and 1-2-4.

0

50

100

150

200

250

300

350

400

0 50 100 150 200 250 300 350 400 450 500 550 600
Time (h)

Ea
rt

h 
pr

es
su

re
 (k

Pa
)

Unload

Load 32kPa

Load 24kPa
Load 16kPa

Load 8kPa
Toe cutting

Load 40kPa

Load 48kPa

2-1-1
2-1-2
2-1-3

2-1-4
2-1-5
2-1-6

2-1-7
2-1-8

(c)

0

50

100

150

200

250

300

350

400

0 50 100 150 200 250 300 350 400 450 500 550 600
Time (h)

Ea
rt

h 
pr

es
su

re
 (k

Pa
)

UnloadLoad 32kPa

Load 24kPa
Load 16kPa

Load 8kPa
Toe cutting

Load 40kPa

Load 48kPa

2-2-1
2-2-2
2-2-3

2-2-4
2-2-5
2-2-6

2-2-7
2-2-8

(d)

0 50 100 150 200 250 300 350 400 450 500 550 600
0

25

50

75

100

125

150

175

200

225

250

Time (h)

Ea
rt

h 
pr

es
su

re
 (k

Pa
)

Unload

Load 32kPa

Load 24kPa
Load 16kPa

Load 8kPa
Toe cutting

Load 40kPa

Load 48kPa

3-1-1
3-1-2
3-1-3

3-1-4
3-1-5
3-1-6

3-1-7
3-1-8

(e)

0 50 100 150 200 250 300 350 400 450 500 550 600
0

50

100

150

200

250

300

350

400

Time (h)

Ea
rt

h 
pr

es
su

re
 (k

Pa
)

Unload

Load 32kPa

Load 24kPa
Load 16kPa

Load 8kPa
Toe cutting

Load 40kPa

Load 48kPa

3-2-1
3-2-2
3-2-3

3-2-4
3-2-5
3-2-6

3-2-7
3-2-8

(f )

Figure 10: Earth pressure of micropiles. (a) Curves of earth pressure at measuring points before the pile in first row; (b) curves of earth
pressure at measuring points behind the pile in first row; (c) curves of earth pressure at measuring points before the pile in middle row;
(d) curves of earth pressure at measuring points behind the pile in middle row; (e) curves of earth pressure at measuring points before the
pile in last row; (f ) curves of earth pressure at measuring points behind the pile in last row.

Advances in Civil Engineering 7



After excavating the toe of the slope, the Earth pressure of all
four measurement points decreased. After loading, the Earth
pressure at 0.2m, 0.7m, and 1.3m over the sliding surface
(1-2-4, 1-2-3, 1-2-2) kept decreasing, while loading to 40 kPa,
the Earth pressure at the three points gradually grew larger.
.e Earth pressure at 1.6m over the sliding surface (1-2-1)
gradually enlarged in the loading process, and there were
obvious fluctuations. Because this measurement point was
close to the Earth surface, the fluctuation may have been
related to the changing temperature. .e anterior sliding
mass resistance was basically distributed as a parabola.

3.2.3. Resistance from the Sliding Bed in front of the Pile in the
First Row. Resistance from the sliding bed in front of the
pile in the first row is shown in Figures 11(a) and 12(a),

including measuring points 1-1-5, 1-1-6, 1-1-7, and 1-1-8.
Compared with the landslide-thrust force, the Earth pres-
sure of each measurement point in front of the pile in the
anchoring section was relatively small, and this pressure
remained unchanged during the loading process. Sliding bed
resistance in front of the pile was distributed in a polygonal
line, which could be calculated according to rectangular
distribution in design phase.

3.2.4. Resistance from the Sliding Bed behind the Pile in the
First Row. Resistance from the sliding bed behind the pile in
the first row is shown in Figures 11(b) and 12(a), including
measuring points 1-2-5, 1-2-6, 1-2-7, and 1-2-8. Before
completion of model filling and excavation of the slope foot,
Earth pressures at each measurement point under the sliding
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Figure 11: Distribution of the earth pressure on the micropiles. (a) Distribution of the earth pressure on the pile in first row; (b) distribution
of the earth pressure on the pile in middle row; (c) distribution of the earth pressure on the pile in last row.

8 Advances in Civil Engineering



surface were basically equal, and resistance of the sliding bed
behind the pile was distributed in a rectangular shape. Earth
pressure at 0.2m below the sliding surface (1-2-5) increased
after the slope foot was excavated, and the Earth pressure at
the remaining three measurement points under the sliding
surface basically remained unchanged, indicating that the
pile body in a certain range under the sliding surface
deflected and squeezed the posterior soil body of the sliding
bed. After the loading was applied, the Earth pressure at
0.2m below the sliding surface continued to increase until
the loading reached 40 kPa and then it began to be stable
basically. .e Earth pressure at other three measurement
points was small relatively. .e resistance from the sliding
bed behind the pile was concentrated mainly near the sliding
surface.

As shown in Figures 11 and 12, the piles in the middle
row and last row behaved in a similar way to that of the pile
in the first row. .is distribution can be summarized as
follows:

(1) .e landslide thrust of the micropiles was in an
approximate trapezoid distribution, and the Earth
pressure near the sliding surface was larger.

(2) .e landslide thrust of the first row of piles along the
sliding direction was large, and the landslide thrusts
of the remaining rows reduced successively.

(3) .e distribution of the resistance from sliding body
behind the pile was basically parabolically distrib-
uted. .e Earth pressure near the sliding surface and
the pile top was small and the Earth pressure in the
middle part of the landslide was large.

(4) .e resistance from the anterior sliding bed of the
micropiles was small and changed little during the
loading process. It was in a polygonal line

distribution and could be calculated as rectangular
distribution in design.

(5) In the early stage, the resistance from the posterior
sliding bed was in a polygonal line or rectangular
distribution. After loading, the Earth pressure near
the sliding surface varied greatly, whereas the Earth
pressure at the other measurement points varied
slightly and resistance from anterior sliding bed was
distributed mainly near the sliding surface.

(6) .e force variations of micropiles demonstrated
good timeliness. Force was applied to the three rows
of micropiles at the same time, and displacement and
damage occurred simultaneously.

3.3. Variation of Displacement at Measurement Points.
Figure 12 shows the displacement evolution during loading.
.e displacement at the top of pile and the shear outlet of
landslide increased slowly in the early stage of loading. After
the loading reached 32 kPa, the displacement of each
measurement point increased rapidly. Hence, the pile en-
tered a critical state when loading reached 32 kPa. Up to
40 kPa, the displacement at the top of micropiles was about
15mm, corresponding to the failure stage.

Comparing Earth pressure variation and displacement
evaluation, the results were consistent, showing the pile was
damaged after 40 kPa loading.

3.4. Bending Moment of Pile Body. Based on strain gauge
data, the bending moment distribution of each row of piles
was obtained as shown in Figure 13.

Although the bendingmoments of each row of piles were
slightly different, the variation mode along the pile was the
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Figure 12: Displacement variation at the monitoring points. (a) Displacement curve at the toe of landslide; (b) displacement curve at the top
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same. .e load-bearing sections of the pile body were all
subjected to negative bending moments (positive tension
on the sliding side and negative tension on the back side)
and were distributed mainly within the pile length range of
half of the load-bearing section on the sliding surface. .e
maximum negative bending moment was at 0.4m above
the sliding surface (about seven times the diameter of the
pile). .e pile body of the embedded section located in the
range of 0.6m below the sliding surface was subjected to a
positive bending moment. .e maximum positive bending
moment occurred at 0.3m below the sliding surface (five
times the diameter of the pile). .e pile body from 0.6m
below the sliding surface to the bottom of the pile was
subjected to a negative bending moment, with a small
magnitude. After loading, the bending moments of the
load-bearing section and the embedded section increased

simultaneously, indicating that the load-bearing section
and the embedded section of the micropiles deformed
simultaneously.

4. Conclusion

A large-scale model test was performed to simulate the
interaction between the micropile group and landslide. .e
loading-induced deformation characteristics of the micro-
pile group under the action of a landslide were investigated.
.e results provide a reference for the design of a micropile
group preventing the landslide..emain conclusions can be
drawn as follows:

(1) When the landslide occurred, the micropiles at
different rows were subjected to loads
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Figure 13: Bending moment of micropiles. (a) Bending moment of the pile in first row; (b) bending moment of the pile in middle row;
(c) bending moment of the pile in last row.
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simultaneously. Consequently, the displacement and
the damage occurred simultaneously. .e force
distribution of micropiles of each row was basically
the same.

(2) .e landslide thrust of micropiles was generally in a
triangle distribution, with a larger Earth pressure
near the sliding surface. .e resistance from the
sliding body behind the pile was parabolically dis-
tributed..e larger resistance was observed from the
sliding bed behind the pile to the area near the sliding
surface.

(3) .e load-bearing sections were all subjected to
negative bending moments. .e maximum negative
bending moment occurred at a place seven times the
diameter of the pile above the sliding surface. .e
pile body of the embedded section in the range of
0.6m (10 times the diameter of the pile) below the
sliding surface was subjected to a positive bending
moment, with a maximum value at five times the
diameter of the pile below the sliding surface.

(4) .e damage condition of each row of micropiles was
basically the same. .e damage area was within the
range of three times the diameter of pile above and
below the sliding surface each. .e failure mode was
a combination of effect of bending and shearing near
the sliding surface.
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As one of the five major coal mine disasters, the water inrush disaster poses a serious threat to the safety of the country and people,
so the prevention work for that becomes very important. However, there is no perfect assessment system that can better solve the
complex dependence relationships among disaster-causing factors of water inrush disasters. )is study applied the knowledge of
Complex Networks to research water inrush disaster, and based on that, the early warning evaluation system that combined ANP
and Cloud model was established in order to solve the complex dependence problem and prevent the occurrence of water inrush.
Moreover, this evaluationmodel was applied to the example Y coal mine to verify its superiority and feasibility.)e results showed
that the main cloud of goal was located at the yellow-strong warning level, and the first-level indicators were, respectively, at that
the yellow-strong level of mining conditions, the yellow-strong warning level of hydrological factors, between the yellow-strong
warning level and purple-general level of the geological structure, and among the blue-slightly weak warning level, purple-general
level, and yellow-strong level of the human factor.)e prediction results were consistent with the actual situation of the coal water
inrush disaster in Y mine, which further proved that this early warning evaluation model is reliable. In response to the forecast
results, the authors put forward relative improvements necessary to strengthen the prevention ability to disaster-causing factors
among hydrological factors, mining conditions, and geological structure, which should comprehensively increase knowledge,
technology, and management of workers to avoid leaving out disaster-causing factors. Meanwhile, the warning evaluation model
also provides the relevant experience basis for other types of early warning assessment networks.

1. Introduction

With the rapid development of the Chinese market econ-
omy, the utilization rate of primary energy has generally
increased. For example, the reserves of coal are about 90%
[1–4]. Moreover, the usage amount of coal can still occupy
an important position in future modern production. )e
most important mining method in China is underground
mining [5–8]. Its advantages are large mining volume and
wide mining range [9–11]. )ere are also many unsafe

factors, such as water inrush disasters. It is one of the most
important five disasters in a coal mine. It is a water accident
that occurred suddenly during the production process. )e
characteristics of water inrush disasters are rapid develop-
ment and wide coverage [12]. Since the 1980s, more than 250
mines across the country have been flooded with more than
1700 deaths and economic losses of over 35 billion yuan
[13, 14].

)erefore, the early warning work of coal mine water
inrush is very important. Since the early 20th century,
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scholars at home and abroad have already started exploring
and researching this area. With the rapid development of
computer technology, the different scientific systems have
been merged to form many prediction methods for water
inrush disasters. Yang et al. established the risk assessment
model of floor water inrush through the GA-BP network
model [15]. Wang used MATLAB to build a model for
predicting the depth of floor damage [16]. Wang et al.
proposed the risk assessment model of coal mine water
inrush disaster based on a dynamic tree [17]. Qin et al. used
D-S theory to evaluate the risk degree of coal mine water
inrush disaster [18]. Wang et al. proposed the evaluation
method of the accident tree model in coal mine water inrush
disaster [19].

Water inrush disaster is a complex nonlinear problem
[20, 21]. Its disaster-causing factors can interact with each
other. Only by determining the relationship between
disaster-causing factors can we better prepare for early
warning assessment. )e research status at home and
abroad is still in the blank research stage on a complex
relationship between disaster-causing factors. In addi-
tion, there is no study on using the Complex Network
method combined with ANP and Cloud model to mea-
sure the important influencing factors of water inrush
disaster. )is study uses Complex Network model for the
first time to deal with complex relationship problems
between disaster-causing factors of water inrush to
prevent the occurrence of water inrush disaster in coal
mine. We also used ANP combined with Cloud model to
calculate the early warning level of each factor accurately.
Moreover, this study also offers a theoretical basis and
practical guiding significance for other coal mines on the
early warning work to water inrush disaster.

2. Theoretical Basis

2.1. Complex Network

2.1.1. Composition of the Complex Network Model. )e
Complex Network model is composed of nodes and
connected edges [22, 23]. Each independent node in the
network represents a disaster-causing factor. )e impact
of nodes on the occurrence, development, and results of
disasters are clarified. )e connected edges can reflect the
connection relationship between all nodes in the net-
work. If a certain factor can cause a new disaster to occur,
a connected edge will be formed.

)e connected edges include a single route and
multiple route [24]. Single disaster route refers to factor A
causing factor B to change, and thus, factor B can cause
factor C to change. On the other hand, a multiple disaster
route refers to factors A and B together causing factor C
to change catastrophically. When the disaster-causing
factors interact and feed back each other leading to the
occurrence of disaster results, a multiple disaster route
will be formed. It can produce a catastrophe that is quite
complex and difficult to prevent. Moreover, combining
all multiple disaster routes can form a Complex Network
model.

2.1.2. Expression of the Complex Network Model. )e
Complex Network model is defined in the form of graph
theory [25]. We can set upG� (V, E), whereV is the set of all
nodes (V� {v1, v2,....., vn}); E is the set of all connected edges
(E� {e1, e2,...... en}). Moreover, each edge can connect two
different nodes expressed as eij � {vi, vj}. If eij � eji, it will
mean that this network is undirected. Otherwise, the net-
work is directed.

)e method of recording a Complex Network is by
constructing an adjacent matrix. If a connected edge be-
tween any two nodes exists, it will be recorded as 1 in an
adjacent matrix; otherwise, it will be recorded as 0. )e
adjacent list is one of the most common ways to store the
content of a Complex Network. It is consists of many sets of
numbers. )ere are two numbers in each row in the adjacent
list, which represent two different numbered nodes.
Moreover, the space between two numbers indicates that a
connected relationship exists. )erefore, the adjacent matrix
and adjacent list are interdependent, as shown in Figure 1.

2.2. ANP and the Cloud Model

2.2.1. ANP. Analytic Network Hierarchy Process (ANP) is a
comprehensive and multiple objective decision-making
method based on AHP, proposed by T. L. Saaty in 1996
[26, 27]. Its application range is very wide. It not only in-
herits the hierarchical characteristics from AHP but also
considers nonindependent relationships such as feedback
and dependence among internal elements [28, 29]. )ere-
fore, ANP is more realistic than AHP.

Water inrush disaster is a Complex Network problem.
)ere are many interdependent and feedback decision el-
ements. )erefore, using ANP to calculate the weights of all
elements in a water inrush disaster network can better solve
the actual prevention problems.

2.2.2. Cloud Model. In 1995, academician D. Y. Li proposed
the Cloud model concept based on the limitations of
probability theory and fuzzy mathematics on the analysis of
uncertainty problems [30], using three feature numbers to
represent the ambiguity and randomness of the Cloud
model. It can intuitively reflect the mathematical mapping of
qualitative language [31, 32]. So far, it has been widely used
in data analysis, decision judgment, intelligent control, and
other fields [33, 34].

)e three characteristic numbers of the Cloud model are
Ex (Expected Value), En (Entropy), and He (Hyperentropy),
which are expressed as C (Ex, En, He). Ex is the expectation
of cloud drop x distributed in the domain U, which can
reflect the central location of the Cloud model. En is the
entropy of Ex that can represent the span and dispersed
degree of Cloud model. He is the entropy of En, which can
determine the thickness of cloud. )e larger He indicates
that the cloud image is more dispersed and larger in
thickness.

U is set to be the precise quantitative domain. C is a
qualitative language in U. If the quantitative value x ∈U and
x is a random quantitative realization of C, then μ (x) will be
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the certainty of x to C, which is a stable random number in
[0, 1]. )at is expressed as μ:U⟶ [0, 1]. )ere are x ∈U
and x⟶ μ (x). All distribution forms of x on U are called
clouds. Each x is a cloud drop [35].

)e Cloud Generator is an algorithm to realize the
mutual conversion between qualitative and quantitative in
Cloud model [36]. It is also one of the most important steps
in the uncertainty reasoning process in the entire Cloud
model. It includes two types: Forward Cloud Generator and

Backward Cloud Generator. Forward Cloud Generator is the
process of converting qualitative indicators into quantitative
data. It is based on cloud numbers to form a cloud image, as
shown in Figure 2(a). Backward Cloud Generator is to
convert quantitative data into qualitative indicators, which
can convert precise numerical values into cloud numbers, as
shown in Figure 2(b). )e calculation formulas of cloud
numbers are as in
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1
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3. Constructing the Complex Network Model

3.1. Structural Analysis. )rough collecting a large amount
of data of water inrush disaster from related papers and
websites, we drew the network relationship of water inrush
disaster, as shown in Figure 3. We can get the most im-
portant disaster-causing factors of coal mine water inrush
disasters from all countries. It can provide a corresponding
experience basis for the analysis of a specific coal mine water
inrush disaster. )ere are 161 nodes and 149 connected
edges in Figure 3. Nodes represent the disaster-causing
factors and a connected edge indicates that there is a mu-
tually influential relationship between two nodes.

)e nodes with fewer connection relationships to other
nodes in Figure 3 are all distributed on the outermost side of
network. However, the nodes frequently influence other nodes
that are located in the center of the network. In addition, all
connected edges are directional. If the arrow points fromnode x
to y, then it will mean that node x can cause catastrophe to node
y, which is recorded as exy.

3.2. Analysis of Topological Characteristics. Topological
characteristics are unique attributes of the Complex Net-
work model [37]. By analyzing them, we can better un-
derstand the structure of the Complex Network model.

3.2.1. Degree Centrality. Degree centrality is a measured
method to the importance of nodes, which includes in-degree
and out-degree. Out-degree is from a certain node pointing to
other nodes. )e nodes with larger out-degree values are the

main factors leading to water inrush disasters. For example, the
out-degree value of dynamicwater pressure is 9, which indicates
the dynamic water pressure can cause 9 nodes to be cata-
strophic. In-degree is directed by other nodes to a certain node.
)e factors with a larger in-degree value are the root cause of
water inrush disaster.

However, there is not exiting any relationship between out-
degree and in-degree. A node with a larger out-degree value
may not necessarily have a larger in-degree value. )erefore,
when considering the degree centrality of the node, the out-
degree and in-degree should be comprehensively analyzed.

3.2.2. Closeness Centrality. )e closeness centrality of a node
represents the distance to other nodes. )e greater the
closeness centrality of a node, the closer the distance to other
nodes. For example, in shipping logistics network, if you
need to select a transit center that is closer to all logistics
points, you should select the node with the greatest closeness
centrality [38, 39].

In the network of water inrush disaster, there are 102 nodes
with closeness centrality not less than 1. It shows that the
distances between nodes in the entire network are relatively
closer. Moreover, it is more convenient for each node to in-
fluence others. In the network, the closeness centrality of coal
body cementation degree is the largest, which is 2.125. It in-
dicates that the coal body cementation degree is closest to other
nodes in the entire network and it is easiest to activate other
disaster-causing nodes.

3.2.3. Intermediary Centrality. )e greater the intermediary
centrality of a node, the larger the possibility of being a
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Figure 1: )e nodes relationship of Complex Network for (a) adjacent matrix; (b) connected relationship; (c) adjacent list.
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transit center. If this transit node suddenly disappears, it will
have a certain impact on the connected relationship between
other nodes, making it difficult to spread the information
between nodes and even paralyzing the entire network. In
the network, the intermediary centrality of dynamic water
pressure is the largest, with a value of 9. It shows that dy-
namic water pressure is the most important “transit center”
in the entire network.

3.2.4. Eigenvector Centrality. Eigenvector centrality is an
extended feature of degree centrality. Its main idea is that
the importance of a node depends not only on the degree
value but also on the characteristics of neighboring
nodes. In the network, apart from the eigenvector cen-
trality of the water inrush volume that is 1, others are less
than 1. )erefore, the nodes adjacent to the water inrush
volume are the most important in the entire network. In
addition, the degree value of coal seam thickness is the
largest, being 14, but its eigenvector centrality is not the
largest.

3.2.5. Selecting Important Disaster-Causing Nodes. By ana-
lyzing the topological characteristics, understanding of the
nature and overall structure of network has deepened.
According to the requirements of different topological
characteristics, the most important nodes are selected, as
shown in Table 1.

4. Construction of the ANP-Cloud
Evaluation Model

Based on the Complex Network model of coal mine water
inrush disasters, the “ANP-Cloud” early warning evaluation
system was established in this article. )e implementation
steps are described in detail as follows.

4.1. Establishing the Index System. )e constructed index
system should meet comprehensiveness and scientificity. It
takes the “coal mine water inrush disaster decision system”
as the overall goal. Moreover, it divides 161 nodes obtained
from the Complex Network model into four first-level

Ex
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CG Drop (x, μ)

(a)

Ex

En

He

CGDrop (x, μ)
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Figure 2: Cloud model generator. (a) Forward Cloud Generator and (b) Backward Cloud Generator.

Figure 3: Complex Network model diagram of the coal mine water inrush disaster.
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indicators: geological structure, hydrological factors, mining
conditions, and human factors. )en, the first-level indi-
cators are correspondingly divided into the second-level
indicators. According to the research requirements, the top
23 important second-level indicators are selected, as shown
in Figure 4.

4.2. Index Weights Based on ANP

4.2.1. Constructing the ANP Model. )e ANP model is
consists of a control layer and a network layer [40]. )e control
layer includes goal and dimensions and the control layer is a
decision-making system for coal mine water inrush disaster.
)e goal is the final purpose of the system decision and di-
mensions are the first-level indicators whose numbers need to
be set according to the specific model. It is affected by the next
layer of factors. )e four dimensions of mining conditions,
hydrological factors, geological structure, and human factors are
set as U1, U2, U3, and U4, respectively.

Factors of network layer contain the second-level indicators
from Complex Network. )e relationships of mutual feedback
and dependence between the second-level indicators form a
network system, as in Figure 5. )e second-level indicators
were, respectively, expressed asU1i (i� 1, 2, 3, 4, 5, 6), U2i (i� 1,
2, 3, 4, 5, 6), U3i (i� 1, 2, 3, 4, 5, 6), and U4i (i� 1, 2, 3, 4, 5).

4.2.2. CalculatingWeights. )eweights calculated process in
ANP are extremely complicated. )us, it is based on Super
Decisions (SD) software for scientific weights calculation in
this article [41]. It can clearly show the coupling relationship
between various indicators. )e calculation steps are as
follows.

First of all, we need to build a network relationship
model. It is very important to clarify the dependence and
feedback relationship between indicators in the ANP model,
which has a certain influence on the correctness of the
decision. )e connected relationship of all elements is en-
tered, consulting related literature to the SD.

Secondly, it is necessary to collect expert evaluation data.
)ere are connected relationships between elements in the
same and different dimensions. )e important influence
degree of other elements that have a connection relationship
with the certain element is judged. Ten experts in the rel-
evant field were consulted by 1∼ 9 scale scoringmethod [42].
)e score rules are shown in Table 2. It is particularly
important to note that the ANP model also requires con-
sistency testing, which must be less than 0.1.

)en, unweighted matrix and weighted matrix of ele-
ments are obtained by inputting all scored data from 10
experts into SD. If the values of the unweighted matrix and
weighted matrix are 0, then there is no dependent and
feedback relationship between the two elements.

Finally, the comprehensive weights are calculated. We can
obtain the normalized matrix from the unweighted matrix and
weighted matrix in SD. Moreover, according to the academical
abilities and experiences of 10 experts, we set weighted coef-
ficients as shown in Table 3. Combining the normalized matrix
and weighted coefficient to get the final comprehensive weights
of elements, we obtain the following calculation formula as

limiting � 
10

k�1
Sk × Pk( , (2)

where Pk is the elements’ normalized weights from 10 ex-
perts and Sk is the weighted coefficient of each expert.

Table 1: )e most important multiple nodes.

Nodes Degree centrality Closeness centrality Intermediary centrality Eigenvector centrality
Coal seam thickness 14 1 1 0.333150175
Depth of mining floor failure 12 0 3 0.285557293
Coal seam burial depth 9 1 2 0.21416797
Working surface length 6 1 0 0.630880426
Key position of the water barrier 8 0 1 0.190371529
Karst collapse column 5 0 6 0.320266341
Water inrush volume 1 0 1 1
Fault 5 0 3 0.231522494
Aquifer 3 0 2 0.559491103
Mining depth 3 1.333 0 0.183929612
Water barrier thickness 4 1 0 0.095185764
Karst fissure development degree 1 1.9 1 0.511898221
Dynamic water pressure 10 1 9 0.023796441
Collapse column 3 1 6 0.071389323
Ordovician water channel 2 0 1 0.160133171
Mining methods and processes 3 1.2 0 0.071389323
Reduce the strength of fractured rock mass 1 0 2 0.13633673
Complex geological conditions 2 1 1 0.047592882
Folds 3 1.6 5 0.023796441
Hidden troubles are not in place 1 1 0 0
Illegal production 1 1 1 0
Production organization management chaos 1 1 0 0
Production technology management chaos 1 1 2 0
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4.3. Building Cloud Models of Comment Sets. Before con-
structing a risk early warning assessment model of water
inrush disaster, the corresponding comment sets should be
established. Moreover, the comment sets classified of early
warning model should be based on the past examples of
many coal mines water inrush disasters.

In this article, the influence degrees of disaster-causing
factors in water inrush disaster are divided into five com-
ment sets:s weak, slightly weak, general, strong, and
stronger. It is expressed as V� {V1, V2, V3, V4, V5}� {weak,
slightly weak, general, strong, stronger}.

)e golden section method is used to generate a cor-
responding closed comment set as (Cmin, Cmax). In the
golden section model, the closer the score to the center of
domain, the smaller En and He. In addition, the cloud model
parameters between two adjacent evaluation intervals are
0.618 times [43]. It can be represented by the corresponding
cloud characteristic numbers, as follows:

Ex �
Cmax + Cmin( ,

2

En �
Cmax − Cmin( 

6
,

He � k.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(3)

In Equation (3), k is a constant that needs to be de-
termined according to the ambiguity of comment.

In this article, the central cloud feature numbers are set
Ex3 � 0.5 and He3 � 0.005.)e calculation formulas (4) to (6)
are as follows:

Ex1 � 0,

Ex2 � Ex3 −
(1 − 0.618) Cmax + Cmin( 

2
� 0.30,

Ex3 � 0.5

Ex4 � Ex3 +
(1 − 0.618) Cmax + Cmin( 

2
� 0.69,

Ex5 � 1,
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(4)

He1 �
He2
0.618

� 0.013,

He2 �
He3
0.618

� 0.008,

He3 � 0.005,

He4 �
He3
0.618

� 0.008,

He5 �
He4
0.618

� 0.013,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
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(5)

En1 �
0.618 × Cmax − Cmin( 

6
� 0.103,

En2 �
(1 − 0.618) Cmax − Cmin( 

6
� 0.064,

En3 �
0.618 ×(1 − 0.618) Cmax − Cmin( 

6
� 0.039,

En4 �
(1 − 0.618) Cmax − Cmin( 

6
� 0.064,

En5 �
0.618 × Cmax − Cmin( 

6
� 0.103.
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(6)

All closed intervals (Cmin, Cmax) are distributed in the
theoretical domain [0, 1]. Moreover, the cover width of
cloud model is [Ex− 3En, Ex + 3En]. )e comment sets as
shown in Table 4. We used the cloud feature numbers of
different risk comment sets to generate the cloud image
corresponding by MATLAB, as shown in Figure 6.

4.4. Comprehensive Early Warning Assessment. Ten experts
in a related field were invited to conduct a questionnaire
survey, which includes 2 second-level professors, 4 associate
professors, 2 senior engineers, and 2 doctors. Moreover, the
23 important second-level indicators were scored reason-
ably, ranging from 0 to 100. )e experts should give the
highest and the lowest scores of indicators, respectively.
Finally, the results to the domain [0, 1] are normalized.

4.4.1. Comprehensive Cloud of First-Level Indicators. )e
corresponding maximum and minimum cloud feature
numbers C (Ex, En, He) of indicators are obtained by a
Backward Cloud Generator. According to the calculated
formulas (7), the comprehensive cloud feature numbers of
the second-level indicators are obtained by maximum and
minimum cloud feature numbers fitted. However, the sec-
ond-level indicators are used to calculate the comprehensive
cloud, which is not considered as a relative influence on the
first-level indicators.)erefore, it can not reflect the accurate
prediction results.

)rough formulas (8), we can obtain more accurate
cloud characteristic numbers of the first-level indicators. We
used MATLAB to generate the corresponding cloud image
and compared it with the standard grades to clarify the early
warning level of various first-level indicators.

4.4.2. Comprehensive Cloud of Goal. )e comprehensive
cloud feature number of goal is a summary for the evaluation
model and its comprehensive degree is strongest because the
correlations between the first-level indicators are much
greater than those between the second-level indicators. We
can use the integrated cloud algorithm to obtain the cloud
feature number of goals, as in formula (9). Moreover, we
compared it with standard grades to clarify disaster level of
goal.
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Ex �
ExmaxEnmax + ExminEnmin

Enmax + Enmin
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(8)

Ex �
Ex1En1w1 + Ex2En2w2 + ... + ExnEnnwn

En1w1 + En2w2 + ... + Ennwn

,

En � En1w1 + En2w2 + ... + Ennwn,

He �
He1En1w1 + He2En2w2 + ... + HenEnnwn

En1w1 + En2w2 + ... + Ennwn

.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(9)

In Equations (7) and (8), wi is comprehensive weights of
second-level indicators; n is total number of second-level
indicators; (Exi, Eni, Hei) are cloud characteristic numbers of
second-level indicators; (Exmax, Enmax, Hemax) and (Exmin,
Enmin, Hemin) are the corresponding maximum and mini-
mum cloud feature numbers. In Equation (9), wi is the
comprehensive weights of first-level indicators; n is the total
number of first-level indicators; (Exi, Eni, Hei) are the cloud
characteristic numbers for first-level indicators.

5. Application

5.1. Engineering Background. )is article takes Y coal mine
as an example to verify the feasibility of the early warning
assessment model; the mine position is shown in Figure 7. Y
coal mine was constructed in 2005 and its reserve is 31.2
million tons. Moreover, the most mining depth is 680m and
the area of mine is 21.7 km2. )e whole mining area is cut by
faults with the compound fold structure. Small- and me-
dium-sized seasonal rivers pass through the northeast of
mine.

)e inclination angle of the coal seam is 10∼20°. )e
lithology of the floor is mainly medium and fine sandstone,
with an average thickness of 19.80m. )ere are some local
vertical cracks and the sandstone fissure aquifer in the roof
and floor of Y coal mine is a direct roadway water-filling
source. )e water-repellent layer is composed of sandy or
calcareous clay with a thickness of 10–158m, of which water
blocking property is good. When encountering structures or
karst collapse columns, Ordovician water directly filled
roadway, which causes great harm to production.

5.2. Constructing the Index System. Based on the disaster-
causing factors of water inrush in coal mine Y, the evaluation
system was established. It includes 4 types of the first-level
indicators: mining conditions, hydrological factors, geo-
logical structure, and human factors expressed as U� {U1,
U2, U3, U4}� {mining conditions, hydrological factors,
geological structure, human factors}. )e disaster-causing
factors of water inrush disasters in different coal mines may
be inconsistent. Moreover, the second-level indicators of Y
coal mine evaluation system are, respectively, expressed as
U1� {U11, U12, U13, U14, U15, U16}, U2� {U21, U22, U23,
U24, U25, U26}, U3� {U31, U32, U33, U34, U35, U36}, and
U4� {U41, U42, U43, U44, U45}.

5.3. Index Weights Based on ANP. )e index weights rep-
resent the contribution degree of each indicator to the entire
evaluation system. Ten experts related to Y coal mine are
invited to score indicators two by two according to the
importance degree. )e indicator’s comprehensive weights
are output, conforming Inconsistency <0.1,″ as shown in
Figure 8.

5.4. Cloud Model Early Warning Assessment. Ten experts
related to coal mine Y are invited to score 23 major second-
level indicators; the rules are shown in Table 5. )e highest
and lowest scores are normalized to domain [0, 1]. )en,
maximum andminimum cloud feature numbers are fitted to
obtain comprehensive feature numbers, which are retained
to three decimal places.
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Figure 4: Network index system of the coal mine water inrush disaster.
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Figure 5: )e network relationship diagram in ANP model.

Table 2: 1∼9 scale scoring method.

Scale Meaning
1 )e two elements are of the same importance.
3 )e former is slightly more important than the latter.
5 )e former is significantly more important than the latter.
7 )e former is more important than the latter.
9 )e former is the most important than the latter.
2,4,6,8 )e intermediate value of each scale.
Reciprocal (1,1/3, ..., 1/9) )e latter is more important than the former, with the same degree of importance as defined in 1∼9.
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5.4.1. Ae Cloud Model Warning Results of First-Level
Indicators. Combining the cloud feature numbers and
weights of second-level indicators can obtain compre-
hensive cloud feature numbers of first-level indicators, as
shown in Table 6. )ey can be converted from qualitative
to quantitative index through MATLAB, as shown in
Figure 9. By comparing the black-circular cloud with the
standard grades cloud model, we can obtain the corre-
sponding risk level.

It can be seen from Figure 9 that the positions of four
types of first-level indicators’ clouds are generally at the
moderate disaster level, which indicates they all can
possibly cause water inrush disasters.

Figure 9(a) is the evaluation cloud map of mining
conditions. It can be seen that the thickness and coverage
of the main body of the black-circular cloud at the
“yellow-strong” level are appropriate. It indicates that the
mining conditions have strong prerequisites for disasters.
So, it is necessary to strengthen the ability of prevention
and control to all second-level indicators.

)e evaluation cloud of hydrological factors is shown in
Figure 9(b). It can be seen that the black-circular cloud
image has a normal coverage and a suitable thickness, of
which the main cloud basically meets with the “yellow-
strong warning level.” It shows that hydrological factors have
a greater possibility of causing disaster. )is is because
hydrological factors include a series of conditions directly
related to water inrush disasters, such as the aquifer and

hydrodynamic pressure. )us, it should strengthen the ra-
tional prevention and control of hydrological factors.

Figure 9(c) is the evaluation cloud of geological struc-
ture. It can be seen that the black-circular cloud image has a
normal coverage and thickness, of which the cloud location
is between the “yellow-strong warning level” and “purple-
general warning level.” )e geological structure can cause
disaster, of which the risk rate is obviously lower than
hydrological factors andmining conditions. Moreover, there
are some structures with complex geological conditions and
undetectable in mine, which may promote increasing the
rock permeability, leading to water inrush disaster.

Figure 9(d) is the evaluation cloud of the human factor.
It can be seen that the position of the black-circular cloud
image is between three cloud images of “blue-slightly weak
warning level,” “purple-general warning level,” and “yellow-
strong warning level.” It shows that human factors have little
effect on water inrush disasters. However, its second-level
indicators, such as “three violations of production,” “hidden
hazards can not be investigated,” and other factors, will lead
to inaccurate investigation on hidden dangers of water in-
rush disaster. It will have a certain impact on coal mine water
inrush disaster. )erefore, we should focus on strengthening
the quality and skills training of staff.

5.4.2. Ae Cloud Model Warning Results of Goal. )e cloud
feature numbers of goal are the inductive summary for the
entire cloud model. In the early warning evaluation system
of Y coal mine water inrush disaster, the comprehensive
cloud characteristic numbers of goal are C (0.679, 0.086,

Table 3: Expert rating weighted coefficients.

Experts S1 S2 S3 S4 S5 S6 S7 S8 S9 S10
Weighted coefficients 0.09 0.07 0.14 0.09 0.011 0.09 0.14 0.09 0.11 0.07

Table 4: Five standard comment sets.

Language value Weak Slightly weak General Strong Stronger
Cloud model (0, 0.103, 0.013) (0.309, 0.064, 0.008) (0.50, 0.031, 0.005) (0.069, 0.064, 0.008) (1, 0.103, 0.013)
x-axis value interval [0, 0.309] [0.117, 0.501] [0.407, 0.593] [0.499, 0.883] [0.691, 1]
Warning level color Green Blue Purple Yellow Red
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10.8 0.90.70.60.50.40.30.20.10
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Figure 6: Standard evaluation cloud model.

Figure 7: )e mine position of test Y coal mine.
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Figure 8: Index comprehensive weights chart.

Table 5: Scoring criteria for water inrush disaster indicators in Y coal mine.

Disaster level Degree of disaster Rating ranges
1 Weak [0, 12.5]
2 Slightly weak (12.5, 37.5]
3 General (37.5, 62.5]
4 Strong (62.5, 87.5]
5 Stronger (87.5, 100]

Table 6: Comprehensive characteristic parameters and weights of each index cloud model.

First-level indicators (Ex, En, He) wi Second-level indicators (Ex, En, He) wi

Mining conditions (U1) (0.682,0.100,0.006) 0.1707475

Mining disturbance U11 (0.762,0.090,0.005) 0.09025
Depth of mining floor failure U12 (0.758,0.064,0.003) 0.17396

Coal seam burial depth U13 (0.730,0.044,0.003) 0.02349
Working surface length U14 (0.738,0.047,0.003) 0.28202

Mining depth U15 (0.655,0.084,0.005) 0.09082
Reduce the strength of fractured rock mass U16 (0.578,0.149,0.008) 0.33941

Hydrological factors (U2) (0.701,0.082,0.004) 0.610605

Key position of the water barrier U21 (0.745,0.092,0.005) 0.23291
Ordovician water U22 (0.719,0.080,0.004) 0.47482

Aquifer U23 (0.654,0.075,0.004) 0.07802
Water barrier thickness U24 (0.669,0.073,0.004) 0.12155
Dynamic water pressure U25 (0.571,0.108,0.006) 0.06889
Ordovician water channel U26 (0.585,0.086,0.004) 0.02381

Geological structure (U3) (0.656,0.087,0.004) 0.1647225

Karst collapse column U31 (0.746,0.077,0.004) 0.04282
Fault U32 (0.720,0.081,0.004) 0.44905

Karst fissure development degree U33 (0.601,0.076,0.004) 0.21256
Collapse column U34 (0.603,0.120,0.006) 0.00821

Complex geological conditions U35 (0.585,0.108,0.006) 0.28406
Folds U36 (0.575,0.106,0.005) 0.00331

Human factors (U4) (0.501,0.083,0.005) 0.05393

Mining methods and processes U41 (0.641,0.076,0.004) 0.32893
Incomplete investigation of hidden dangers U42 (0.449,0.105,0.006) 0.25707

Illegal production U43 (0.423,0.071,0.004) 0.23631
Production organization management chaos

U44 (0.427,0.065,0.004) 0.08967

Production technology management chaos U45 (0.417,0.089,0.005) 0.08803
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0.004). )e corresponding cloud image is shown in
Figure 10.

It can be seen from Figure 10 that the cloud image of
goal is a black-circular cloud, of which the coverage and
thickness are appropriate. It is between three cloud
images of “purple-general warning level,” “yellow-strong
warning level,” and “red-strong warning level.” However,
its main cloud is located at the yellow-strong warning
level. It shows that there is a certain risk of water inrush in
Y coal mine.

)e predicted results are compred with actual disaster
data of Y coal mine, which are consistent. It further
proves that this early warning evaluation model of “ANP-
Cloud” model based on Complex Network is reliable.

It is necessary to strengthen the prevented degree to
hydrological factors, mining conditions, and geological
structure. Moreover, we should comprehensively culti-
vate workers’ knowledge and technical capabilities.
Moreover, construction technology management should
be strengthened to avoid leaving out disaster-causing
factors and eliminate illegal production.

6. Conclusions

In this article, the early warning evaluation system of the
“ANP-Cloud” model based on Complex Network in water
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Figure 9: )e cloud model evaluation results of first-level indicators. (a) Mining conditions evaluation cloud. (b) Hydrological factor
evaluation cloud. (c) Geological structure evaluation cloud. (d) Human factors evaluation cloud.
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Figure 10: )e cloud model evaluation results chart of goal.
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inrush disaster was established to solve the problem of
complex dependence relationship among disaster-causing
factors and prevent water inrush disaster. Moreover, the
usability and reliability of this warning evaluation model
were verified in Y coal mine. )e main conclusions are as
follows:

(1) )e knowledge of the Complex Networks is used to
establish a water inrush disaster network with 161
nodes and 149 connected edges. )rough analyzing
topological characteristics of the water inrush di-
saster network, 23 multiple importance nodes were
obtained.

(2) Based on the Complex Network model of water
inrush disaster, the early warning evaluation system
of the “ANP-Cloud” model was established. )e
main implementation steps include establishing
index system, index weights based on ANP, building
Cloud models of comment sets, and comprehensive
early warning assessment.

(3) Combining with the example of Y coal mine, the
reliability and applicability of the evaluation model
were further verified. )e results show that the goal
of the early warning evaluation system is a strong
early warning level. Mining conditions, hydrological
factors, and geological structures all belong to strong
early warning levels. Moreover, human factors will
have a certain effect on the other three first-level
indicators. )e predicted results are consistent with
the actual situation of Y mine coal water inrush and
the early warning evaluation system provides a base
of experience for other types of network assessments.
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'e settlement calculation of composite foundation bidirectionally reinforced by piles and geosynthetics is always a difficult
problem. 'e key to its accuracy lies in the determination of pile-soil stress ratio. Based on the theory of double parameters of the
elastic foundation plate, the horizontal geosynthetics of composite foundation are regarded as the elastic thin plate, and the
vertical piles and surrounding soil are regarded as a series of springs with different stiffness. 'e deflection equation of horizontal
geosynthetics considering its bending and pulling action is obtained according to the static equilibrium conditions. 'e equation
is solved by using Bessel function of complex variable, and the corresponding deflection function of horizontal geosynthetics is
deduced. 'en, the calculation formula of pile-soil stress ratio and settlement of composite foundation is derived by considering
the deformation coordination of pile and soil. 'e results of engineering case analysis show that the theoretical calculation results
are in good agreement with the measured values, which indicates that the proposedmethod is feasible and the calculation accuracy
is good. Finally, the influence of composite modulus of horizontal geosynthetics, tensile force of geosynthetics, and pile-soil
stiffness ratio on pile-soil stress ratio and settlement is further analyzed. 'e results show that the pile-soil stress ratio increases
with the increase of the composite modulus of the horizontal geosynthetics, the tensile force of geosynthetics, and the pile-soil
stiffness ratio, and the settlement decreases with the increase of the composite modulus of the horizontal geosynthetics, the tensile
force of geosynthetics, and the pile-soil stiffness ratio. When the flexural stiffness of the horizontal geosynthetics is small, the
influence of the tensile action of the geosynthetics on the pile-soil stress ratio and settlement of the composite foundation cannot
be ignored.

1. Introduction

In recent years, with the rise of highway and railway con-
struction in China, the problems of soft soil foundation have
become increasingly prominent, the bearing capacity of the
foundation is insufficient, the settlement is too large, and
uneven settlement is particularly serious. 'e composite
foundation reinforced by piles and geosynthetics, a new type
of soft foundation treatment consisting of vertical piles and
horizontal geosynthetics, has a good effect on the treatment

of the abovementioned foundation problems, and the
foundation treatment method has simple construction and
rapid progress. In recent years, it has been widely used in
railway soft foundation treatment [1].

Research on the working mechanism of composite
foundation has achieved many results so far [2–4]. Among
them, the pile-soil stress ratio and settlement are important
parameters reflecting the working behavior of composite
foundation reinforced by piles and geosynthetics, and the
research on its calculationmethod has also been a hot spot in
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this field. Among them, Yang et al. [5] uses the helix to
simulate the deformation shape of the cushion, taking into
account the net effect of the cushion; Chen et al. [6] con-
sidered the tensile effect of the geosynthetics, assumed that
the shape of the cushion after deformation is a rotating
paraboloid, and deduced the calculation formula of pile-soil
stress ratio based on Winkler foundation; Abusharar et al.
[7] assumed that the stress of soil between piles is uniformly
distributed, and a simple method for calculating the stress
ratio of pile to soil is put forward by using the arc assumption
of cushion deformation. For a considerable part of the
project, single-layer grille cannot meet the needs of the
project, geogrid, or multilayer grille should be installed in
the cushion. At the same time, reference [2] points out that
when this kind of structure is different from the single-layer
grille, the geosynthetics and the contained bulk fillers can
form a “flexible raft” with strong bending resistance. Ob-
viously, the above method based on the thin film theory is
not suitable for geogrid or multilayer grille because it cannot
take into account the bending effect. 'erefore, Rao and
Zhao [8] assume that the geosynthetics is a thin plate, and
the shape of the thin plate is a parabola in order to consider
the “flexible raft effect.”'e formula for calculating the stress
ratio of pile to soil is derived; Zheng et al. [9] think that this
kind of cushion not only has a “flexible raft effect” but also
has “pulling membrane effect,” so it is assumed that the
deformation of geosynthetics is in the form of heavy trig-
onometric function, and the geometric nonlinearity in the
deformation process is considered. As a result, the pile-soil
stress ratio and settlement calculation method considering
both “flexible raft effect” and “pulling membrane effect” of
cushion are obtained. Ma et al. [10, 11] have done some work
in the calculation of soft soil settlement. He et al. [12] made
some attempts to chemically improve special soils. In ad-
dition, it can be seen from the above literature that the
deformation shape of geosynthetics is the premise and key to
calculating the pile-soil stress ratio and settlement, and the
pile-soil stress ratio and settlement obtained by different
deformation shapes are also different.'erefore, the closer it
is to the actual deformation of the geosynthetics, the more
accurate the pile-soil stress ratio and settlement will be.

However, the above literature all assume the deforma-
tion of the geosynthetics in advance, which cannot really
reflect the stress state of the geosynthetics, which can easily
lead to a large error between the calculated results and the
measured results. For this reason, Tan et al. [13] derived the
flexure function of horizontal stiffened body in the three-
dimensional case based on Winkler elastic foundation
rectangular plate theory, but due to the complexity of
rectangular plate boundary conditions, it is difficult to
consider the influence of pile settlement on geosynthetics.
After that, Zhao et al. [14] took the composite foundation
within the influence area of a single pile as the research
object, discretized the pile and soil into a series of springs
with different stiffness, and with the aid of the circular plate
theory of elastic foundation and the deformation coordi-
nation of cushion at the pile-soil interface, the deflection
function of geosynthetics considering the common defor-
mation of pile and soil is derived, and on this basis, the

calculation method of pile-soil stress ratio is put forward.
However, the above two analysis methods still only consider
the “flexible raft effect” of geosynthetics, but not the “pulling
membrane effect” of the reinforcement.

From the above analysis, we can know how to com-
prehensively consider the flexible raft effect, net effect, and
pile-soil joint deformation of cushion without assuming the
deformation of geosynthetics is the key to accurately solve
the pile-soil stress ratio and settlement of composite
foundation reinforced by piles and geosynthetics. 'erefore,
on the basis of the above research work, based on the
Filonenko–Borodich two-parameter foundation model [15],
this paper comprehensively considers the “flexible raft ef-
fect” and net effect of the geosynthetics, considers the pile-
soil deformation at the same time, deduces the analytical
function of the flexural deformation of the geosynthetics
according to the Bessel complex function, and then obtains
the calculation expression of pile-soil stress ratio and set-
tlement of composite foundation. In order to further im-
prove the calculation method of pile-soil stress ratio and
settlement of composite foundation.

2. Calculation Model

Take the typical unit within the influence range of the single
pile as shown in Figure 1 for analysis. 'e diameter of the
pile is d, the center distance is sd, the diameter of single pile
reinforcement range is de, square pile de � 1.13sd, and piles
are arranged as the shape of plum blossoms: de � 1.05sd.

In order to further simplify the calculation, the following
assumptions are made:

(1) As shown in Figure 2, the geosynthetics within the
range of single pile reinforcement is regarded as an
elastic circular thin plate placed on the Filo-
nenko–Borodich two-parameter foundation model
[16], and among them, the tension T of the rein-
forcement can be obtained by the following formula:

T � Eg · εg, (1)

where εg is the average strain of the reinforcement
and Eg is the tensile stiffness of the reinforcement.

(2) It is assumed that the vertical supporting force Pp of
the pile to the thin plate is uniformly distributed, and
according to references [6, 13, 14], the deformation
of pile and soil between piles accords with Winkler
foundation model.

(3) 'e distribution of embankment load caused by
differential settlement is not considered, that is,
the embankment load is uniformly distributed [7,
8, 14].

3. Analysis of Geosynthetics

Let w1(r) represent the flexure function of the pile top
reinforcement. According to the Filonenko–Borodich two-
parameter foundation model, under the joint action of the
embankment load q and the pile top reaction force pp, the
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control differential equation of the horizontal geosynthetics
is as follows:

D∇4w1(r) − T · ∇2w1(r) � q − pp, (2)

where D is the bending stiffness of the thin
plate.D � (Eδ3/12(1 − ]2)), where E is the elastic modulus
of the plate, ] is Poisson’s ratio of the plate, and δ is the
thickness of the plate: ∇2 � (d2/dr2) + ((1/r)(d/dr)).

Let a1 �
�����
− T/D

√
.. 'en, the homogeneous equation

corresponding to equation (2) can be transformed into

∇2w1(r) ∇2w1(r) + a
2
1w1(r)  � 0. (3)

'e general solution of the homogeneous equation
corresponding to equation (2) is

w1(r) � C1J0 a1r(  + C2Y0 a1r(  + C3 ln r + C4, (4)

where JN and YN are the first and second kinds of N-order
Bessel functions and C1, C2, C3, and C4 are undetermined
constants.

Under the action of uniformly distributed load q and
supporting force pp, the special solution of equation (2) is
w∗1 � − ((q − pp)r2/4T).

Combining formula (4), the flexural deformation
function of the thin plate at the top of the pile is

w1(r) � C1J0 a1r(  + C2Y0 a1r(  + C3 ln r + C4 −
q − pp r

2

4T
.

(5)

4. Deformation Analysis of Thin Plate

Let w2(r) denote the flexural function of the thin plate at the
top of the pile, under the action of uniformly distributed load
q and foundation soil support, the governing differential
equation of thin plate at the top of interpile soil is as follows:

D∇4w2(r) − T · ∇2w2(r) + ksw2 � q, (6)

where ks is the spring coefficient of soil foundation between
piles.

To simplify the calculation,

a21 �
1
2

−
T

D
+

���������

T

D
 

2
−
4ks

D



⎡⎢⎢⎢⎣ ⎤⎥⎥⎥⎦,

a22 �
1
2

−
T

D
−

���������

T

D
 

2
−
4ks

D



⎡⎢⎢⎢⎣ ⎤⎥⎥⎥⎦.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(7)

'e homogeneous equation corresponding to equation
(6) can be transformed into the following form:

∇2w2(r) + a21w2(r)  ∇2w2(r) + a21w2((r))  � 0. (8)

It can be seen from formula (7) that the values of a21 and
a22 are divided into real and imaginary numbers according
to the positive and negative of T2 − 4Dks. 'e solution of
equation (8) is different in the two cases, which are discussed
as follows.

(1) When T2≧ 4Dks, order:

l21 �
���
a21

√
· i,

l22 �
���
a22

√
· i.

(9)

'e general solution of equation (8) is

w2(r) � C5I0 l21r(  + C6N0 l21r(  + C7I0 l22r(  + C8N0 l22r( ,

(10)

where Nn is the second kind of N-order virtual variable
Bessel function and C5, C6, C7, and C8 are undetermined
constants.

Under the action of uniformly distributed load q, the
special solution of equation (6) is w2

∗ � q/ks, and the
combination formula (11) can be used to obtain the flexural
deformation function of thin plate at the top of soil between
piles at T2≧ 4Dks:

w2(r) � C5I0 l21r(  + C6N0 l21r(  + C7I0 l22r(  + C8N0 l22r(  +
q

ks

.

(11)

When T2< 4Dks, the general solution of equation (6) can
be constructed as follows:

w2(r) � C5u0(r) + C6v0(r) + C7f0(r) + C8g0(r) +
q

ks

,

(12)

d
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The surrounding soil
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Embankment horizontal geosynthetics

Figure 1: Sketch map of composite foundation.
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Figure 2: Calculation model for composite foundation.
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where un and vn are the real parts of the first kind of Bessel
function of order N and the real parts of Hankel function
and fn and gn are the imaginary part of Bessel function of
order N and the imaginary part of Hankel function, re-
spectively. C5, C6, C7, and C8 are undetermined constants.
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√
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(13)

5. Solution of Undetermined Coefficient

In order to determine the bending function of the thin plate,
it is also necessary to compare the unknown parameters C1,
C2, . . ., C8 and pp in equations (5), (11), and (12), which are
solved by boundary and continuous conditions.

As the turning angle of the thin plate at the center of the
circular plate is 0,C2 �C3 � 0 can be obtained. At the pile-soil
junction, the continuity conditions of thin plate deflection,
rotation angle, radial moment, and shear force are as follows:

w1
d

2
  � w2

d

2
 ,

θ1
d

2
  � θ2

d

2
 ,

Mr1
d

2
  � Mr2

d

2
 ,

Qr1
d

2
  � Qr2

d

2
 .
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⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(14)

In addition, according to hypothesis (2), the deflection
w1(d/2) of the circular plate at the pile-soil interface is

w1
d

2
  �

πd
2
pp

4Kp

. (15)

'e value of pile top reaction pp is the sum of the upper
embankment load and the load transferred from the cushion
to the pile, that is,

pp �
4Qr1(r�(d/2))

d
+ q. (16)

According to reference [2], the corner and shear
boundary conditions at r� de/2 of the element are as follows:

θ2
de

2
  � 0,

Qr2
de

2
  � 0.

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(17)

At the same time, according to the bending functions (5),
(11), and (12) of the thin plate, the expressions of the rotation
angle, radial bending moment, and shear force of the thin
plate can be obtained.

Within the range of the top of the pile, that is,
0≤ r≤ (d/2),

θr1 � − C1a1J1 a1r(  −
q − pp r

2T
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1 C1
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r
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r
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(18)

Within the range of the top of the pile, that is,
(de/2)≤ r≤ (d/2),

(1) When T2≧ 4Dks,
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(19)
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(2) When T2≥ 4Dks,in order to simplify the expression,
order l2 �

������
(ks/D)4


cos 2φ � − (T/2

�����
(ksD)


), according to

Euler’s formula:

a21 � l
2
2e

2iφ
,
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2
2e

− 2iφ
.

(20)

Combining formula (20),

θr2 � 
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(21)

where ZMN(r) (among them M� 1, 2, 3, 4) denotes un(r),
vn(r), fn(r), and gn(r), respectively.

According to the above analysis, the simultaneous
equations (14)∼(17) can be used to calculate C1, C4, . . ., C8
and pp. 'us, the deflection expression of the plate is
obtained.

6. Pile-Soil Stress Ratio and Settlement

From the above analysis, if the strain of the steel bar is
known before the calculation, the tension of the steel bar can
be calculated directly by using formula (1), and then the
undetermined coefficient can be solved according to the
steps in Section 5. However, in most projects, the defor-
mation of reinforcement is not measured beforehand. In
view of this situation [4] through field test and study, it is
found that the relationship between average strain and
settlement of reinforcement under embankment load is
approximately as follows:

εg �
α
50

S
β
, (22)

where α and β are the relevant fitting parameters, respec-
tively, which can be selected according to the settlement
calculation position. According to the table listed in refer-
ence [4], 50 kN/m is the tensile stiffness of the grid used in
the test.

According to the above research results, the maximum
deflection w2(de/2) of geosynthetics is selected as the set-
tlement S in formula (22). Combined with the method in
Section 5, when the tension of the reinforcement is un-
known, the steps of solving the undetermined coefficient are
as follows:

(1) First of all, assuming an initial tension value T0 (T0
can be a very small value), it is substituted into
equations (2) and (6) to solve the flexural function of
geosynthetics, and the values of w1(d/2) and w2(de/2)
are obtained.

(2) 'en, take the value of w2(de/2) obtained before as S,
replace (22), combine the formula (1) to obtain the
tension T, then replace T into equations (2) and (6),
solve the flexure function of geosynthetics, and get
the values of w1(d/2) and w2(de/2).

(3) Select an error value and compare the obtained w1(d/
2) and w2(de/2) with the previous one. If the com-
parison results are less than the error value, stop the
calculation; otherwise, continue the iterative calcu-
lation according to the steps of second and third.

'e flowchart of the above steps is shown in Figure 3 as
follows.

After obtaining the flexure function and pp of the geo-
synthetics, it can be seen from the calculation model shown
in Figure 2 that, according to the stress balance in the z
direction, the average vertical stress ps at the top of the soil
between piles can be obtained as follows:

ps �
qπd

2
e/4  − ppπd

2
e/4 

π d
2
e − d

2
 /4 

. (23)

'en, the pile-soil stress ratio n can be calculated
according to the following formula [16]:

n �
pp

ps

. (24)
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Reference [8] thinks that, in the case of large area
overloading, the settlement at the top of the pile is relatively
small, and the settlement of soil between piles can be
regarded as the settlement of the foundation.

S � w2
de

2
 . (25)

7. Determination of Parameters

7.1. Stiffness Coefficient of Pile kp. In order to comprehen-
sively consider the nonlinearity in the process of pile de-
formation, the deformation stiffness of pile is taken as the
secant slope of the load test q-s curve of pile foundation.

7.2. Spring Coefficient of Surrounding Soil ks. In order to
comprehensively consider the nonlinearity in the process of
soil deformation between piles, the coefficient of soil
foundation between piles ks takes the secant slope on the
load test q-s curve. If there is no measured data, it can also be
taken in accordance with regional experience or determined
according to the following formula [13]:

ks �
Es

Hs

, (26)

where Es is the deformation modulus of soil, the weighted
average of multilayer soil is depth, and Hs is the thickness of
soil layer.

7.3. Calculated =ickness of Cushion δ. From the point of
view of the joint action of the geosynthetics and the bulk
material pile, the thickness of the composite structure
formed by the geosynthetics and its wrapped filler is taken as
the thin plate thickness if it is a multilayer grille, that is, the
distance between the top layer and the bottom grille. If it is a
geotechnical cell, the thickness of the geotechnical cell can be
taken directly.

7.4. Composite Elastic Modulus of Cushion E. For the grid
cushion, Zheng et al. [9] gave a method to determine its
composite elastic modulus, that is, the weighted average
value of the grid elastic modulus and the deformation
modulus of the cushion filler. In the case of geotechnical cell,
Yang et al. [17] gave the average elastic modulus of different
types of geotechnical cell combined with various common
fillers through stacked beam test.

8. Example and Parameter Analysis

8.1. Example 1. Technical treatment of soft soil foundation
according to foundation reinforced by piles and geo-
synthetics in DK10 + 320 and DK10 + 336 test section of
Suining-Chongqing railway [4], and the pile is powder in-
jection pile, the diameter of the pile is 0.50m, the center of
the pile is 1.0m, piles are arranged as the shape of plum
blossoms and de� 1.05m, and powder injection pile is laid
with a double-layer geogrid with 50 kN/m tensile stiffness
and a distance of 30 cm. 'e foundation is quaternary al-
luvial soft soil, the bedrock is mudstone, the upper filling
load is 20 kN/m3, the filling height of roadbed is 10m, and
the crushed stone cushion is 25 kN/m3. According to the
static load test, the stiffness coefficient of pile is kp � 2000 kN/
m. 'e thickness of the thin plate is 0.3m, the composite
elastic modulus E is 52MPa, and Poisson’s ratio v is 0.3.
Other calculation parameters are shown in Table 1.

'e comparison between the calculated and measured
values of the central settlement of the embankment and the
pile-soil stress ratio under the geogrid geosynthetics is
shown in Table 2.

'e development trend of foundation settlement S of
DK10 + 336 test section with the increase of embankment
filling height H is shown in Figure 4.

As can be seen from Tables 2 and 3, the pile-soil stress
ratio and settlement of double-layer geogrid-reinforced
composite foundation obtained by this method are close to
the measured values.

8.2. Example 2. 'e test section of an expressway lying on
soft soil foundation in Hunan is treated with geo-
cell +mixing piles. 'e pile is arranged in the form of plum
blossoms, and its diameter is 0.50m with its spacing 1.2m.
'e pile top is filled with a thick 30 cm sand cushion, and the
center is equipped with a geotechnical cell with the thickness
of 10 cm. 'e foundation is muddy clay, the load of the
upper fill is 20 kN/m3, and the filling height of the roadbed in
the test section is 4m. 'e measured settlement value S is
5.3 cm, and the pile-soil stress ratio is n. 'e stiffness

Yes

No

 Take the initial value

Flexure function of initial
stiffener

The combined formula (22) is
used to calculate the average
tension T of reinforcement

Flexure function of
stiffened body

 To judge whether
the errors

of w1 (d/2),
w2 (de/2) and
the previous

calculation meet
the requirements

Output result

Figure 3: Flowchart of calculation.
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coefficient of pile kp is 2355 kN/m. After treatment, the
coefficient of soil foundation between piles ks is 1024 kN/m3,
the thickness of thin plate δ is 0.10m, the composite elastic
modulus E is 40MPa, and the composite Poisson’s ratio v is
0.3.

'e pile-soil stress ratio and settlement are calculated as
shown in Table 3.

It can be seen from Table 3 that the pile-soil stress
calculated in this paper is closer to the measured value than
the method in reference [14]. In addition, the settlement is
also close to the measured value. 'is is due to the fact that
compared with the method in reference [14], the tensile
effect of the cell body is considered in this paper.

8.3. Parameter Analysis. In order to further discuss and
analyze the effects of geosynthetics composite elastic
modulus, grille tension and pile-soil stiffness ratio on the
settlement and pile-soil stress ratio of composite foundation
reinforced by piles and geosynthetics, based on the pa-
rameters in example 2, the corresponding parameters are
analyzed according to the abovementioned factors.

8.3.1. Influence of Pile-Soil Stiffness Ratio on Settlement and
Pile-Soil Stress Ratio. Without considering the influence of
tension of geosynthetics, kp � 4Kp/(πd2) is introduced to
characterize the comprehensive influence of pile

Table 1: 'e parameters for calculation.

Station Type of soils Depth, Hs (m) Deformation modulus, Es (MPa) Grid tension, T (kN/m) T2 − 4Dks
DK10 + 320 Soft soil 7.0 3.1 60.3 <0
DK10 + 336 Soft soil 10.6 3.1 82.7 <0

Table 2: Results of settlement and pile-soil stress ratio.

Station
Settlement, S (cm) Pile-soil stress ratio, n

Calculated value Measured value Calculated value Measured value
DK10 + 320 28.8 26.6 4.53 3.87
DK10 + 336 33.9 32.0 6.64 5.82
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36
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Calculated value
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Figure 4: Comparison between calculated and measured results of embankment settlement.

Table 3: Results of settlement and pile-soil stress ratio.

Items T2 − 4Dks Pile-soil stress ratio, n Settlement, S (cm)
Measured value — 6.5 5.3
Method of literature [14] — 5.8 —
'e proposed method <0 6.1 5.7
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deformation stiffness and replacement ratio, and other
parameters remain unchanged.

As shown in Figure 5, the influence of pile-soil stiffness
ratio on settlement increases with the increase of elastic
modulus E. At the same elastic modulus, the settlement of
composite foundation decreases with the increase of pile-soil
stiffness ratio. However, when the pile-soil stiffness ratio
exceeds a certain value, continuing to increase the pile-soil
stiffness ratio, it has little effect on reducing settlement.

As can be seen from Figure 6, the relationship between
pile-soil stiffness ratio and pile-soil stress ratio is nonlinear
under different elastic modulus, and the smaller the elastic
modulus is, the more obvious the nonlinear phenomenon is.
In addition, the larger the elastic modulus is, the more
obvious the influence of pile-soil stiffness ratio on pile-soil
stress ratio is.

8.3.2. Effect of Reinforcement Tension on Settlement and Pile-
Soil Stress Ratio. As can be seen from Figures 7 and 8, for the
same elastic modulus E, the settlement decreases with the
increase of reinforcement tension T, while the pile-soil stress
ratio n increases with the increase of tension T.

In addition, the effect of Ton both pile-soil stress ratio and
settlement decreases with the increase of E. It can be seen that
when the elastic modulus of geosynthetics-reinforced cushion
is small, using graded material and properly increasing the
interface friction can effectively increase the pile-soil stress
ratio and reduce the settlement.

9. Conclusions

Based on theory of the Filonenko–Borodich two-parameter
elastic foundation model, the horizontal geosynthetics of
composite foundation are regarded as the elastic thin plate,
and the vertical piles and surrounding soil are regarded as a
series of springs with different stiffness. 'e deflection
equation of horizontal geosynthetics considering its bending
and pulling action is obtained according to the static

equilibrium conditions. 'e equation is solved by using
Bessel function of complex variable, and the corresponding
deflection function of horizontal geosynthetics is deduced.
'e calculation method for pile-soil stress ratio and set-
tlement of composite foundation is derived by considering
the deformation coordination of pile and soil.

(1) 'e settlement of composite foundation decreases
with the increase of pile-soil stiffness ratio, geo-
synthetics tension, and composite elastic modulus of
geosynthetics. 'e pile-soil stress ratio of composite
foundation increases with the increase of pile-soil
stiffness ratio, elastic modulus of geosynthetics, and
its tension. When the bending stiffness of geo-
synthetics is small, the influence of tensile action of
reinforcement on pile-soil stress ratio and settlement
cannot be ignored.

(2) 'e key to calculating with this method is to accu-
rately measure the composite elastic modulus of
geosynthetics-reinforced cushion, the strain of
geosynthetics, and the stiffness of pile and soil.

(3) Although this presented method does not rely on
preassumed deformation when calculating the pile-
soil stress ratio and settlement of composite foun-
dation, the net effect of geosynthetics-reinforced
cushion can be considered only when the strain of
geosynthetics is known, which brings defects to the
convenience of calculation. 'e proposed method
still cannot consider the coupling relationship be-
tween deformation of geosynthetics-reinforced
cushion and tension of geosynthetics, which can be
carried out in the next work.

Abbreviations

T: 'e tension of geosynthetics
εg: 'e average strain of geosynthetics
Eg: 'e tensile stiffness of geosynthetics
D: 'e bending stiffness of the thin plate
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Figure 8: Relation between pile-soil stress and tension.
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E: 'e elastic modulus of the thin plate
]: Poisson’s ratio of the thin plate
δ: 'e thickness of the thin plate
JN: 'e first kind of N-order Bessel functions
YN: 'e second kind of N-order Bessel functions
q: 'e distributed load
Pp: 'e supporting force
ks: 'e spring coefficient of surrounding soil
NN: 'e second kind of N-order virtual variable

Bessel function
un: 'e real part of the first kind of Hankel

function of order N
vn: 'e real part of the first kind of Bessel function

of order N
fn: 'e imaginary part of Hankel function of order

N
gn: 'e imaginary part of Bessel function of order

N
pp: 'e value of pile top reaction
α, β: 'e relevant fitting parameters
T0: 'e initial tension value
S: 'e settlement
ps: 'e average vertical stress at the top of the soil

between piles
kp: 'e stiffness coefficient of pile
Es: 'e deformation modulus of soil
Hs: 'e thickness of soil layer
δ: 'e calculating thickness of cushion
E: 'e composite elastic modulus of cushion
C1, C2, C3,
C4:

'e undetermined constants

C5, C6, C7,
C8:

'e undetermined constants.
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*e stability of large section open-off cut in deep mines (LODM) is the key factor affecting the normal equipment installation and
safe mining in fully mechanized top-coal caving face. *e mechanical model shows that the deflection of the roof of the LODM is
proportional to the cubic of span. In this paper, UDEC Trigon model is established, and the parameters of different coal measures
strata are modified in detail.*e evolution law, failure mode, and damage degree of roof cracks in secondary tunneling are studied,
and the roof support effect is analyzed. *e numerical simulation results show that the process of roof crack evolution after the
primary excavation section and the second excavation section can be divided into three stages according to microseismic activities,
and the reasonable supporting time can control the propagation of roof microcracks and reduce the development height of
macrocracks. *e rock bridge existing in the roof rock stratum after the combined support of long and short anchor cables can
effectively limit the formation of macrocracks and their interaction; especially the key support in the interface area can reduce the
development height of roof cracks in secondary tunneling and weaken the damage degree of roof rock stratum in the LODM.*e
field test shows that the moved volume of rib-to-rib and roof-to-floor of the LODM is stable at about 350mm and 550mm,
respectively. *e numerical simulation in this paper is helpful to understand the failure mode of roof in LODMwith large mining
height and provides a method for the design of its control technologies.

1. Introduction

Open-off cut is the place for equipment installation and
mining initiation in coal mining face. With the gradual
improvement of mechanization degree in fully mechanized
top-coal caving face, the width of open-off cut in fully
mechanized top-coal caving face also gradually increases. At
the same time, in recent years, with the depletion of shallow
coal resources, many mines have begun to move to the deep
part [1–5]. Compared with the open-off cut under con-
ventional conditions, the LODM has the characteristics of
high in situ stresses, high ground temperatures, high

permeability, large span, absciss layer, and easily separated
and fell roof and low coal seam strength [6, 7]. *ere are
many factors that affect the stability of the LODM, including
section shape, geological conditions, ground stress, tun-
neling mode, supporting time, and supporting strength [8].
*e service time of open-off cut is from the beginning of
tunneling to the start of mining when the equipment is
successfully installed and debugged in working face. Dif-
ferent from the shafts, main roadways, headgates, and
tailgates, the service time of open-off cut is generally short
and only a few months. If we pay attention to the support
strength and density in order to control the deformation of
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surrounding rock in the LODM, it will lead to excessive
support, which will not only increase the cost, but also lead
to serious consequences such as difficulty in preliminary roof
caving and in roof management of working face for fully
mechanized top-coal caving face. If the support strength and
density are reduced in consideration of its short service time,
it will lead to insufficient support, which will not only easily
lead to roof falling accidents and threaten workers’ life
safety, but will also lead to serious deformation and damage
of surrounding rock, thus making the equipment unable to
be installed. And it is necessary to repair the roof or floor
again; if not, it will affect the safety and efficient production
of the mine [9–12].

A lot of research has been done on the failure mode and
control technology of roof in the LODM. Yin [13] analyzes
the mechanical structure of roof in large section roadway
and derives differential equations based on elastic founda-
tion beams to obtain the variation law of bending moment
and roof subsidence with roof span. *e structural char-
acteristics of roof support by anchor truss and load distri-
bution characteristics of anchor truss structure are studied,
and the BP neural network active support design system for
thick coal seam roadway of large section is developed to
determine the key support parameters of large section
roadway. Zhang et al. [14] obtained through physical sim-
ilarity simulation that the roof of large section open-off cut
with large mining height is easy to fall and the corner is easy
to be damaged, and the roof sinks obviously after the open-
off cut is expanded. According to the failure characteristics
of the open-off cut, the treatment measures such as im-
proving the stress state of the corner, supporting the roof in
time, and reducing span support are put forward. He et al.
[15] establish Hooke-Kelvin concatemer model of sur-
rounding rock according to the failure characteristics of
surrounding rock in large section open-off cut with large
mining height, analyzes the key influencing factors of anchor
cable tension, and reveals the interaction mechanism be-
tween roof pressure arch and anchor cable in open-off cut.
Compared with the difference of action mechanism between
single anchor cable and truss anchor cable, the control
technology of truss surrounding rock with composite anchor
cable is put forward, which achieved good results. Xie et al.
[16] established FLAC3D numerical calculation model, an-
alyzed the distribution characteristics of effective stress field
of the roof of the LODM, constructed the load-bearing
structure of anchored rock beam, obtained the analytical
expression of maximum shear stress under compound in-
fluence function, and defined the cooperative control
principle of the roof of the LODM as well as load-bearing
structure of anchored rock beams of two sides of roadway.
Peng et al. [17] put forward a support method combining
double-layer I-bar closed support with grouting for large
section roadway under the condition of high stress broken
surrounding rock, and the field monitoring deformation is
less than 25mm. Zhang et al. [18] simulated the failure
mechanism of a large section roadway with a depth of 1 km.
*e results show that the soft rock property and high
original rock stress are the main factors leading to the in-
stability of the deep roof and put forward the joint control

technologies such as long anchor rod and anchor cable, ring
support, and grouting.

Many studies have discussed the influence of support
schemes on roof failure control, but the continuum model
usually underestimates the effectiveness of support units,
because the continuum method can not simulate the inhi-
bition of roof crack opening and sliding [19–25]. Using
discontinuous or discrete elements to understand the failure
mechanism of roof in the LODM and the interaction of
support units is of great significance to guide the roadway
support strategy [26]. Bai et al. [27] used UDEC Voronoi
method to study the progressive failure process of roadway
roof of large section, and the results showed that shear cracks
dominated the roadway roof, and they put forward rea-
sonable control technology. Gao et al. [28] used UDEC
Trigonmodel to simulate the shear failure process of the roof
in large section and successfully captured the shear failure of
roof characterized by crack initiation and propagation. *e
results showed that the shear failure of roadway roof started
at the corner of roadway, then gradually spread to the depth
of roof, and finally formed a large-scale roof failure.
Moreover, it simulated the role of anchor rod support in
limiting the shear failure of roadway roof. Anchor rod
support limited the expansion of roof rock, reduced the
failure of rock bridge, and ensured the rock strength, thereby
significantly reducing the subsidence of the roof of the large
section roadway. Zhang et al. [29] analyzed the roof failure
characteristics of large section roadway by using UDEC
polygon method and put forward a support scheme in-
volving key area reinforcement and high-strength anchor
rod, and the deformation of large section roadway was
controlled within 550mm. Yin et al. [30] established a
numerical simulation model of surrounding rock of large
section roadway by using 3DEC. *e results show that
obvious cracks will occur at both ends of the roof under the
action of shear stress. With the upward propagation of
cracks at the roof absciss layer and the extension of trans-
verse cracks, the cracks above the large section roof run
through a dangerous crack zone. On this basis, an optimized
support scheme is given.

Although there are some understandings on the failure
mechanism of roof in the LODM, it is relatively rare to study
the failure process and control of roof by discrete element
method [31–33]. *e method of secondary tunneling is
adopted in the LODM. *e primary excavation section is
affected by the secondary excavation section, and the start,
slip and expansion of roof strata cracks are serious. How to
control the roof in the interface area of the two excavations,
the timing of reinforcement and support, and the support
strength are the core points of the LODM. In this paper,
discrete element model is used to study the failure process of
roof in the LODM, to determine the reasonable support
timing of two excavation sections, and to systematically
study the laws of crack propagation, failure mode, and
damage degree of roof in the LODM. On this basis, the
control effects of three support schemes on roof in open-off
cut are put forward. Finally, the support timing and key
control points of the LODM are put forward, the control
technical parameters of open-off cut in 5202 working face of
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Xin’an coal mine are determined, and the effect of sup-
porting is monitored and evaluated on site. *e research
provides reference and referential significance for open-off
cut stability research and supporting design under similar
engineering geological conditions.

2. Case Study

2.1. Geological and Mining Conditions. Xin’an coal mine is
located in Pingliang City, Gansu Province, China, as shown
in Figure 1(d). *e mine adopts longwall mining method to
exploit 5# coal, the mining height is 10m, and the average
buried depth of coal seam is about 800mm. In this paper, the
LODM is located in 5202 working face of Xin’an coal mine.
*e panel of 5202 working face includes three longwall
working faces, namely, 5202, 5204, and 5206 working faces.
*e 5202 working face is the first mining working face in the
panel, with an advancing length of about 1500m and a width
of about 200m, as shown in Figure 1(c). *e width and the
height of open-off cut of the 5202 working face are, re-
spectively, 7800mm and 3200mm, as shown in Figures 1(a)
and 1(b). *e roof consists of fine sandstone and sandy
mudstone, while the floor consists of sandy mudstone and
fine sandstone. *e rock stratum histogram is shown in
Figure 2.

2.2.MechanicalModel of Roof Deformation in the LODMand
Selection of Tunneling Mode. With one-time tunneling
mode, the load of the roof bearing the overlying rock
gradually increases and the subsidence of the roof also in-
creases. According to the simply supported beam model of
material mechanics, the calculation model of the subsidence
of the roof in large section open-off cut is established, as
shown in Figure 3, and the deflections of the left and right
hinge supports in the model are set to zero.

According to the bending moment equation of beam, the
value of the following items can be known:

M(x) �
1
2

qlx −
1
2

qx
2
, (1)

where M is the bending moment of the beam, q is the load of
overlying rock, and l is the span of the beam.

*e differential equation of deflection curve of straight
beam with uniform cross section is as follows:

EIω″ � −M(x), (2)

where ω″ is the deflection of the beam, E is elastic modulus
of roof, and I is moment of inertia of roof beam.

*en the approximate differential equation of the de-
flection curve of roof beam:

ω �
1
24

qx l
3

− 2lx
2

+ x
3

 . (3)

In the middle of the roof beam span x � l/2, and the
deflection of the roof beam is the largest, namely:

ωmax �
5ql

4

384EI
. (4)

When the height H of the roof beam is constant, its
moment of inertia is proportional to its span l, and then:

I �
H

3

12
l. (5)

Substitute equation (5) into equation (4) to get

ωmax �
5ql

3

32EH
3.

(6)

It can be seen from Formula (6) that the maximum
deflection of the roof of large section open-off cut is pro-
portional to the cubic of span l. *erefore, a reasonable
supporting method must be chosen for the roof and the
support should be in time.*e way of tunneling in two times
is adopted, that is, to excavate an appropriate section
through the open-off cut once. After releasing some energy
and reasonably supporting the primary excavated section,
then excavate to the designed section size. *e primary
excavated section and its reasonable support can reduce the
span and avoid the roof deformation and crack expansion of
the LODM from transferring to the deep.

3. Numerical Simulations of Roof Failure
Process of the LODM

3.1. Model Setup

3.1.1. UDEC Trigon Method. In the trigon method, rock
mass is expressed as a combination of triangular blocks
bonded by internal contact to simulate brittle materials
[28, 34]. It is assumed that each triangular block is an elastic
material and is divided into triangular finite difference
domains, which cannot fail. Damage caused by shear stress
or tensile stress can only occur along the contact surface,
which depends on the strength of the contact surface (see in
Figure 4).

In the direction of vertical contact, the stress-displace-
ment relationship is assumed to be linear and controlled by
stiffness kn [35]:

Δσn � −knΔun, (7)

whereΔσn is the effective normal stress increment andΔun is
normal displacement increment. *ere is a limiting tensile
strength, τmax

s , for the contact. If the tensile strength is
exceeded, then Δσn � 0.

In the shear direction, the response is governed by a
constant shear stiffness.*e shear stress, τs, is determined by
a combination of contact microproperties, cohesion and
friction. *us,

τs


≤ c + σn tan φ � τmax

s . (8)

*en:

Δτs � −ksΔu
e
s. (9)

Or else, if

τs


≥ τmax
s , (10)
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Figure 1: Coal mine location and the roadway site: (a) the LODM I-I section; (b) enlarged drawing of the 5202 LODM; (c) the LODM and
working surface layout drawing of the research site; (d) location of the research site.
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then:

τs


 � sign Δus( τmax, (11)

where c is the cohesion, φ is the friction, andΔue
s is the elastic

component of the incremental shear displacement, and Δus

is the total incremental shear displacement.
Micromechanical parameters, such as polygonal block

and contact surface, jointly determine rock mechanical
properties [32]. In UDEC Trigon model, the polygonal block
is an elastic body, and four micromechanical parameters
such as elastic modulus of polygonal block, internal friction
angle φ, cohesion C, and tensile strength Tof contact surface
should be determined for specific rocks.

3.1.2. Model Configuration. Two-dimensional UDEC model
is established to simulate the failure mode of roof in the
LODM and the effect analysis of supporting scheme. *e
numerical model is shown in Figure 5, with the width and
the height of the model being, respectively, 70m and 50m.
In order to improve the calculation efficiency of the model,
only the area of interest, i.e., the direct roof, is discretized by
UDEC Trigon logic. *e average size of triangular blocks in

the study area is 0.2m.*e thicker polygonal Voronoi blocks
with average block size of 0.5m were used. *e thicker
polygonal Voronoi blocks with average block sizes of 1.0m
and 2.0m are used to simulate the coal measures strata at the
boundary of the model.

At the bottom of the model and the boundary of both
sides of the model, the displacement is fixed in the vertical
and horizontal directions, respectively. According to the
field measurement, the vertical stress is 19.3MPa, the axis
value that the maximum principal stress is erecting to the
LODM is 23.2MPa, and the axis value that the minimum
principal stress is erecting to the LODM is 15.8MPa. *is in
situ stress state is applied to the model, and the vertical stress
of 19.3MPa is applied to the upper boundary of the model to
simulate the overlying rock pressure.

Generally speaking, the simulation calculation of the
model of the LODM is divided into four steps. *e first step
is to apply in situ stress conditions to the global model for
calculation. *e second step is to simulate the excavation
process of the LODM. In the second step, the excavation
method of the LODM is tunneling in two times, that is, two
times of excavation. *e first time, the section with a width
of 4.8m and a height of 3.2m is excavated, and the anchor
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Figure 3: Mechanics model of simply supported beam in the LODM.
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Figure 4: Using UDEC Trigon method to simulate the propagation process of rock mass fracture: (a) tangential and normal stiffness
between blocks; (b) constitutive and failure behavior of tensile and shear strength between blocks.
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cable support is carried out. *e specific support parameters
are shown in Figure 6, and then the calculation is carried out.
In second time, the excavation distance will be to open-off
cut with the designed section size. In the third step, after the
excavation of the LODM, the simulation calculation is done
under different supporting parameters. *e analysis of the
failure process of the roof and the supporting effect of
different supporting strengths during the two excavations is
helpful to determine the supporting time of two times
tunneling of the LODM and the roof control strategy of the
supporting strength.

3.2. Numerical Calibration. Rock properties obtained from
laboratory should be converted into rock mass properties.
RQD is widely used to estimate the deformation modulus of
rock mass. Based on a large number of field monitoring data,
Zhang and Einstein [36] established the relational expres-
sion between RQD and Em/Er (3–6), so this relational ex-
pression was used to correct rock mass parameters. In our
research, the RQD value of rock mass was observed by
borehole camera:

Em

Er

� 100.0186RQ D−1.91
. (12)

In the equation Em, Er are the deformation modulus of
rock mass and intact rock, respectively. Unconfined com-
pressive strength (UCS) can be determined according to the
ratio of Em/Er [37]:

σm

σr

�
Em

Er

 

n

. (13)

σm, σr are the strength of rock mass and intact rock, re-
spectively. And the index n for splitting, shearing, sliding, and
rotation modes is 0.56, 0.56, 0.66, and 0.72, respectively. Since
the failure process of roof is complicated seriously, there are
many failure models. *e value of index n is 0.63 in this paper.
Here, we also assume that the ratio of tensile strength (Tm) of
rock mass to tensile strength (Tr) of intact rock follows the
same relationship [37], so the properties of rock mass can be
determined, and the results are listed in Table 1.

*e rock mass property parameters of these data can not
be directly applied to the model, and the mechanical pa-
rameters of the contact surface and polygon used to express
the rock mass characteristics need to be obtained through
numerical calibration. *erefore, UDEC Trigon logic cor-
rection models are established, which are UCS test block
model with width of 2.0m and height of 4.0m and Brazilian
disk test block model with diameter of 2.0m. *e input
parameters of block and contact surface are calibrated by
trial and error method to match the rock mass properties
given in Table 1. *e calibration results of rock and coal are
shown in Figure 7, and the microparameter is shown in
Table 2. It can be seen fromTable 3 that the error between the
uniaxial compressive strength and elastic modulus obtained
by numerical simulation and the data obtained by laboratory
test is within 10%. *ese parameters reproduce the rock
mass properties in this study, so the micromechanical

parameters of coal and rock mass determined in Table 2 are
reasonable and usable.

3.3.Validationof theGlobalModel. In this section, the global
model parameters are corrected for the primary section with
a width of 4.8m and a height of 3.2m. In the process of
numerical simulation, the excavation of the LODM is
simulated by deleting the blocks in the profile of primary
section of the LODM. However, sudden excavation may lead
to unbalanced response of the model, which will lead to
dynamic stress paths around the excavation boundary. *is
dynamic stress usually produces a larger failure range
around the excavation than expected [38]. In the field ex-
cavation, the open-off cut is gradually and continuously
excavated by a heading machine, and the boundary of the
LODM produces a static stress path [39, 40]. In order to
simulate this more realistic excavation effect, the FISH
function is embedded into the UDEC model [35], and the
equivalent force is decomposed into 10 stages to simulate the
gradual excavation process. At each stage, the internal stress
exerted on the excavation boundary is reduced by 10% of the
original equivalent force, and enough numerical time step
length is calculated to ensure the model reaches equilibrium.
*is method can minimize the impact of transient on
material failure and provide a more static calculation
scheme.

Adopting the abovementioned mechanical parameters
of coal seam of the LODM and roof and floor rock in 5202
working face of Xin’an coal mine, and using the above-
mentioned “excavation” simulation method, the supporting
parameters of primary excavated section are shown in
Figure 5. Long and short anchor cables are both used for
supporting. Short anchor cables with a diameter of 17.8mm
and a length of 4300mm are used for basic support on the
roof.*e short anchor cables have a spacing of 800mm and a
row spacing of 800mm, while long anchor cables with a
diameter of 17.8mm and a length of 6300mm are used for
reinforcing support. *e long anchor cables have a spacing
of 1600mm and a row spacing of 800mm. *e two sides of
the roadway are supported by anchor cables with a diameter
of 17.8mm and a length of 2700mm. *e anchor cables of
two sides of the roadway have a spacing of 800mm and a row
spacing of 800mm. *e long and short anchor cables of the
roof and the anchor cables of two sides of the roadway are
made of reinforced ladder beam welded with round steel
with a diameter of 14mm. *e reinforced ladder beam used
for short anchor cables on roof has a width of 60mm and a

Table 1: Intact rock properties and calculated rockmass properties.

Rock
strata

Intact rock
RQD

Rock mass
(GPa) (MPa) (MPa) (GPa) (MPa) (MPa)

Sandy
mudstone 5.89 11.44 1.14 90 3.42 8.12 0.81

Fine
sandstone 8.53 13.88 1.40 92 5.40 10.41 1.05

Coal 1.48 4.99 0.50 88 0.79 3.36 0.34
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length of 4500mm, while that used for long anchor cables on
roof is 60mm and 3300mm, respectively. *e width and
length of reinforced ladder beams used for the anchor cables
on two sides of the roadway are 60mm and 2500mm, re-
spectively. In the numerical simulation, the built-in
“cable” element is used to simulate the long and short anchor
cables of the roof and the anchor cables of the two sides of
roadway, and the built-in “liner” element is used to simulate
the roof and the reinforced ladder beams of the two sides of
roadway. *e parameters of the supporting unit are shown
in Table 4 in this paper.

*e deformation of the primary excavation section of the
LODM of 5202 working face is numerically simulated.
Figure 8 shows the comparison between the numerical
simulation results and the field monitoring deformation
results. Although the time of numerical simulation is not the
actual time of field measurement, UDEC Trigon model
reproduces a deformation process of excavation section in
horizontal and vertical directions. At the same time, the
numerical simulation also reproduces the roof failure mode

in the interface area of the two excavation sections after
completion of the second section excavation, which will be
studied in detail below. According to the results of numerical
simulation, the maximummoved volume of the two sides of
roadway of the primary excavation section is about 248mm,
and the maximum moved volume of the roof and floor is
about 410mm.*e numerical calculation results are in good
agreement with the field monitoring results, which verifies
the rationality of UDEC Trigon model and the mechanical
properties of rock mass used in this paper.

4. Failure Mode of Roof in the LODM and
Effect of Support Scheme

4.1. Roof Failure Process and Support Timing of Primary
Excavation Section. *e fracture of roof rock can be iden-
tified by microseismic activity. In recent years, microseismic
system has been used to better understand the failure process
of roadway and working face. In UDEC Trigon model, the
damage of block contact is considered as the main source of

0.0 0.1 0.2 0.3 0.4 0.5 0.6

Axial strain (%)

0

2

4

6

8

10

U
ni

ax
ia

l c
om

pr
es

siv
e (

M
Pa

)

Fine sandstone

Sandy mudstone

Coal

Velocity = 0.01m/s

2.5m

5.0m

(a)

0.0 0.1 0.2 0.3 0.4 0.5
0.0

0.2

0.4

0.6

0.8

1.0

Axial strain (%)

Te
ns

ile
 st

re
ss

 (M
Pa

)

Fine sandstone

Sandy mudstone

Coal

Velocity = 0.01m/s

2.5m

(b)

Figure 7: Calibration model using trigon logic: (a) calibrations for coal mass UCS; (b) Brazilian tensile test.

Table 2: Calibration of mechanical properties of rock strata and coal seams used in the model.

Rock strata
Matrix properties Contact properties

Density (kg/m3) E (GPa) kn (GPa/m) ks(GPa/m) Cohesion (MPa) Friction angle (°) Tensile strength (MPa)

Sandy mudstone 2450 3.42 180 54.2 2.7 32 1.23
Fine sandstone 2550 5.40 278.5 83.6 3.4 35 1.59
Coal 1400 0.79 150.2 46.1 1.4 30 0.52

Table 3: Comparison of theoretical and simulated values of elastic modulus, compressive strength, and tensile strength of rock mass.

Rock strata
E (GPa)

Error (100%)
UCS (MPa)

Error (100%)
BTS (MPa)

Error (100%)
Target Calibrated Target Calibrated Target Calibrated

Sandy mudstone 3.42 3.54 3.51 8.12 8.30 2.22 0.81 0.83 2.47
Fine sandstone 5.40 5.15 −4.63 10.41 10.85 4.23 1.05 0.98 −6.67
Coal 0.79 0.76 −3.78 3.36 3.23 3.87 0.34 0.36 5.88
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microseisms, so the microseismic activity can be simulated
by counting the number of crack increments in a specific
calculation time [40, 41]. In this paper, the contact failure of
roof is related to microseismic activity [42, 43]. *erefore,
the reasonable support timing can be determined through
the development of microcracks.

Figure 9 shows the size of fracture and damage of roof in
primary excavation section, and Figure 9 shows the height of
fracture propagation and failure mode of roof in three
different stages after primary section excavation. *e term
“damage” is defined as the ratio of the number of failure
contacts (tensile strength or shear strength) to the number of
all predefined contacts in the roof [34].

D �
LSH + LTE

LTC
× 100%, (14)

where LSH is the total length of shear crack, LTE is the total
length of tensile crack, and LTC is the total contact length.

It can be seen from Figures 9 and 10 that tensile fracture
is themainmode leading to roof rock failure, and the process
of roof rock failure and fracture propagation after primary
excavation section is divided into three stages. In the first
stage, the occurrence frequency of tensile cracks is 2.5 times
that of shear cracks, the roof damage rapidly increases to
50%, the height of tensile cracks on the roof expands to about
1.8m, and a small amount of shear cracks appears at the
humeral angle of both sides of roadway in the primary
excavation section. In the second stage, the occurrence
frequency of tensile cracks and shear cracks on the roof
gradually decreased, the damage of the roof slowly increased
from 50% to 65%, the height of tensile cracks on the roof
expanded to about 4.0m, and the shear cracks at the humeral
angle of the two sides of roadway gradually expanded to the
central area of the roof, with the extension height of shear
cracks about 1.5m. In the third stage, the occurrence fre-
quency of tensile cracks and shear cracks on the roof tends to
low stable value, and the roof damage also keeps stable from
65% to 68%. *e height of tensile cracks on the roof extends
to about 4.8m, and the expanded height of shear cracks is
about 1.7m, accompanied by a small amount of shear cracks
in the deep part of the roof.

4.2. Failure Process and Support Timing of Full Section Roof
after Secondary Excavation. *e simulation method of sec-
ondary section excavation process is the same as that of pri-
mary section excavation process.*e supporting parameters of
secondary section excavation are shown in Figure 11(a). After
the secondary section excavation, the failure mode and crack
propagation process of roof of the full section open-off cut are
shown in Figure 6. *e development law of microcracks above
the roof strata in the secondary section excavation process is
similar to that in the primary section excavation process, so the
development process of roof cracks in the secondary section
excavation is also divided into three stages. It can be seen from
Figure 6 that, in the first stage after secondary section exca-
vation, the crack distribution of the full section roof is
asymmetric, and the tensile crack propagation height of the
primary section roof remains unchanged at 4.8m, the shear
crack propagation height remains unchanged at 1.7m, the
tensile crack propagation height of the secondary section roof
reaches 3.8m, the shear crack appears near the humeral angle
of the secondary excavation section, and a few shear cracks
appear in the middle of the roof. In the second stage after
secondary section excavation, affected by secondary section
excavation, the development height of roof cracks in primary
section increased. *e propagation height of the tensile cracks
on the roof of the primary excavation section increased from
4.8m to 6.8m, while the propagation height of shear cracks
increased from 1.7m to 2.4m. *e propagation height of
tensile crack on the roof of the secondary excavation section
increased from 3.8m to 6.3m, and the propagation height of
shear cracks increased from the humeral angle to 1.6m above
the roof of the secondary excavation section. In the third stage
after the second section excavation, the crack propagation
height of the full section roof continues to increase and tends to
be stable, and the tensile crack height of the full section roof

Table 4: Properties of support elements used in the model.

Contact properties Value

Anchor cable

Elastic modulus (GPa) 200
Tensile yield strength (kN) 380

Stiffness of the grout (N/m/m) 2e9
Cohesive capacity of the grout (N/m) 4e5

Structure

Elastic modulus (GPa) 200
Tensile yield strength (MPa) 500

Compressive yield strength (MPa) 500
Interface normal stiffness (GPa/m) 10
Interface shear stiffness (GPa/m) 10

Horizontal convergence (simulation)
Vertical convergence (simulation)
Horizontal convergence (measured)
Vertical convergence (measured)
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Figure 8: Comparison between the simulation and measured
primary excavation section convergence in the Xin’an coal mine.
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extends to about 7.2m. Among them, the tensile crack height of
the interface area of the two excavated sections even reaches
about 9.0m. Compared with the previous two stages, the roof
near the interface of the two excavated sections is seriously
damaged, and the specific analysis is in Section 4.3.

Generally speaking, after the second section excava-
tion, the failure mode of the full section roof is similar to
that of the primary excavation section, which is mainly
manifested in that the last two stages are accompanied by
the deep expansion of roof cracks, and the tensile and
shear cracks are changed from microcracks in the first
stage to macrocracks in the last two stages. At the same
time, along with the second section excavation, the cracks
above the roof of the first excavation section are gradually
transferred to the deep. In the full section, the failure
mode of the roof mainly shows that the macrocracks of
the roof in the interface area of the two excavations
increase and extend to the deep. *erefore, after the
second section excavation, the reasonable support timing
should be chosen before the second stage, and the key
control of the roof strata in the interface area of the
second excavation must be considered.

4.3. Analysis of Supporting Effect of the LODM

4.3.1. ?ree Schemes for Roof Support. Anchor rod and
anchor cable support is the main method of rock stratum
control in roadway roof. *e main functions of pretension
anchor cable are divided into two aspects: on the one
hand, the anchor cable installed in the rock stratum can
reinforce the strength of rock mass, limit the deformation
of rock mass within the range of anchor cable action, and
limit the sliding of preexisting microcracks in the roof
rock mass. On the other hand, the support provided by the
reinforced ladder beam, pallet, and steel mesh installed
with anchor cable and the pretension exerted on anchor
cable can provide constraint on the roof rock stratum
surface through the extension of reinforced ladder beam,
pallet, and steel mesh. *erefore, three schemes for roof
support are proposed for the open-off cut of 5202 working
face in Xin’an coal mine (see in Figure 11). Among the
three support schemes, the support parameters of primary
section are unchanged, and the support parameters of
primary section and three support schemes for secondary
section are as follows.
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4.3.2. Failure Characteristics of Full Section Roof. Scheme 1
is used in the simulation of roof failure process in Section
4.2. So in this section, the same UDEC Trigon model and
simulation process are used to simulate Scheme 2 and
Scheme 3. Figure 12 shows the variation law of cracks,
damage, and failure modes of roof strata in the LODMunder
three kinds of support. In order to show the damage degree
of roof in different areas above the roof more clearly, the
rock strata within 9m above the roof of full section open-off
cut are divided into 1m× 1m square grids. *e damage

calculation of each subgrid is calculated according to For-
mula (14)

5. Discussion

5.1. Support Timing and Key Points of Control. According to
the analysis of roof failure mode, crack distribution, and
damage characteristics of the LODM, the following mea-
sures are put forward about roof support timing and key
points of control.
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(1) Excavation and open-off cut are the way of the two
times tunneling. *e primary excavation section
should be supported in time. Before the second
section excavation, in addition to the conventional
long and short anchor cable support, a row of single
hydraulic prop is installed in the primary excavation
section together with the hinged top beam to actively
bear and support the roof, ensuring the support
strength of the primary excavation section.

(2) After secondary section excavation, the roof should
be supported in time, and the reinforcing long

anchor cable should be installed in time after in-
stalling the short anchor cable. *e interface area of
the two excavation sections should be reinforced and
supported to ensure the stability of roof strata in the
interface area.

(3) *e high pretension anchor cable supports the roof
with high-strength surface protection components
such as reinforcing mesh, reinforced ladder beam,
and pallet, controls the expansion of cracks on the
surface and deep part of the roof, and improves the
active support effect.
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Figure 11: Plan view of three roof support schemes, (a) Scheme 1; (b) Scheme 2; (c) Scheme 3.
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5.2. Control Technical Parameters. After primary section
excavation, the roof is supported by short anchor cables with
a diameter of 17.8mm and a length of 4300mm, with a
spacing of 800mm and a row spacing of 800mm, and
reinforced by long anchor cables with a diameter of 17.8mm
and a length of 6300mm, with a spacing of 1600mm and a
row spacing of 800mm. Before the secondary section ex-
cavation, a row of DW-250/100 single hydraulic prop with

working resistance of 250 kN is arranged at 2000mm away
from the interface of the two excavation sections to match
with DJB-1000 metal hinged roof beam. After secondary
section excavation, the roof is supported by short anchor
cables with a diameter of 17.8mm and a length of 4300mm,
with a spacing of 900mm and a row spacing of 800mm.*e
two sides of roadway are supported by anchor cables with a
diameter of 17.8mm and a length of 2700mm. Long anchor
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Figure 12: Distribution, damage, and failure modes of roof cracks in three support schemes, (a) Scheme 1; (b) Scheme 2; (c) Scheme 3.
(*e green cracks represent tensile cracks, and the red cracks represent shear cracks.)
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cables with a diameter of 18.9/17.8mm and a length of 8300/
6300mm are used for reinforcement support, with a spacing
of 1400mm and a row spacing of 800mm. Short anchor
cables with a diameter of 17.8mm and a length of 2700mm
are used on the two sides of roadway to support the two sides
of roadway.*e anchor cable spacing is 900mm and the row
spacing is 800mm, and the pretension of both long and short

anchor cables is 250 kN. *e supporting parameters of long
and short anchor cables in the full section are shown in
Figure 13.

5.3.FieldTest ofRoofSupportEffect. After adopting the above
optimized support scheme of the LODM, the roof defor-
mation of the two excavation sections of the roof of 5202
open-off cut is shown in Figure 14. *e monitoring results
show that the deformation of the roof strata of the 5202
open-off cut is effectively controlled, the deformation of the
roof of the two excavation sections is stable for a period of
time, and the convergence deformation of the roof-to-floor
and the rib-to-rib of the LODM is 550mm and 350mm,
respectively. *e field application shows that the sur-
rounding rock of roof has been effectively improved under
the action of support of high-strength long and short anchor
cable and bearing structure of high working resistance
hydraulic prop.

6. Conclusions

In order to solve the stability control problem of sur-
rounding rock in the LODM, this paper systematically
studies the evolution law of roof crack evolution, failure
mode, and damage degree in secondary tunneling of the
LODM by means of field investigation, theoretical calcu-
lation, numerical simulation, and engineering practice,
compares and analyzes the control effect of roof crack and
damage under three supporting conditions, and determines
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Figure 13: Parameter diagram of the LODM support in 5202 working face.
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the reasonable support timing and control technical pa-
rameters. *e main conclusions are as follows.

(1) *e mechanical model of roof deformation of the
LODM is established, and it is determined that the
deflection of roof is directly proportional to the cubic
of span. *e secondary tunneling excavation method
is selected for the LODM, so as to avoid large de-
flection deformation and instability of roof caused by
primary excavation full section open-off cut.

(2) A UDEC Trigon model is established to simulate the
evolution characteristics, failure modes, and damage
degree of roof cracks in secondary tunneling of the
LODM, the input parameters are calibrated, the
global model is verified according to the monitoring
data, and the failure process of roof rocks in the
LODM is studied. According to the microseismic
activity of cracks in the simulation process, the
failure process of roof rock stratum in the LODM is
divided into three stages, and the reasonable support
timing is determined.

(3) *e limiting effects of the three supporting schemes
on the crack evolution of roof strata are evaluated,
and the results show that the key supporting in the
interface area can reduce the crack propagation
height of roof strata in secondary tunneling and
weaken the damage degree of roof strata in the deep.

(4) *e control timing and key points of control for
surrounding rock of the LODM are put forward, and
the technical parameters of the LODM in 5202
working face in Xin’an Coal Industry are deter-
mined.*e field test shows that, after reinforcing and
supporting by the lengthened anchor cable and
single hydraulic props, the moved volumes of the
LODM of rib-to-rib and roof-to-floor are about
350mm and 550mm, respectively. *e results pro-
vide a basis for the control of surrounding rock of the
LODM under similar conditions.
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Underground space is vulnerable to large deformation influenced by the abnormal stress induced by the bearing coal pillar. A
numerical simulation model was established to determine the redistribution of the abnormal stress induced by the mining activities.
/e double-yieldmodel, the strain softeningmodel, the interfacemodel, and theMohr–Coulombmodel were determined to simulate
the gob compaction effect, the pillar strength reduction effect, the structure plane discontinuity effect, and the rock mechanical
behavior, respectively. /is numerical simulation model is reliable to predict the abnormal stress under the bearing coal pillar by the
comparison of the abutment stress from this model and the existing theoretical model as well as the entry roof surface displacement
from this model and the field measuring method. /e results from the validated numerical model indicate that the abnormal stress
including stress concentration coefficient, stress gradient, and lateral pressure coefficient will redistribute to another state that the
stress concentration coefficient and stress gradient increase gradually and then decrease, and the lateral pressure coefficient decreases
gradually, then increases, and finally decreases sharply with the approach of the mining working face. /eir maximum increasing
rates are calculated as 121.05%, 198.56%, and 236.82%, respectively. /is predicted mining-induced redistribution of the abnormal
stress is available for designing the underground entry layout in the determination of the entry position, determination of the driving
operation time, mining disturbing range warning, and the prediction of the strengthening support area.

1. Introduction

Coal as one of the widely used energy resources in recent
years will be used to accelerate the social development for a
long time in the future. Its generation conditions play a
significant role in the underground mining engineering,
which are divided into shallow-buried condition, deep-
buried condition, thin seam, thick seam, horizontal seam,
dip seam, soft seam, hard seam, single seam, and multiple
seams [1]. /e underground mining engineering has to be
carried out in multiple coal seams with the growth of the
mining intensity and the reduction of the coal resources [2].
Numerous coal pillars will be left to bear the overburdens,

and the generated abutment stress will transfer into the close
and unworked out coal seams, which generates an abnormal
stress condition in the unworked out coal seam and
threatens the stability of the underground entry, especially
for the condition influenced by the mining operation of the
longwall mining working face [3].

/e precious achievements mainly concentrate on the
stress distribution under the bearing coal pillar, which ig-
nore the abnormal characteristics especially for the dis-
turbing effect of the mining operation [4–7]. /e CVISC
rheological constitutive model was used to simulate the
long-term creep behavior of the entry rock under bearing
coal pillar and revealed that the stress concentration was not
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large enough to damage this creep behavior rock under
shallow-buried conditions [8]. /e numerical simulation
model with the Mohr–Coulomb criterion was used to reveal
the distribution of the abutment stress around the mining
working face near the bearing coal pillar and design the entry
position for a special case [9]. However, this achievement
just concentrates on the mining operation in one thick coal
seam, which did not consider the lithology difference, gob
compaction effect, and the pillar strength reduction effect.
Deviatoric stress evolution under the bearing coal pillar was
determined to predict the plastic zone around the entry and
design its support technology with the advancement of the
deviatoric stress-induced failure criterion [10]. However,
this deviatoric stress ignores the volumetric strain of rock
materials, which did not agree with the reality.

Entry layout has been widely used to protect this kind of
entry from stress concentration disaster [11–13]. /e
pressure diffusion angle was used to design the entry layout
below the bearing coal pillar, and the stress was divided into
stress reducing area and stress increasing area, which ig-
nored the influence of the abnormal stress condition [14].
Eight meters wide coal pillar was determined to layout the
gob side entry under bearing coal pillar by the criterion of
minimum plastic failure zone in the entry roof, which is a
significant attempt for that geological and engineering
condition [15]. Under the failure analysis of a typical case, it
is demonstrated that the entry under the bearing coal pillar is
vulnerable to stress concentration, and this entry can be
arranged at a relative reasonable position, but this analysis
ignored the influence of the abnormal stress [16]. Pressure
bulb theory was used to determine the reasonable entry
position at 71m or 156m away from the bearing coal pillar
based on the maximum principle stress or the maximum
shear stress predicted by a numerical simulation model,
which is much larger than 30m used in reality [17].

In this work, a numerical simulation model was estab-
lished to reveal the mining-induced redistribution of the
abnormal stress under the bearing coal pillar, which was
validated by a theoretical model and a measuring method.
After that, this validated model was used to predict the
redistribution of the abnormal stress both in front and lateral
sides of the mining working face. /ese predicted results are
available for designing the entry layout under the bearing
coal pillar with the disturbance of the mining operation. In
fact, the abnormal stress is the stress state of rock below the
bearing coal pillar, which is illustrated by the three key
parameters of stress concentration coefficient, stress gradi-
ent, and lateral pressure coefficient.

2. Materials and Methods

Several factors were taken into consideration to make the
numerical simulation model reliable such as the gob
compaction effect, the pillar strength reduction effect, the
structure plane discontinuity effect, and the rock me-
chanical behavior, respectively. /is numerical model was
established under the condition of the process as shown in
Figure 1. /e detailed process is demonstrated as the
following section.

2.1. Numerical Simulation Model

2.1.1. Mohr–Coulomb Model for Rock Strata. Rock materials
will experience elastic deformation and plastic damage
influenced with loadings, which can be simulated by the
Mohr–Coulomb model expressed as equation (1) [18–20].
/e rock materials are concentrated on a typical case from
Xinrui coal mine in China. /ere are many bearing coal
pillars left in coal seam 4 which was mined out several years
ago. /e entries of coal seam 5 will be influenced by these
kinds of bearing coal pillars [3]. /e average interlayer
spacing between coal seams 4 and 5 is determined as 3.25m,
and the average stratigraphic dip angle is revealed as 6°. /e
detailed geological and engineering conditions are given in
Table 1.

f � σ1 − σ3
(1 + sin φ)

(1 − sin φ)
+ 2c

���������
(1 + sin φ)

(1 − sin φ)



, (1)

where f is the failure criterion; σ1 and σ3 are the principal
stresses; φ is the frictional angle; c is the cohesion.

2.1.2. Strain Softening Model for Coal Pillar. One of the
horizontal stresses is in the state of relief in the coal pillar due
to the fact that both sides of the coal pillar are the workout
area, and no objects apply stress along the rib sides of the
coal pillar. However, the other horizontal stress is relatively
stable, and the vertical stress varies, usually increases
influenced by the abutment stress. Under the condition of
the ultimate balance theory and plastic bearing character-
istics [21, 22], the shallow coal bodies of the coal pillar will
change into plastic deformation from elastic deformation
with the increases of the vertical stress, which will result in
the strength reduction of the coal pillar. And this mechanical
behavior of the coal pillar has been demonstrated and de-
scribed with the strain softening model [23–26]. /e
strength will decline rather than keeping stable after the coal
is damaged. /e reduction law of the strength parameters is

Establishment of the numerical
simulation model 

Gob materials

Coal pillar 

Structure plane

Rock strata Mechanical behavior analysis

Strength reduction effect

Compaction effect

Discontinuity effect

Model formulation Model analysis

�eoretical method Field measuring
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Distribution of the
entry displacement 

Validation of the numerical
simulation model

Figure 1: Formation process of the numerical simulation model.
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given in Table 2 by the method of trial-and-error in terms of
the peak vertical stress (18.8MPa) and the width of plastic
zone (5.5m) beside the gob.

2.1.3. Double-Yield Model for Gob Material. /e null model
is widely used to simulate the gob material in longwall
mining around the world [27], which ignored the consoli-
dation of the caved rock strata. With the improvement of the
numerical simulation technology and equivalence principle,
the double-yield model gradually plays the main role to
simulate the mechanical behavior of the gob material instead
of the null model [28]. /e key parameter is the cap pressure
which usually follows a piecewise-linear law with the in-
creases of the volumetric plastic strain. Salamon’s model [29]
(equation (2)) is used to calculate this cap pressure, and the
result is given in Table 3. /e basic properties of the double-
yield model used for the gob material are given in Table 4.

σ �
10.39σ1.042

c h
7.7
cavhmε

hcav + hm( 
7.7

hm − hcav + hm( ε 
, (2)

where σ is the cap pressure; ε is the plastic strain; σc is the in
situ vertical stress; hcav is the caving height; hm is the mining
height.

2.1.4. Interface Model for Structure Plane. Coal-bearing
strata belong to sedimentary strata which contain structure
plane located between coal seam and rock strata [30]. /is
kind of structure plane is so weak compared with the coal
and rock materials that the separation and slippage damage
always generate along this structure plane. /e predicted
results cannot be used to guide the operation of the engi-
neering unless this structure plane is considered in the
numerical simulation model [31]. /e interface element
follows the Mohr–Coulomb failure criterion illustrated as
equation (3) [32]. When the shear stress is larger than the
shear strength, the slippage will generate along the interface,
and when the normal deformation capability is not

consistent for strata, the separation will generate along the
interface. Jaeger and Cook’s model [33] shown in equation
(4) can be used to determine the parameters of the structure
plane, and the results are illustrated in Table 5. /e uniaxial
compression strength of the structure plane is determined as
0.17MPa.

Fsmax � csA + tan φs Fn − pA( , (3)

where Fsmax is the ultimate shear force; cs is the cohesion of
the interface; φs is the friction angle of the interface; A is the
representative area touched with the interface node; Fn is the
normal force; p is the pore pressure.

σ1 � σ3 +
2 cs + σ3 tan φs( 

1 − tan φs cot βs( sin 2βs

, (4)

where σ1 is the compression strength; σ3 is the confining
pressure; βs is the angle between the major principal stress
and the normal direction of the structure plane.

2.2. Validation with the Beoretical Method. /e results of
the distribution of the abutment stress under the two typical
bearing coal pillars illustrated in Figure 2 indicate that this
numerical simulation model is more reliable than the the-
oretical model to predict the distribution of the abnormal
stress. Both of theoretical calculation and numerical simu-
lation results indicate the abnormal characteristics of the
stress along both the vertical and horizontal direction. /e
stress contour line presents a similar distribution in shape.
However, the results have something different in distribu-
tion, especially for the influence range. For example, the
influence depth of the abutment stress contour line of
12MPa is less than 15 meters for the theoretical calculation
result while it reaches more than 17 meters for the numerical
simulation results. /is theoretical model was established
under the hypothesis of the isotropous and homogeneous
rock materials, which ignores the influences of the lithology
difference and the structure plane between adjacent rock
strata [3].

2.3. Validation with the Field Measuring Method. Field
measuring method of decussation [34] was conducted to
validate the reliability of the numerical simulation model in
terms of the roof surface displacement of the underground

Table 1: Geological and engineering conditions of the research object.

Lithology /ickness (m) Bulk modulus (GPa) Shear modulus (GPa) Friction (°) Cohesion (MPa) Tension (MPa)
Sandstone 12.30 14.88 10.25 38 5.0 4.0
Coal seam 3 0.70 5.56 2.27 16 2.0 0.5
Mudstone 9.00 0.58 0.27 36 4.4 1.45
Coal seam 4 1.70 2.78 1.14 16 0.3 0.2
Sandy mudstone 3.25 8.33 4.76 35 3.5 0.65
Coal seam 5 2.76 5.56 2.27 9.5 1.6 0.5
Sandy mudstone 4.80 8.33 4.76 36 6.75 1.4
Sandstone 2.40 14.88 10.25 38 7.0 5.0
Mudstone 6.60 6.67 3.08 36 4.4 1.45
Limestone 4.50 23.02 11.24 42 10.0 8.0

Table 2: Parameters of the strain softening model for coal pillar.

Plastic strain 0 0.01 0.02 . . . 0.5
Friction angle (°) 9.5 8.5 7.5 . . . 7.5
Cohesion (MPa) 1.6 1.2 0.9 . . . 0.9
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Table 3: Cap pressure of the double-yield model.

Number 1 2 3 4 5 6 7 8 9 10
Strain/mm/m 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
Stress/MPa 0.00 0.29 0.64 1.09 1.66 2.44 3.53 5.21 8.09 14.21

Table 4: Basic properties of the gob material.

Density (kg/m3) Bulk modulus (GPa) Shear modulus (GPa) Friction angle (°) Dilation angle (°)
1200 5.56 2.27 8.96 6.28

Table 5: Structure plane properties used in the numerical model.

Shear stiffness (GPa/m) Normal stiffness (GPa/m) Friction angle (°) Cohesion (MPa) Tensile strength (MPa)
2 2 4.75 0.8 0.25
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Figure 2: Distribution of the abutment stress under bearing coal pillars. (a) /eoretical calculation result; (b) numerical simulation result.
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entry in coal seam 5. /e results given in Figure 3 indicate
that the numerical simulation model is reliable to predict the
surface displacement of the entry roof since these results
have a good agreement with each other. Actually, the surface
displacement of underground space will present an in-
creasing trend with the growth of the stress when the rock
materials are determined [35]. /e stress distribution, more
reliable than the theoretical predicted result and the relative
surface displacement of the entry consistent with the field
measuring result together, demonstrated that the numerical
simulation model is reliable to analyze the mechanical be-
havior of the coal and rock materials.

2.4. Simulation Plans of the Redistribution of Abnormal Stress.
/e numerical simulation process is divided into four steps to
discover the redistribution of the abnormal stress under the
bearing coal pillar to protect the underground space from
large deformation. At the beginning, the three-dimensional
numerical simulation model was established under the
consideration of the geological and engineering conditions
(Section 2.1). For the second step, the bearing coal pillars and
gob material generalize by the mining operation in coal seam
4. /e abnormal stress also generalizes in this step. /ird, the
mining entries including head entry and tail entry are
established for the mining working face in coal seam 5 by the
null model in FLAC3D software. Last but not least, themining
operation of the working face in coal seam 5was carried out to
calculate the redistribution of the abnormal stress.

Finding out the redistribution of the abnormal stress
under bearing coal pillar with the retreating of the mining
working face has a positive effect on the stability of the
underground entry. /ree indexes including stress con-
centration coefficient, stress gradient, and lateral pressure
coefficient are determined to reveal the redistribution of the
abnormal stress. Two typical areas are selected to layout the
monitoring points including the area in front of the mining
working face and the area in the side of the longwall panel as
shown in Figure 4. And this bearing coal pillar is left in coal
seam 4 while this mining working face is located in coal seam
5. /is mining working face will pass across the coal below

the bearing coal pillar. /ere are three monitoring points in
front of the mining working face, which are arranged below
the gob, the interaction of the bearing coal pillar and the
stable gob, and the bearing coal pillar. /e region of the
interaction is determined in the zone where the stress
concentration coefficient is less than 1 and the stress gradient
is larger than 1. In addition, three monitoring lines are
arranged in side of the longwall panel to record the redis-
tribution of the abnormal stress in the side of the gob.

3. Results

3.1. Abnormal Stress in Front of the Mining Working Face

3.1.1. Stress Concentration Coefficient. /e mining-induced
redistribution of the stress concentration coefficient
presents typical differences at different positions in front
of the mining working face (Figure 5). It increases
gradually with the approach of the mining working face,
and its peak reaches 3.43 increasing by 50.44% compared
with the starting value 2.28 in the point below the bearing
coal pillar when the distance to the mining working face is
less than 80m. In the same time, it presents a similar
increasing state with the decreasing of the distance to the
mining working face, and the peak reaches 1.96, in-
creasing by 96% compared with the starting value 1.00 in
the point below the stable gob when the distance within
41m. However, they are nearly kept stable and are less
than 0.25 in the points below the interaction of the bearing
coal pillar and the stable gob.

3.1.2. Stress Gradient. /e mining-induced redistribution of
the stress gradient is related to the distance from the mining
working face and the relative location from the bearing coal
pillar (Figure 6). It increases gradually and then reaches the
peak value 1.20MPa per meter increasing by 50% with the
decrease of this distance for the area below the bearing coal
pillar and the interaction of the bearing coal pillar and the
stable gob when this distance is less than 80m. In the same
time, it increases relatively slowly for the area below the stable

5 10 15 20 25 30 35
0

20

40

60

80

100

120

Su
rfa

ce
 d

isp
la

ce
m

en
t (

m
m

)

Days a�er development (day)

0 2 4 6 8 10

Entry roof (measured)
Entry roof (simulated)

Simulation step a�er development (100)

0

Figure 3: Comparison between the numerical simulation model and the field measuring method.

Advances in Civil Engineering 5



gob with the maximum value of 0.31MPa per meter and the
growth rate of 107% when the distance is less than 50m.

3.1.3. Lateral Pressure Coefficient. /e mining-induced re-
distribution of the lateral pressure coefficient is influenced
greatly by the distance to the mining working face (Figure 7).
It decreases slowly in the area below the bearing coal pillar
and the stable gob with the reduction of this distance when
the distance is less than 80m. However, it decreases first,
increases slowly, then increases sharply to the peak, and
finally decreases sharply in the area below the interaction of
the bearing coal pillar and the stable gob with the reduction

of the distance to the mining working face. /e maximum
reaches 7.6 increasing by 52%.

3.2. Abnormal Stress in Lateral of the Mining Working Face

3.2.1. Concentration Coefficient. /e mining-induced re-
distribution of the stress concentration coefficient also
presents typical differences at different positions in lateral of
the mining working face (Figure 8). First, in the area below
the stable gob, it increases linearly to the peak value and then
decreases gradually to a stable value with the growth of the
distance to the side rib of the head entry. /is peak increases
from 1.64 to 3.26, and the influence range increases from
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10m to nearly 50m with the reduction of the distance to the
mining working face. Second, in the area below the inter-
action of the stable gob and the bearing coal pillar, it in-
creases sharply to the peak value, decreases sharply to the
valley, then increases gradually to the second peak, and fi-
nally decreases to a relatively stable value with the growth of
the distance to the side rib of the head entry. /e peak,
second peak, and influence range increase from 0.19, 0.12,
and 20m to 0.42, 0.19, and 70m, respectively, with the
approach of the mining working face. Finally, in the area
below the bearing coal pillar, it presents a similar variation to
the concentration coefficient below the interaction area with
the growth of the distance to the side rib of the head entry
but differs in value and its change with the reduction of the
distance to the mining working face. For example, the peak
and second peak increase from 3.73 and 2.31 to 4.15 and 4.10,
respectively, with the approach of the mining working face,
which are very different from the values mentioned above.

3.2.2. Stress Gradient. /e mining-induced redistribution of
the stress gradient is related to the distance from the mining
working face, the distance to the side rib of the head entry and
the relative location from the bearing coal pillar (Figure 9).
First, in the area below the stable gob, it decreases sharply to
less than zero initially, increases closely to zero, then keeps
stable or decreases slowly, and finally increases slowly close to
zero again with the growth of the distance to the side rib of the
head entry. /e maximum of the variation amplitude reaches
5.04MPa per meter with the approach of the mining working
face. Second, in the area below the interaction of the bearing
coal pillar and the stable gob, it is similar to that in the area
below the bearing coal pillar in the variation trend with
different values. For example, the maximum of the variation
amplitude is just 0.92MPa per meter with the approach of the
mining working face. Finally, in the area below the bearing
coal pillar, it also varies along the similar trend with that in the
area below the stable gob but the values. For example, the
maximum of the variation amplitude reaches 6.89MPa per
meter with the approaching of the mining working face.

3.2.3. Lateral Pressure Coefficient. /e mining-induced re-
distribution of the lateral pressure coefficient is influenced
greatly by the distance to the mining working face (Fig-
ure 10). It increases sharply initially, then decreases slowly,
and finally increases gradually in the area below the stable
gob with the distance to the side of the head entry. /e
maximum is 1.01, and the maximum of the amplitude is just
0.39 with the approach of the mining working face. In the
area below the interaction of the bearing coal pillar and the
stable gob, it presents a similar variation with that in the area
below the stable gob, but it is much larger than that in the
area below the stable gob. For example, the maximum
reaches 10.00 and the maximum amplitude is 7.01 with the
approach of the mining working face. However, in the area
below the bearing coal pillar, it presents a very similar
variation with that in the area below the stable gob, but it

differs in values. /e maximum is limited into 0.74 which is
less than 1.00, and the maximum amplitude is 0.25.

4. Discussion

4.1. Contrastive Analysis. /e mining effects on the ab-
normal stress under the bearing coal pillar mainly con-
centrate on the stress concentration coefficient, stress
gradient, and lateral pressure coefficient in their values and
influence ranges. /ese mechanical behaviors are induced
from the superposition of the bearing coal pillar and the
mining operations due to the fact that the mining effects on
the area below the bearing coal pillar are prior to and more
intense than those on other areas below the stable gob and
the interaction. For example, compared with the initial
values, the stress concentration coefficient increases by 0.96
in the area below the stable gob, 0.00 in the area below the
interaction, and 1.15 in the area below the bearing coal pillar,
and the influence range increases by 41m, 0m, and 80m,
respectively, in front of the mining working face.

In the same time, the mining disrupted strength is larger
in the lateral side of the mining working face than that in
front of the mining working face. For example, the stress
concentration coefficient increases by 1.62 in the area below
the stable gob, 0.23 in the area below the interaction, and
1.79 in the area below the bearing coal pillar, and the in-
fluence range increases by 40m, 50m, and 45m, respec-
tively, in the lateral side of the mining working face.
Obviously, the stress concentration coefficient keeps less
than 0.50 all the time with the influence of the mining
operation. /e mining-induced stress gradient has a similar
variation with the stress concentration coefficient.

Differently, the lateral pressure coefficient has slight
relationship with themining operation in the areas below the
stable gob and the bearing coal pillar but has strong rela-
tionship with the mining operation in the area below the
interaction. For example, the lateral pressure coefficient
increasing the amplitude reaches 6.38 in the area below the
interaction, but it is 0.39 in the area below the stable gob and
is 0.25 in the area below the bearing coal pillar. /e main
reason is because of the stress relief effects for the area below
the interaction and stress reinforcement for the area below
the bearing coal pillar and the stable gob during the mining
operation.

4.2. Significance of the Results. /e theoretical model can be
used to predict the abnormal stress under the bearing coal
pillar for the design of the entry layout without disturbing
mining operation below this coal pillar [3]. However, this
abnormal stress is forced to redistribute to a new condition
influenced by the mining operation of the longwall face.
Under the condition of the redistribution of the abnormal
stress predicted by the numerical simulation model, four key
problems including determination of the entry position,
determination of the driving operation time, mining dis-
turbing range warning, and prediction of the strengthening
support area can be solved to protect the underground entry
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from mining-induced large deformation as shown in
Figure 11.

/e gob side entry under the bearing coal pillar can be
layout at position I or position II with a coal pillar in coal
seam 5. According to the typical judging criterion, this gob
side entry should be arranged at position I where the stress
concentration coefficient is less than 1 [36], and this position
is determined as less than 2m or more than 50m away from
the gob side rib. According to the judging criterion that the
entry should layout in the zone where the stress concen-
tration coefficient and the absolute value of the stress gra-
dient are less than 1 and the lateral pressure coefficient is
close to 1 [3], the position II can be determined at 50m away
from the gob side rib by the redistribution results of the
abnormal stress.

If the gob side entry is excavated together with the head
entry in the same time with a coal pillar, this entry system is
called two-entry driving system [37]. /en, this gob side
entry will suffer from the whole mining disturbing of the
mining working face in coal seam 5. Determining the mining
disturbing range has great significance to protect this kind of
gob side entry. /e numerical model results indicate that the
mining disturbing range varies from 41m in front of the
mining working face to 99m behind the mining working
face in the area below the stable gob. While, it varies from
80m in front of the mining working face to 75m behind the
mining working face in the area below the bearing coal pillar.
For this warning area, the support of the gob side entry has
to be strengthened to resist the influence of the mining
disturbing.
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Figure 9: Stress gradient of abnormal stress in lateral of the mining working face. (a) Monitoring line 1, (b) monitoring line 2, and
(c) monitoring line 3.
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If the gob side entry is excavated together with the
retreating of the mining working face in coal seam 5, this entry
system is called gob side entry driving heading adjacent to the
advancing working face [38]. /ere are two key parameters to
be determined before the driving operation of this gob side
entry such as the driving stopping time and the driving starting
time during this driving working face suffers from the mining
disturbing. For example, the driving operation has to be
stopped at 41m in front of themining working face and restart
to drive at 99m behind the mining working face in the area
below the stable gob. While, the driving stopping time is
determined as 80m in front of the mining working face and
the driving starting time is determined as 75m behind the
mining working face in the area below the bearing coal pillar.

4.3. Limitation of Bis Model. /ough, in this numerical
simulation model, the structure plane between the rock
strata and the lithology differences of rock strata are con-
sidered to solve the limitation of the theoretical model, and
this numerical simulation model has advantages to predict
the mining-induced redistribution of the abnormal stress
under the bearing coal pillar and ignores several problems.
For example, the effects of the initial joints or cracks on the
mechanical behaviors of the rock stratums and the mining-
induced development of these joints or cracks are not
considered. In addition, for some typical geological condi-
tions, dynamic stress wave will generate from the hard roof
fracture or caving, which cannot be ignored to layout the
entry [39].
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Figure 10: Lateral pressure coefficient of abnormal stress in lateral of the mining working face. (a) Monitoring line 1, (b) monitoring line 2,
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5. Conclusion

/e abnormal stress under the close bearing coal pillar plays
a significant role in the control of the underground entry
stability. A numerical simulation model was established to
find out the mining-induced redistribution characteristics of
this kind of abnormal stress. /e double-yield model, the
strain softening model, the interface model, and the
Mohr–Coulombmodel were determined to simulate the gob
compaction effect, the pillar strength reduction effect, the
structure plane discontinuity effect, and the rock mechanical
behavior, respectively. /is numerical mode was validated
by comparing the abutment stress with the result of the
theoretical method and surface displacement with the result
of the measuring method.

/e results of the validated numerical simulation model
indicate that the mining operation mainly influence the
stress concentration coefficient and stress gradient in the
area below the bearing coal pillar and the stable gob and
influence the lateral pressure coefficient in the area below the
interaction of the bearing coal pillar and the stable gob. /e
stress concentration coefficient and stress gradient increase
gradually and then decrease, and the lateral pressure coef-
ficient decreases gradually, then increases, and finally de-
creases sharply with the approaching of the mining working
face. /eir maximum increasing rates are determined as
96%, 107%, and 52%, respectively, in front of the mining
working face. In the same time, they are 121.05%, 198.56%,
and 236.82%, respectively, in the lateral side of the mining
working face.

/e predicted mining-induced redistribution of the
abnormal stress is available for designing the underground

entry layout under the bearing coal pillar with disturbance of
the mining operation./e gob side entry has to be excavated
at more than 50m away from the gob side rib. /e gob side
entry support has to be strengthened in the area from 80m
in front of the mining working face to 99m behind the
mining working face in the two-entry driving system. Gob
side entry driving heading adjacent to the advancing
working face also has to stop at 80m in front of the mining
working face and restart at 90m behind the mining working
face.
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In order to effectively solve a series of problems such as the difficulty of coal and rock interbed roadway support in Gaojiazhuang
Coal Mine and get a scientific and reasonable optimization scheme of surrounding rock support, theoretical analysis, numerical
simulation, ultrasonic detection, field-effect test, and other means are adopted to analyze the instability of coal and rock interbed
roadway. ,e results show that the interbedded roadway has weak interbedded cementation, and its ore pressure is more intense
due to the influence of its interbedded weak structural plane. Based on Mohr’s strength envelope principle, it is proposed that
horizontal stress is the main factor that causes a wide range of shear displacement, penetration crack, and surrounding rock failure
of the roof of this kind of roadway. ,rough the finite element numerical simulation analysis, the deformation and failure law,
stress distribution characteristics, and failure area distribution characteristics of coal and rock interbedding roadway surrounding
rock are theoretically revealed, and the control effect of different support schemes on roadway surrounding rock deformation is
greatly different. Based on the ultrasonic detection technology, it is proved that the roadway side failure has strong zoning
characteristics, and the failure range and stress distribution range of the surrounding rock of the belt roadway in the 2103 working
face of Gaojiazhuang Coal Mine are detected. Finally, the coupling strengthening support scheme combining prestressed anchor
cable and bolt is proposed. ,e engineering application and the observation of surrounding rock deformation show that the
reinforced support technology can effectively enhance the stability of the surrounding rock of the interbed roadway in Gao-
jiazhuang Coal Mine, and it has a good reference for the surrounding rock conditions of this kind of roadway.

1. Introduction

With the improvement of mechanization and intensification of
coal minemining, mining roadway section area is increasing, so
in the construction of mining roadway, the way of breaking the
bottom along the top or breaking the top along the bottom is
often used to carry out the construction, resulting in the coal-
rock interbed roadway proportion more and more. Interbed of
coal and rock roadway surrounding rock is a thin layer of more
than two of coal and rock, single layer thickness variation
difference is not big, but each other between the layers of the
coal-rockmechanical properties of the difference is very big, and
the cementation between coal strata is weak, each layer has a
certain thickness, but its relative development joint and bedding
carry capacity of six to one. Due to the influence of the weak

structural surface of interbed coal and rock roadway, the mine
pressure becomes more intense, and the instability phenomena
such as roof sinking, roadway bulging, and floor heave often
occur in the roadway, which brings great difficulties to the
stability control of roadway surrounding rock [1–10].

A lot of research work has been carried out by scholars at
home and abroad for coal-rock interlevel roadways. Zhang
used field measurement, theoretical analysis, and numerical
simulation to determine the reasonable width of coal pillars
in the thin coal roof face section affected by high geostress
and creep damage in deep wells [11]. Feng and Zhang used
the finite element dynamic software ANSYS/LS-DYNA to
simulate and analyze the propagation and attenuation law of
pressure waves during the blasting of coal-rock interbed
masses [12]. Zhong et al. used similar simulation tests and
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numerical simulation tests to study the adaptability of the
inclined trapezoidal and straight-walled semicircular arched
roadway to the coal and rock interbed roadway; orthogonal
simulation tests were conducted to obtain 6 coal rock in-
stability factors of interlevel roadways [13, 14]. Wei et al.
studied ultrasonic imaging recognition of coal-rock interface
based on the improved variational mode decomposition
[15]. Shou et al. studied experimental and analytical in-
vestigation on the coupled elastoplastic damage model of
coal-rock [16]. Wu and Qin studied the loose and broken
distribution of soft coal rock in deep coal roadway sidewall
[17]. Yang revealed the intrinsic mechanism of the weak-
ening of the thin layered interbed roof under the action of
water [18]. Cui studied the deformation characteristics of the
roof roadway in the interbed roof of the soft coal seam and
the interaction mechanism between the two soft sides and
the deformation process of the interbed roof [19]. Qin and
Shi proposed the “two soft and one hard” coal gangue in-
terbed composite difficult-to-mined fully mechanized top
coal caving mining technology for composite coal roadway
support [20]. However, due to the differences in the geo-
logical occurrence and mining technology conditions of coal
seams in coal mines, the instability mechanism of coal-rock
interbed roadway in different areas and its support tech-
nology still need to carry out theoretical and practical re-
search according to local conditions [21–30].

In this study, the belt roadway at the 203 working face of
Gaojiazhuang Coal Mine was taken as the research object.
,e ultrasonic wave and numerical simulation technology
were used to study the failure characteristics of the sur-
rounding rock, detect and simulate the range of surrounding
rock loose zone, analyze the instability mechanism of the
roadway, optimize the existing support scheme, and propose
the design technology of strengthened support, which
provides a reference for the subsequent support control of
roadway under similar conditions.

2. Project Overview

,e designed production capacity of Gaojiazhuang Coal
Mine is 3 million tons/year. ,ere are 4 layers of coal seams
in theminefield, which are No. 2, No. 4, No. 8, and No. 9 + 10
seams from top to bottom.,e 203 working face is located in
the first plate area of the No. 2 coal seam.,e thickness of the
No. 2 coal seam is 1.65m∼1.85m with an average of 1.75m,
and the average dip angle of the coal seam is 6°. ,e coal
seam contains 0–3 layers of gangue, which is a typical
interbedded structure of coal and rock.,e direct roof of the
coal seam is 2.5m thickmudstone, and the basic roof is 5.2m
thick fine sandstone. ,e direct bottom is 1.8m thick
mudstone, and the basic bottom is 1.1m thick No. 3 coal
seam (nonmining). See Table 1 for the lithologic charac-
teristics of No. 2 coal seam roof and floor.

,e 203 working face adopts three roadway layouts, with
a strike length of 972m and dip length of 172m, respectively.
Tape lane width and height are 4.2m× 2.8m, the combined
support with anchor, network, in the form of roof bolt
arrangement in each row for root is Φ20× 2500mm high
strength metal bolt, the bolt between row spacing is

1200mm× 1000mm, the side bolt adopts Φ20× 2200mm
right screw full thread and other strong metal bolts, the row
spacing between bolts is 1100×1000mm, the top steel belt is
welded withΦ16mm round steel, the side steel belt is welded
with Φ12mm round steel, the top anchor net adopts No. 10
spot welding metal net, the specification is 1000× 2300mm,
the help net adopts No. 10 galvanized iron wire diamond net,
and the specification is 1000× 2500mm.

Influenced by the occurrence condition of the coal seam,
the interbedding arrangement of coal and rock along the top
and bottom is adopted in the excavation of 203 working face,
which brings great difficulties to roadway support. Figure 1
shows the layout of the roadway at the working face 203, and
Figure 2 shows the support section of the belt roadway at the
working face.

3. Research on the Failure Mechanism of Coal-
Rock Interbed Roadway

,e stress environment of the rock mass is a relatively
balanced three-dimensional stress stable state before coal
and rock interbedding roadway excavation. After the con-
struction of the roadway, the stress in the surrounding rock
is redistributed, and the stress environment is changed into a
nearly two-dimensional stress state. ,e horizontal stress is
transferred to the roof rock, and the vertical stress is
transferred to the coal and rock in the two sides of the
roadway. If the stress value caused by the stress concen-
tration is greater than the rock strength, the surrounding
rock will be damaged, and this failure zone is also the range
of the surrounding rock loosening zone. On the contrary, the
surrounding rock is in an elastoplastic state and remains
stable. ,e intensity and stress state changes of surrounding
rock before and after roadway excavation are shown in
Figure 3.

As can be seen from the figure, the coal and rock mass
were subjected to high primary rock stress before the
roadway construction, the maximum and minimum prin-
cipal stress were similar, the Mohr circle was far from the
strength envelope, and the coal and rock mass in the
roadway were in a stable state. After unloading, the lateral
stress of the surrounding rock decreases in a certain range,
and the lateral pressure drop of the surrounding rock surface
is zero. At the same time, the stress is adjusted and trans-
ferred to the surrounding roadway, causing local stress
concentration, increasing themaximum principal stress, and
decreasing the minimum principal stress, which shows that
theMoire circle is cut by the strength envelope after roadway
excavation construction, and the coal and rock mass are

Table 1: Lithological characteristics of No.2 coal seam.

Horizon Lithology ,ickness (m)

Roof Fine sandstone 5.2
Direct top mudstone 2.5

Coalbed No. 2 coalbed 1.75

Floor Direct bottom mudstone 1.8
No. 3 coalbed 1.1
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destroyed. In order to maintain the stable state of the
roadway, the first thing is to restore or improve the stress
state of coal and rock mass as soon as possible after roadway
construction. ,e timelier measures are taken; the smaller
the degree of rock mass destruction, the better the integrity
of coal and rock mass, and the more stable the rock mass.

According to the study, the roof of layered strata of coal
measures is arched, and the failure formula of roadway
surrounding rock according to the Platt pressure-free arch
theory is as follows:

R �
kc · c · H · Bc

100σm

− 1  · h · tan 45∘ −
ϕ
2

 . (1)

In the formula, kc is the stress concentration factor of the
surrounding rock of the roadway, which is 2; c is the average
bulk density of the rock mass, which is 25 kN/m3; H is the
coal seam depth, corresponding to the surface elevation of
+100m, and the coal seam elevation of +510m, then H is
590m; Bc is the mining influence coefficient, which is 0.5; σm
is the uniaxial compressive strength of the roof rock mass,
which is 30MPa; h is the roadway height, which is 2.9m; φ is
the internal friction angle of the coal seam, which is 64°.

,e failure range of the surrounding rock of the inter-
bedded roadway is calculated by using the data. R� 2.61m.

,e maximum loosening range of the roof is b� (a+R)/
fm, where fm is the firmness coefficient of the roof rock layer,
taking 1.9; a is the half-lane width, taking 2.1m. Substituting
the data, it is calculated that the maximum loosening range
of the roof of the coal-rock interlevel roadway is 2.48m.

,e above analysis shows that the direct roof rock layer is
generally mainly affected by the effect of horizontal stress.
,e roof rock layer with relatively low local strength is
damaged due to the stress reaching the limit of failure,
resulting in a wide range of shear displacements or through
fractures, resulting in collapse. ,erefore, in order to ensure
the safety of the roadway and the stability of the surrounding
rock mass, the necessary support is usually required after the
construction of the roadway to limit the continuous de-
velopment of the deformation and damage of the sur-
rounding rock of the roadway, and the stress imposed by the
support on the surface of the roadway surrounding rock
must reach sufficient amount. However, in terms of current
roadway support technology and technical level, the stress
that can be applied to the surrounding rock surface of the
roadway by relying solely on the support method is relatively
small compared to the original rock stress of the deep rock
mass. ,is is the fundamental reason why the traditional
existing support methods are not effective in the sur-
rounding rock of deep roadways, and it is necessary to
change the inherent properties of the surrounding rock by
means of reinforcement. ,at is, the inherent strength of the
surrounding rock (cohesion and internal friction angle) is
increased by means of support and reinforcement, and the
bearing capacity of the surrounding rock is enhanced.

Because the inherent strength of the surrounding rock
belongs to shear properties, this requires that the support
plus solid itself must have a sufficiently high shear strength,
and because of the brittle nature of the surrounding rock

mass, it will fail as long as it undergoes small shear defor-
mation cohesion. ,e supporting structure must have suf-
ficient high shear strength and sufficient toughness to ensure
that the inherent strength of the surrounding rock mass of
the roadway can be significantly improved.

4. Numerical Simulation of Failure of
Roadway between Coal and Rock

In this study, FLAC numerical simulation software was used
for the theoretical calculation to simulate the surrounding
rock failure, such as the supporting effect and stress state of
coal and rock interbedding mining roadway, and theoreti-
cally reveal the deformation and failure law, stress distri-
bution characteristics, and failure area distribution
characteristics of surrounding rock of coal and rock inter-
bedding mining roadway.

4.1. Model Establishment and Parameter Selection. ,e nu-
merical simulation is based on the geological conditions of
the coal seam in the 203 belt roadway. ,e model is 50m in
length, 54m in height, and 30m in width, with 118,200 units
and 124,160 nodes in total, and 30m boundaries are left
around each. ,e numerical simulation calculation model is
shown in Figure 4.

,e constitutive model of numerical simulation is di-
vided into seven layers, and the Moor-Coulomb failure
criterion is selected. ,e physical and mechanical property
parameters of each coal stratum are shown in Table 2.

4.2. Comparative Analysis of Numerical Simulation Results.
As the roadway is constructed along the top and the bottom,
the upper part is No. 2 coal seam with gangue layer, and the
floor strata of the lower seam, the typical coal, and rock
interbedding roadway conditions are formed. In order to
deeply analyze the law of displacement, deformation, and
stress distribution of the roadway and the supporting effect
of the roadway, two cases of original support (original de-
sign) and strengthened support (follow-up design) of the
roadway were, respectively, numerically simulated to pro-
vide a reference for the subsequent surrounding rock sup-
port control optimization of the roadway.

4.2.1. Analysis of Maximum Principal Stress. ,e cloud di-
agrams of the maximum principal stress distribution for nu-
merical simulation under two different support conditions are
shown in Figure 5. It can be seen from the figure that a low-
stress area appears within a certain range around the excavation
of the roadway, especially a large range of low-stress areas (or
even a tensile stress area) in the floor of the two sides of the
roadway.,e tensile strength of the body is much smaller than
the compressive strength, so the coal-rockmass in this area was
considered to be seriously damaged. At the same time, it is
worth noting that within a certain range of the roof of the
roadway, a pressure arch that acts on the two sides of the
roadway is formed, which also causes a local high-stress zone
outside the roadway to a certain extent. In addition, it can be
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seen that the roadway support measures have reduced the low-
stress area of the roadway roof to a certain extent and have a
small impact on the low-stress area of the roadway gang, and to
a certain extent, the low-stress area of the roadway floor has
been increased.

4.2.2. Analysis of Deformation of Surrounding Rock of
Roadway. ,e vector diagram of the surrounding rock
deformation of the roadway under two different support
conditions is shown in Figure 6. ,e length of the arrow line
in the figure indicates the magnitude of the displacement
vector at that point, and the direction of the arrow indicates
the vector direction of the point displacement. It can be seen
from the figure that after the roadway is excavated, the two
sides of the roadway have the largest continuous defor-
mation of the coal and rock mass, followed by the roadway
floor, and the continuous deformation of the roadway roof is
relatively small. ,e reason for this analysis is that due to the
hard lithology of the roof of the roadway, a pressure-bearing
arch structure is formed above the roadway (the existence of
the pressure arch can be seen from the above maximum

principal stress cloud diagram), so the absolute deformation
of the roof is not large.

4.2.3. Analysis on the Law of Roof Subsidence of Roadway.
See Figure 7 for the cloud subsidence of the roof of the
roadway under two different support conditions, and see
Figure 8 for the graph of roof subsidence and reduction rate.
It can be seen that the subsidence curve of the roof of the
roadway after the excavation of the roadway has an in-
flection point at the roof of 4m, and the subsidence of the
roof of the roadway within 4m is significantly greater than
that of the roof above 4m. Strengthened support compared
with the original support scheme, the original support is not
as effective as strengthening support in reducing the roof
subsidence rate within 2.5m, and the original support is
more powerful than the supporting roof when the rock layer
is 2.5m away. ,e sink reduction rate is large.

4.2.4. Analysis of the Distribution Law of the Surrounding
Rock Elastoplastic Zone. ,e distribution of the elastoplastic
zone of the surrounding rock of the roadway under two

Roof

Roadway

Floor

Coal

(a)

Bolts

2900m2800m

4400mm

(b)

Figure 4: Numerical simulation calculation model: (a) model structure and (b) bolting parameter.

Table 2: Parameters of physical and mechanical properties of various coal and rock layers.

Model level ,ickness Density Adhesion Friction angle Bulk modulus Shear modulus Tensile strength
(m) (kg/m−3) (MPa) (°) (GPa) (GPa) (MPa)

Sandstone 20 2500 16 36 16.3 13.5 2
Fine sandstone 5 2700 14 34 17.6 14.1 1.86
Direct top mudstone 4 2000 2 32 5.8 2.96 0.83
No. 2 coalbed 2 1400 0.35 18 1.15 0.33 0.15
Direct bottom mudstone 2 2000 0.86 28 3.8 1.96 0.45
No. 3 coalbed 1 1400 0.35 18 1.15 0.33 0.15
Sandstone 20 2500 16 36 16.3 13.5 2.2
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different support conditions is shown in Figure 9, where
different colors indicate different plastic states (such as
tensile plastic zone and shear plastic zone). It can be seen
from the figure that after the excavation of the roadway, a
large plastic area appears in the two corners of the roadway
and a certain range of the roof, and the plastic area of the
roof is arched.,is is the same as the support pressure above
the roof of the roadway obtained from the above-mentioned
main stress distribution cloud diagram. Arch simulation
wants to fit. ,is is also consistent with the lithological
characteristics of the roof of the roadway mentioned above,
but the brittleness of the roof due to the characteristics of the
roof results in the local deformation of the roof under the

condition of a small amount of deformation, so that the
entire large area of the pressure arch occurs.

4.3. Analysis of Surrounding Rock Failure Characteristics
Revealed by Numerical Simulation. Compared with the rock
strata, the coal seam is the weaker structure of the sur-
rounding rock of the roadway, and its deformation is greater
than that of the rock strata, which is also the reason for the
large deformation of the coal body at the roadway side.
Figure 10 shows the comparison of deformation distribution
of different media in surrounding rock of interbedded
roadway. For the interbedding coal and rock mining
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Figure 5: Cloud diagram of maximum principal stress distribution in numerical simulation: (a) original support and (b) reinforced support.
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Figure 6: Vector diagram of deformation of surrounding rock: (a) original support and (b) reinforced support.
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Figure 7: Continued.
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Figure 7: Sinking clouds on the roof under different support conditions: (a) original support and (b) reinforced support.
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Figure 8: Curve of roof subsidence and reduction rate under different support conditions. (a) Graph of roof subsidence and (b) Graph of a
reduction rate of roof subsidence.
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roadway at the 203 working face, different support schemes
can control the deformation of surrounding rock to a certain
extent. Compared with the original support scheme, the
enhanced support has a more obvious control effect on the
deformation of surrounding rock in the roadway to a certain
extent, while the control effect of the shallow near field
surrounding rock is not obvious.

5. Ultrasonic Detection of Coal-Rock Interbed
Roadway Failure

5.1. Technical Principles. According to the rock mechanics
theory, the integrity of the surrounding rock is good, its
compressional wave velocity is high, the surrounding rock
joints and fractures are more or more broken, and its
compressional wave velocity is low. ,erefore, the

characteristic parameters such as wave velocity, amplitude,
and frequency of the ultrasonic longitudinal wave and their
change rules are measured in the underground, so as to
judge the lithology, density, cracks, weak interlayer, and
other states and analyze the range of the loose zone of
roadway surrounding rock.

A probe of a double-receiver transducer is placed in the
borehole, and the transmitting transducer F emits ultrasonic
waves in the borehole, generating gliding waves around the
borehole wall to propagate along the borehole. Receiving
transducers 1 (S1) and 2 (S2) receive the first wave of gliding
wave, respectively. ,erefore, the propagation velocity can
be obtained according to the propagation time from the
transmission to the receipt of the first wave recorded by the
single-chip microcomputer and the fixed propagation dis-
tance between probes according to propagation

©2018 Itasca Consulting Group, Inc.
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Figure 9: Distribution law of surrounding rock elastoplastic zone of the roadway with different support conditions: (a) original support and
(b) reinforced support.
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velocity� propagation distance/propagation time, and then
the boundary of the loose circle can be determined by using
it.,e principle diagram of the ultrasonic crack tester for the
surrounding rock is shown in Figure 11.

5.2. Ultrasonic Scene Detection Scheme

5.2.1. Instrument and Detection Method. ,e drill was
drilled with a CLC1000 tester, with a diameter of 45mm and
a distance of 0.1m between the transmitter and receiver. ,e
drilling hole was tested in time after forming. ,e drilling
hole was rinsed with pressure water before testing and the
coal powder was cleaned. After the tester is connected with
the probe, the probe is sent to the bottom of the hole with a
push rod, and then the pushrod is pulled to record the sound
wave outward at 10 cm for each block until the mouth of the
hole. See Figure 12 for the layout of detection stations for
surrounding rock failure of the roadway.

5.2.2. Arrangement of Measuring Points in Underground
Roadways. Considering the current mining position of the
working face and other influencing factors, the belt roadway
of the 203 working face is selected as the object of under-
ground exploration. ,e position of the detection points for
surrounding rock failure is arranged at a distance of 70m
from the current position of the working face of the belt
roadway. See Figure 13 for the layout plan of the detection
points. A group of boreholes are arranged every 30m for
testing, consisting of 3 groups of measuring points, and 4
boreholes are arranged at each group of measuring points,
which are, respectively, located in the middle of the waistline
on both sides of the roadway and the floor. ,e two sides of
the holes are arranged in the waistline position of the two
sides of the roadway.,e hole depth is 6-7m, the diameter is
45mm, and the bottom of the hole is inclined downward
about 8–10°. ,e empty floor is arranged in the middle of the
roadway floor, perpendicular to the roadway floor, with a
hole depth of 6-7m and a diameter of 45mm. See Figure 14
for the horizontal section of the detection borehole at the
detection point.

5.3. Research on Ultrasonic Field Detection Results. ,e
purpose of underground ultrasonic detection is to find out
the failure range and stress distribution range of

surrounding rock of interbedded roadway. See Figure 15
for ultrasonic detection results of cracks in surrounding
rock of roadway at different leading positions from 203
working face.

,e following can be seen from Figure 15:

(1) ,e wave velocity at the side of the coal pillar at a
distance of 70m from the working face drops sharply
in the range of 0.9m–1.2m in borehole depth, and
the wave velocity decreases from 1085m/s to 900m/
s.,e wave velocity at the side of the coal pillar 100m
from the working face dropped sharply at the depth
of 1.8–2.0m, and the wave velocity dropped from
1148m/s to 970m/s.,ere is no significant change in
the side wave velocity of the coal pillar at a distance
of 130m from the working face

(2) ,e wave velocity of the solid coal side 70m away from
theworking face drops sharply at a drilling depth of 0.9,
and the wave velocity decreases from 1160m/s to
1080m/s; in addition, the range of 5.0–5.9m also
fluctuates violent fluctuations. ,e wave velocity of the
solid coal side 100m away from the working face drops
sharply at a depth of 1.1m, and the wave velocity drops
from 1132m/s to 1115m/s. ,e wave velocity drops
sharply at a depth of 3.1m–3.6m, and the wave velocity
is s dropped to 1088m/s; a sharp drop occurred in the
borehole depth range of 4.2m–4.5m, and the wave
velocity dropped from 1120m/s to 1078m/s. ,ere is
no significant change in the side wave velocity of the
solid coal at a distance of 130m from the working face

(3) From the above analysis, it can be seen that the wave
velocity of the coal pillar side is significantly lower
than that of the solid coal side. ,e stress concen-
tration range of the coal pillar side of the belt lane in
the 203 working face is between 0.9m and 2.0m, the
stress concentration range caused by the solid coal
side is 0.9−1.1m, and the range of 3.1–4.5m on the
side of the solid coal is also obvious

,e schematic diagram of the surrounding rock failure
stress distribution range of the coal-rock interbed roadway
revealed by the detection of the belt lane in 203 working face
is shown in Figure 16. ,e results of stress observation show
that under the condition of the existing support system,
about 0–2m of the surrounding rock failure of the 203 belt
lane is the loosening circle of the surrounding rock, and

Seam deformation curve

Rock formation
deformation curve

Sandwich coal seam

Rock formation

Figure 10: Comparison of deformation distribution of surrounding media in surrounding rock of coal-rock interbed roadway.
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about 2.0–3.1m of the surrounding rock failure of the
laneway is the effect of the anchor to support the impact. In
the region, the range of about 3.1–4.5m destroyed by the
surrounding rock of the roadway is the plastic zone, which is
the influence range of the external stress field revealed by the
foregoing numerical simulation results.

5.4. Analysis of Surrounding Rock Failure Characteristics
Revealed by Ultrasonic Detection. ,rough the ultrasonic
detection of the surrounding rock, the failure characteristics
of surrounding rock revealed by the ultrasonic detection
results of surrounding rock fractures are shown in Figure 17.
,e results show that the coal seam is affected by the internal

S2 S1 F

L1 L2

Transmitting circuit

Display circuitSingle chip machine

Acceptance circuit 1Acceptance circuit 2

Figure 11: Schematic diagram of ultrasonic surrounding rock fracture tester.
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Figure 12: Arrangement of roadway surrounding rock damage detection stations.

20
3 

w
or

ki
ng

 fa
ce

 tr
ac

k 
la

ne
203 working face return air lane

203 working face track lane

Location of measuring points

D
es

ig
n 

sto
p 

lin
e

Tr
an

sp
or

t c
ha

nn
el

Ta
pe

 al
le

y

Ba
ck

 w
in

d 
al

le
y

203 working face tape lane
Shimen haul

Tr
ac

k 
al

le
y

30m 30m 70m

Figure 13: Plan view of measuring point arrangement position.

Advances in Civil Engineering 11



and external stress field, and the failure range is large, with
strong zoning characteristics. From near to far, the coal wall
of the roadway is, respectively, the range of surrounding
rock loose zone, the range of near field fracture under the
control of bolt support, the range of far-field fracture
without the influence of bolt support, and the stress area of
the original rock. In the range of the above several fracture
distribution areas, roadway bolt support can only control the
range of near field fractures, and the development of the
loose circle range is greatly affected by the support prestress,
which is also the key range of bolt support control at present.
In order to control the large deformation of surrounding
rock, it is necessary to control the development of near field
cracks, increase the strength of support, or strengthen the
bearing capacity of the coal seam.

6. Design of Enhanced Support for Coal-Rock
Interlevel Roadway

6.1. Strengthening the 7eoretical Basis of Support.
,rough the above theoretical analysis, numerical simula-
tion, ultrasonic detection, and other methods, it is obtained
that the failure height of the 203 belt lane is 2.48m, 2.5m,
and 2.0m, respectively. ,e maximum value of 2.5m is
taken as the reference value of the surrounding rock failure
support of the 203 belt roadway. Due to the small strength of
the roof and easy destruction of the 203 belt roadway, the
damage range of mudstone roof strata in the roadway is
large, and the roof strata are the key point of the
strengthened support design. ,e original rooftop anchor
rod specifications for Φ 20× 2500mm obviously cannot
satisfy the need for safety and must strengthen the sup-
porting design. See Figure 18 for the schematic diagram of
roof rock instability under the control of original bolt
support.

According to the site conditions, due to the use of the
original design of the original anchor support in the 203 belt
lane, the phenomenon of severe local roof sinking was

brought about, and the mine pressure was more obvious.
According to the characteristics of this type of roof of coal
and rock interbed, a prestressed anchor cable and anchor
rod combined strengthening support scheme is adopted;
that is, on the basis of ordinary anchor rod support, the roof
is reinforced by installing anchor cables along appropriate
sections. ,e mechanism is as follows: (1) the anchor cable
strengthens the roof rock layer farther above into a pe-
ripheral load-bearing arch with a strong bearing capacity,
that is, the “outer bearing arch”; (2) the “outer bearing arch”
can not only maintain its own stability; it also becomes the
foundation for the stability of the balanced arch supported
by the lower anchor support; (3) through a certain spacing,
the anchor cable will make the outer arches along the shape
overlap each other and maintain the rock mass within the
range of “outer bearing arch”. Overall Stability. A schematic
diagram of the strengthening mechanism of the roof rock
layer under the combined support of the anchor cable and
anchor rod is shown in Figure 19.

6.2. Anchor Cable Reinforced Support Design

6.2.1. Anchor Cable Length Design. ,e design length of the
anchor cable should satisfy

L � La + Lb + Lc + L d, (2)

where L is the total length of the anchor cable, m; La is
the anchoring length of the anchor cable to the more stable
rock formation, La≧Kd1fa/4fc, where K is the safety factor;
taking 2, d1 which is the anchor diameter is 17.8mm; fa
which is the anchor tensile strength is 1920N/mm2; fc is the
adhesion strength of anchor cable and anchoring agent, N/
mm2; taking 1. Substitute the data La� 2.56m, Lb is the
thickness of the unstable rock layer to be suspended, 2.5m;
Lc is the thickness of the supporting plate and anchorage,
taking 0.014m; Ld is the exposed tensile length, generally
0.3m; then, the total length of the anchor cable L� 5.1m.

203 working face
advancing direction

Measuring point arrangement,
the distance between adjacent
drilling holes is 5m, and the

drilling depth is 6-7m

Tape
lane

30m

30m

Coal pillar

Goaf

Goaf

(a)

6-7m 6-7m

6-7m

Tape
lane

(b)

Figure 14: Plane section of borehole survey: (a) floor plan and (b) section.
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According to the common specifications of anchor cables,
the 6.0m anchor cable is selected to meet the length
requirements.

6.2.2. Number of Anchor Cables. ,e number of anchor
cables should satisfy

N≥
KW

P
, (3)

where N is the number of anchor cables and K is a safety
factor of 1.2.

Break P is the minimum breaking force of the anchor
cable, taking 355 kN.

W is the dead weight of the suspended rock;
W�B×Ʃh×Ʃc ×D, where B is the lane width 4200mm; D
is the anchor spacing, 2000mm; Ʃh is the hanging rock
thickness, 5.7m; Ʃc is the hanging rock ,e average bulk
density is 12 kN/m3. Substitute the data W� 575 kN.

,en, the number of anchor cables is N� 1.94, and two
rows of anchor cables are arranged reasonably. Figure 20
shows the sectional drawing of the reinforced anchor cable
support design.

7. Strengthening Support Effect Test

On the basis of the foregoing theoretical research results,
combined with the roof and roof features of the 203 belt lane
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Figure 15: Ultrasonic detection results of the surrounding rock cracks in the roadway at different advanced positions from the 203 working
face: (a) coal pillar side and (b) solid coal side.
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Figure 18: Schematic diagram of the instability of roof rock layer under original anchor support.
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in the field, the reinforced support design was carried out
during the construction of the roadway, and the deformation
of the roadway was observed. With the construction of the
working face, an observation point is arranged at an interval
of 50m, and the deformation of the surrounding rock of the
roadway is observed using the cross-point method. ,e
observation period is 6months, once a day for the first two
months, and once a week for the next four months.

Observation results show that the approach distance of the
roof and floor of the belt lane is 5.34mm, which greatly im-
proves the effective support strength of the coal-rock interbed
roadway (compared with the approach distance of the roof and

floor of the roadway which is 56.2mm), which has reached the
expected goal, indicating that by strengthening the support the
scheme significantly improves the effect of controlling the
deformation of surrounding rocks to a certain extent.

8. Conclusion

,rough the research of this paper, the main conclusions are
as follows:

(1) ,e excavation of the roadway disrupts the balance
of the surrounding rock and forms the stress

Outer bearing arch

Inner arch

Figure 19: Schematic diagram of the strengthening mechanism of the roof rock layer under the combined support of the anchor cable and
anchor rod.
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concentration of the surrounding rock of the
roadway. For the surrounding rock of the roadway
with the characteristics of coal-rock interbed, the
horizontal stress in the roof rock layer increases with
the depth of the two groups of surrounding rocks.
Transferring to the deep, there is a destruction of the
top rock formation. Based on the analysis of Platts
pressure-free arch theory, the maximum loosening
range of the roof of the coal-rock interlevel roadway
was obtained, which provided strong support for the
rational design of the support process

(2) ,e failure characteristics of the surrounding rock in
the coal and rock interbedding roadway were ana-
lyzed by using the numerical simulation technology,
and the deformation and failure law, stress distri-
bution characteristics, and failure area distribution
characteristics of the surrounding rock in the coal
and rock interbedding roadway were theoretically
revealed. Although the theory and hypothesis based
on the numerical simulation are limited, and the
simulation results are approximate numerical solu-
tions, the research results can provide important
references for in-depth analysis of the displacement,
deformation, and stress distribution law of the
roadway and the supporting effect of the roadway

(3) ,e ultrasonic detection of the surrounding rock of
the roadway shows that the coal seam is affected by
the internal and external stress fields and has strong
zoning characteristics. ,e damage range and stress
distribution range of the surrounding rock of the
coal-rock interbed roadway are reasonably analyzed
to evaluate the surrounding rock of the roadway

(4) Based on the methods of theoretical analysis, nu-
merical simulation, and ultrasonic detection, the
comprehensive development height of the roof of the
coal-rock interlevel roadway is comprehensively
obtained. Based on this, a reasonable anchor cable
reinforcement support design is carried out, and the
analysis of the anchor cable reinforcement support is
analyzed. Mechanism of Action. After 6months of
mine pressure observation practice, the surrounding
rock of the roadway has reached the expected sta-
bility target, and the enhanced support scheme has
significantly controlled the deformation of the sur-
rounding rock to a certain extent
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In order to explore the mining pressure development rule of gob-side entry retaining during deep thin coal seammining, FLAC3D

numerical simulation is applied to analyze the stress distribution rule of gob-side entry retaining, observing the left third working
face of 49# coal seam in No. 8 mining area of Xinxing Coal Mine as the research object. +e results show that the working face
stress field is asymmetrical which is caused by the reserved roadway and the over goaf. After roadway tunneling, features of
obvious stress redistribution are formed. +e vertical and horizontal stress in the coal seam develop a U-shaped distribution. +e
vertical stress in the roadway is less than that in the lower roadway, and the horizontal stress is half that in the lower roadway. +e
phenomenon of high stress “nucleation” appears and becomes more obvious in the process of working face advancing, and the
nuclear body disappears after working face advanced to the boundary line. With the working surface advancing, the trend of
horizontal stress of gob-side entry retaining decreases gradually and the vertical stress of gob-side entry retaining is less than the
original rock stress.+e research findings provide a basis for the supporting design of gob-side entry retaining in the deep thin coal
seam and the stability control of surrounding rock.

1. Introduction

With the continuous process of coal mining, shallow coal
resources are almost depleted, and mining is gradually
accessing deep mining areas. Under the influence of high
stress, the mechanical characteristics of surrounding rocks
have changed substantially, and the occurrence of ore
pressure induces more serious mine disasters [1]. China’s
thin coal seams are characterized by a diversified occurrence,
large quantity, large distribution area, and large reserves.
According to statistics, thin coal seams of the mining areas
account for 84.2%, and reserves are about 6 billion tons
[2, 3]. +e gob-side entry retaining can maximize the re-
covery of resources and reduce the amount of drivage. +e
problem of surrounding rock control in thin coal mining the
gob-side entry retaining brings severe challenges to coal
mine safety mining; especially, the problem of stable gob-
side entry retaining in Qitaihe thin coal mining area, which
has already entered the process of deep mining, is becoming

increasingly prominent. It is of great significance for coal
and rock stability control to explore the stress distribution of
gob-side entry retaining in deep thin coal seam mining.

Scholars at home and abroad have done a lot of research
on thin coal seam mining and the over goaf roadway re-
tention, and they have achieved a series of successful results.
According to the analysis of the plastic zone, stress distri-
bution, supporting pressure, and deformation law of sur-
rounding rock in thin coal seam mining by applying
numerical simulation method, the finding obtained the ore
pressure law of working face and proposed the supporting
scheme [4–6].+eoretical analysis is adopted to establish the
mechanical deformation model of surrounding rock of thin
coal seam under different geological conditions and to
calculate the law of overburden movement and collapse and
stress distribution [5–8]. Analyzing the support resistance,
stress distribution, and surrounding rock deformation in the
process of advancing the thin working face by on-site ore
pressure monitoring method to evaluate whether the
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existing support system meets the requirements provides a
reference to similar working face support design [2, 9, 10].
Application of gob-side entry retaining technology is
employed to study stress distribution and support scheme in
heading stope [11–14]. However, due to the essential dif-
ferences in the mechanical properties of the shallow and
deep rock mass, there are a few studies on the stress dis-
tribution characteristics and control measures of the gob-
side entry retaining in the thin coal seam. Besides, the
existing studies have not explored the development law of
the ore pressure of gob-side entry retaining in the deep thin
coal seam.

Qitaihe mining area is one of the thin layers of oversize
mine areas, with 0.86m average thickness. At present, the
average depth of three-level mining in the Xinxing Coal
Mine is about 750m. In the mining process, there are many
problems to solve, such as large deformation of surrounding
rocks, difficult roadway maintenance, and poor safety. In
order to ensure the recovery of resources and production
continuity, mining is mainly carried out by keeping the gob-
side entry retaining [15]. Based on this, the author combines
the actual situation of working face in 49# Xinxing Coal
Mine, using FLAC3D numerical simulation of thin coal seam
gob-side entry retaining in the mining process to analyze the
working face stress distribution characteristics. +e research
results have theoretical guiding and reference significance
for the surrounding rock control of deep thin coal seam gob-
side entry retaining in similar working conditions.

2. Project Overview

+e working face adopts the method of longwall coal
mining.+ere are three working faces on the third left of 49#

coal seam in No. 8 mining area of Xinxing Coal Mine. +e
strike of the coal seam gradually changes from N60W to EW
direction.+e dip angle of the coal seam is generally between
7° and 11°.+e strike length is 565m, while the cutting length
is 135m, and the inclined area is 7.63m2. +e thickness of
the coal seam is 0.45∼1.20m and 0.65m on average thick-
ness. It belongs to the coal seam with a complex structure.
+e coal seam contains siltstone from one to six layers, and
the interlayer thickness is generally 0.1∼0.3m. +e left two
pieces are located in the upper part of the left three pieces
and have been stopped, as shown in Figure 1.

3. Numerical Analysis of the Development
Law of Mine Pressure along Gob-Side
Entry Retaining

3.1. Simulation Scheme. Given that the left three working
faces use gob-side entry retaining to mine in Xinxing Coal
Mine, the stress distribution, with stopped area of the left
three working faces is affected by the left two mines the over
goaf and the remaining roadway.+erefore, in order to truly
reflect the stress conditions of the left three working faces
and the roadway, it needs to simulate the tunneling and
mining conditions of the working face in the area around the
left three. According to the idea of treating the over goaf by

FLAC3D, the mechanical parameters of surrounding rocks
are weak to simulate the left two goaves [16].

3.2. Model Establishment. On the basis of the borehole
column chart and test data, the formation is simplified to
address the needs of modeling. +erefore, fully considering
the left three working faces of the over goaf, the stress
distribution of roadway, and stope and its adjacent, the
changes of model size for 450m∗ 200m∗ 96m, selecting the
model left three floors at the bottom right corner to zero, the
width of the mined-out area is 30m and the groove is 5m, in
view of the influence of stress, along the groove extend
outward around 25m for the border. +e whole 3D model is
divided into 11,187 units and 9,000 nodes. +e model is
shown in Figure 2. In order to analyze the stress distribution
in the process of working face propulsion, single propulsion
is applicable as the monitoring line, and the specific location
is shown in Figure 3.

On account of the measured results of in situ stress in 49#
coal seam, the maximum horizontal principal stress
σmax � 31MPa and vertical principal stress σv � 15.89MPa.
With the increase of the buried depth, the constraint force
on the Z direction of the model presents an upward trend.
Assuming that this point is at the floor of the coal seam
roadway and combined with the excavation engineering
plan, the average buried depth of the left three sections is
h� 690m.

+e horizontal principal stress of the model is

σmax � ch ∗ h � 31MPa,

ch � 3.1e
4
N/m3

.
(1)

So,

σh1 � σh − ch ∗ h0 � 19.79MPa,

σh2 � σh + ch ∗ h0 � 25.37MPa.
(2)

In light of the distribution of roof strata and rock density,
the vertical stress on the roof surface of the model is

σv1 � σv − ρ2h2g − ρ3h3g − ρ4h4g − ρ5h5g − ρ6h6g � 11.77MPa.

(3)

+e front and rear boundaries of the model are fixed
displacement constraints, and the left and right boundary
conditions of the model are shown in Figure 4.

3.3. Calculated Parameters. Given the determination
method of physical and mechanical properties of coal and
rock, the coal and rock samples obtained in the field are
processed and tested in the laboratory. Uniaxial com-
pression deformation test, variable angle shear test, Bra-
zilian splitting tensile test, and block density test are carried
out, respectively. +e experimental results are shown in
Table 1, measured on the elastic modulus and shear
modulus. +e Mohr–Coulomb constitutive model is used
for coal and rock mass.
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4. Simulation Results and Analysis

+e stress concentration area is divided into vertical stress
concentration area and horizontal stress concentration area.
When excavation is carried out in the stratum, the surrounding
rock stress is redistributed, continuously transferred to the
interior, and the middle part of the working face presents the
phenomenon of stress concentration. +e vertical stress con-
centration occurs at the two sides of the surrounding rock,
while the horizontal stress concentration occurs at the top and
bottom of the surrounding rock. +is paper aims at analyzing
the stress distribution of the left three pieces of the gob-side
entry retaining driving face and studying the stress distribution
characteristics in the process of the gob-side entry retaining to
driving face and driving face.

By analyzing the stress distribution of the roadway
driving model on the left three sections of the gob-side entry
retaining (see Figures 5 and 6), it can be seen that the vertical
stress concentration area of the coal seam is near the roof of
the coal seam, and the horizontal stress concentration area of
the coal seam is at the two sides of the upper and lower
roadway. +erefore, in the following concentrated-area
study, the vertical stress concentration adapts the roof along
the coal seam trending roadway as the main research object,
while the horizontal stress concentration regards the central
plane of the coal seam as the main research object.

Numerical simulation is carried out for the tunneling
and stopping process of the left three blocks of the gob-side
entry retaining; furthermore, it obtains the stress cloud chart
and stress distribution curve. Due to roadway tunneling, the
surrounding rock stress will be redistributed. In spite of the
quite small influence of thin coal seam tunneling on stress
redistribution, the stress concentration zone is still formed in
the middle of the coal seam. +e residual roadway and the
over goaf have a certain impact on the stress distribution,
resulting in stress asymmetry.

4.1. Analysis of Stress Distribution in the Over Goaf Roadway

4.1.1. Vertical Stress Concentration Area Distribution.
Figure 7 shows that the vertical stress and the lower roadway
stress in the middle of the coal seam are relatively large, and

the maximum stress near the middle of the coal seam is
19.2MPa. +is is because, after the mining of the left two
working faces, the remaining roadway in the left three
working faces is adjacent to the over goaf, the surrounding
rock stress has been released, and the pressure is low and
uniform around the remaining roadway. +e crossheading
tunneling in the coal seam results in the redistribution of
surrounding rock stress at the mining area boundary, the
mine pressure transfers to the solid coal side, and the in-
ternal abutment pressure increases obviously. +e farther
the distance from the over goaf, the less the stress is affected
by the over goaf, and the stress in stope increases gradually.
Since the left second stope faces have been stopped and the
roof strata collapse is basically stable, there is little influence
on the left third stope roadway and the stope face, and the
relatively large stress concentration is at the whole stope of
the left third faces. +e vertical stress, which is extracted
from the monitoring line in Figure 8, is consistent with the
trend of cloud Figure 7, showing a feature of high in the
middle and low on both sides, and the roadway pressure in
the retention roadway is less than the vertical stress in the
lower roadway.

4.1.2. Horizontal Stress Concentration Area Distribution.
It can be seen from Figure 9 that horizontal stress con-
centration occurs in the middle of the coal seam, with the
maximum value reaching 17.8MPa. +e horizontal stress is
small in the whole length of the remaining roadway, and the
end surface stress of the lower roadway is relatively large.
Due to the effect of the left second goaf, the horizontal stress
of the upper roadway has a large influent range. It extends to
the interior of the coal seam, greatly increasing the con-
centration degree of horizontal stress, resulting in a rapid
increase of horizontal stress, and the stress is the largest in
the middle position. After roadway excavation, the hori-
zontal stress of roof and floor in roadway increases sharply
within a certain range, which is not conducive to the stability
of surrounding rock. +e horizontal stress is very high in the
middle of the coal seam, and the concentration coefficient is
very high, which easily leads to roof caving and floor uplift,
and may induce rock burst disaster. Figure 10 presents the
horizontal stress on the monitoring line. +e horizontal
stress in the coal seam presents an obvious “U” shaped
distribution, with good symmetry on both sides, indicating
the influence of the left second goaf area adjusted by the
trough. +e obvious difference between the two sides of the
tunnel is mainly due to the impact of the left second goaf,
which causes the horizontal pressure of the remaining
roadway being half that of the lower side roadway.

4.2. 6e Stress Concentration Area Distribution during
Working Face Propulsion

4.2.1. Vertical Stress Concentration Area Distribution.
Figure 11 demonstrates that, with the working faces ad-
vancing, the maximum vertical stress of the roof of the coal
seam firstly increases and then decreases, with the working
face advancing to 200–300m, the maximum value is

Figure 1: Roadway layout of the left third working face in the No. 8
mining area of 49 coal seams in Xinxing Coal Mine.
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20.05MPa, and the stress concentration coefficient is 1.20.
When the working face is advanced to 400m, the stress field
is small and balanced in front of the working face. With the
advance of the working face, the phenomenon of “nucle-
ation” with high stress appearing on the working face be-
comes more growingly obvious, and the nuclear body
disappeared after the working face is forward to the
boundary line. Stress relief should be focused on the nuclear
zone to prevent damage. Under the influence of the left
second goaf, the average stress of the retaining roadway is
less than the average stress of the lower roadway and less
than the stress of the original rock, and the position of the

upper and lower roadway is relatively stable, which is
conducive to the stability of the roadway and the prevention
and control of rock burst. Figure 12 illustrates the vertical
stress change curve of the monitoring line in the process of
working face propulsion, and the analysis shows that the
stress concentration in themiddle of the coal seam is obvious
during the initial propulsion with the maximum value
around 19MPa. In pace with the continuous release of the
propulsive stress, the stress concentration becomes weaker.
When the working face is advanced to 400m, the vertical
stress is around 17MPa, which is close to the original rock
stress. +e inner part of the working face should pay at-
tention to the initial pressure relief inside the coal body;
especially, the stress nucleation area should be monitored.

4.2.2. Horizontal Stress Concentration Area Distribution.
+e horizontal stress distribution is promoted to the left
three working faces, as shown in Figure 13. It shows that
the horizontal stress is mainly concentrated in the middle
of the coal seam. As the working face advancing, the stress
concentration becomes increasingly greater. +e working
face advances to 100m and the maximum horizontal stress
reaches 17.3MPa. +e working face advances to 200m,
and the maximum horizontal stress reaches 17.8MPa. +e
working face advances to 300m and the maximum stress
level reaches 17.9MPa. +e working face advances to
400m and the horizontal maximum stress reaches
18.8MPa. +e horizontal stress of the upper and lower
roadway is smaller than that of the original rock, the
pressure of the gob-side entry retaining presents a trend of
a gradual decline, and the floor pressure of the roadway is
small. +e pressure range and value of the upper roadway
remain stable, and the pressure range of the upper
roadway floor area gradually decreases, but the phe-
nomenon of stress concentration appears obviously.
Figure 14 shows the relationship between the monitoring
line and the horizontal stress. According to the curve
variation law, the horizontal stress in the middle reaches

The lithology Thickness (m)

Fine sandstone 11.0

Medium sandstone 6.5

8.0

5.0

0.65

3.5

2.4

Medium sandstone

Medium sandstone

Middle–fine
sandstone

Coal

Coal

49

Coarse sandstone

Figure 2: FLAC3D model of the third left mining face.

Longitudinal stress monitoring line

Zone
Colorby: group any

Figure 3: Monitoring lines of the third left mining face.

σv1

σh1

σh2

σh1

σh2

Figure 4: Boundary conditions of the model.
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about 9MPa and presents a V-shaped distribution on both
sides along the middle, and the pressure dropped in the
gob-side entry retaining is greater than that of the other
side roadway. +e outside of the roadway presents the
characteristics of two poles. Because the outside of the
gob-side entry retaining is a goaf, the horizontal stress is
less than 2MPa. +e stress outside the lower roadway
increases sharply, reaching about 12MPa. In summary,
the pressure relief in the middle of the coal seam should be
absorbed in ensuring the safety and stability in the mining
process of the working face, and the floor of the lower
roadway should be reinforced to prevent the occurrence of

floor heave.+e upper and lower sides of the roadway have
low and stable pressure, which means safe and stable in the
mining process.

Table 1: Basically physical and mechanical parameters.

+e lithology Volume modulus
(GPa)

Shear modulus
(GPa)

Cohesive force
(MPa)

Tensile strength
(MPa)

Within the angle of
wipe (°)

Density
(kg/m3)

1 Pulverous
sandstone 6.53 3.92 16 2.6 42 2690

2 Coal seam 1.94 1.46 3 1.2 35 1400

3 Pulverous
sandstone 11.0 6.60 15 2.7 38 2697

4 Medium
sandstone 2.60 1.56 8 2.9 37 2688

5 Coarse sandstone 3.53 2.12 10 1.7 42 2741

6 Medium
sandstone 2.60 1.56 13 2.9 48 2665

7 Fine sandstone 10.49 6.30 15 2.6 55 2690

8 Pulverous
sandstone 6.53 3.92 16 2.6 42 2690

9 Goaf 0.5 0.3 0.1 0.1 35 2600

Upper and down crossheading

Figure 5: Model vertical stress cloud diagram.

Upper and down crossheading

Figure 6: Model horizontal stress cloud diagram.
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Figure 7:+e vertical stress cloud diagram of the third left working
face.
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Figure 8: +e vertical stress of monitoring points in the third left
working face.
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Figure 9: +e horizontal stress cloud diagram of the third left working face.
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Figure 10: +e horizontal stress of monitoring points in the third left working face.
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Figure 11: Continued.
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Figure 11: Advanced vertical stress cloud diagram of the third left working face. (a)+e working face is advanced by 100m. (b)+e working
face is advanced by 200m. (c) +e working face is advanced by 300m. (d) +e working face is advanced by 400m.

–1.8

–1.7

–1.4

–1.6

–1.5

–1.3

Working force advance 100m
Working force advance 200m
Working force advance 300m
Working force advance 400m

50 100
Distance (m)

150 2000
–2.0

–1.9

σ z
z (

M
Pa

)

Figure 12: +e vertical stress of monitoring points in the third left working face.
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Figure 13: Continued.
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5. Conclusion

By simulating the working face gob-side entry retaining of
the left third working face of 49# coal seam in No. 8 mining
area of Xinxing Coal Mine, the stress of remaining roadway
is less than the vertical stress of lower roadway. +e hori-
zontal stress in the coal seam embodies an obvious “U”
shaped distribution, with good symmetry on both sides. +e
horizontal stress in the remaining roadway is half that in the
lower roadway.+e phenomenon of high stress “nucleation”
appears and becomes more progressively obvious in the
process of working face advancing, and the nuclear body
disappears after working face advancing to the boundary
line. +e average vertical stress of the remaining roadway is
less than the original rock stress, and the horizontal stress of

the gob-side entry retaining presents a trend of gradual
decrease. Corresponding pressure relief measures and ac-
tions should be taken to prevent the occurrence of disasters
in the stress concentration area of deep thin coal seam
during gob-side entry retaining driving and mining.
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In order to study the mechanism of excavation and supporting process of equivalent circular roadway, the model of soft roadway
was established firstly..e elastoplastic solutions in excavation process were deduced based on Drucker-Prager strength criterion.
.en, the elastoplastic solution under supporting condition was obtained based on homogenization method under the condition
of rockbolts and liner supporting. Lastly, an example was analyzed to study the effect of different factors such as “space effect,”
supporting opportunity, stresses, surrounding displacement, and the radius of plastic zone. Based on theoretical research case, the
change rules of considering the “space effect” and the supporting opportunity when calculating the subarea of the roadway were
discussed, the control of interval distance of rockbolts on the displacement of surrounding rock mainly reflecting in the plastic
residual zone and the “space effect” in excavation, and the supporting time to control the displacement of surrounding rock not
being ignored are revealed. .e results can provide an important theoretical basis for the stability evaluation and quantitative
support design of roadway surrounding rock. .erefore, the “space effect” and the supporting time to control the displacement
and stresses of surrounding rock can not being ignored in underground engineering.

1. Introduction

Coal has long been the main energy source in China [1, 2]. In
view of the exhaustion of shallow resources in recent years,
the resource exploitation and space development gradually
have been transferred to the deep earth [3, 4]. .e complex
mechanical environment of “three heights and one distur-
bance” in deep coal and rock body leads to many problems
and challenges in deep mining [5, 6]. .ey lead to the
strength degradation of rock mass, which affects the stability
of underground engineering [7]. .e development and es-
tablishment of new theories and methods are the theoretical

basis of surrounding rock control in deep underground
engineering, which is of great significance to guide the
surrounding rock control technology and engineering
practice of kilometer deep roadway.

.e stress and plastic zone distribution state of sur-
rounding rock of deep roadway is an important basis for
evaluating the stability of surrounding rock and the reli-
ability of quantitative support design. In the past, many
researchers [8–13] have done research on circular tunnel
problems in an elastoplastic, elasto-brittle-plastic, and
strain-softening way. Generally, the Mohr–Coulomb crite-
ria, Hoek–Brown criteria, and generalized Hoek–Brown
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criteria are employed as associated and nonassociated po-
tential flow laws. On this basis, the surrounding rock stress
and deformation distribution is analyzed by ideal elasto-
plastic and elasto-brittle-plastic mechanical models. How-
ever, engineering practices show that, applying to the
different strength criteria, the stress state and plastic zone of
the surrounding rock are different. .erefore, choosing the
appropriate strength criterion canmake themechanical state
of surrounding rock closer to engineering practice. What is
more, the elastic-plastic solution of surrounding rock under
supporting condition could be obtained, and the defor-
mation of surrounding rock may be too large in the process
of soft rock roadway excavation, which affects the safety of
chamber construction seriously.

At present, the supporting theory of surrounding rock
after excavation has become mature, and many scholars
have done a lot of research in this respect [14–20]. Al-
though the elastic-plastic solution of surrounding rock
under supporting condition is obtained, the deformation of
surrounding rock may be too large in the process of soft
rock chamber excavation, which affects the safety of
roadway construction seriously. So, the supporting time
should be considered, and it should be considered earlier
than before. In summary, it is urgent to develop the the-
oretical study of supporting time in the process of roadway
excavation. Due to the traditional elastic-plastic analysis of
the roadway based on two-dimensional plane strain,
considering the “space effect” can analyze the stress, dis-
placement, and other analytical changes caused by three-
dimensional excavation of the roadway. Both theory and
practice have shown that, after roadway excavation, most of
the rock mass is still in the state of three directions. In
addition to the maximum and minimum principal stress,
the magnitude of intermediate principal stress also has an
important effect on the deformation and failure of roadway
surrounding rock.

Based on the Drucker–Prager (D-P) strength criterion
and noncorrelation flow rule, this paper analyzes the fact
that brittle fracture zone exists obviously in deep roadway.
.e closed analytical solutions of stress field, displacement
field, and plastic zone radius of roadway are derived. .e
influence of different parameters on the stress, deforma-
tion, and plastic zone radius of surrounding rock is studied.
.e results can provide important theoretical basis for the
stability evaluation and support design of surrounding
rock.

2. Theoretical Model

In the process of excavation, the excavation surface of
roadway is within a certain range, and the development of
elastoplastic deformation and stress redistribution of sur-
rounding rock are restricted by its own constraints, which
leads to the fact that the deformation of surrounding rock
cannot be fully released. Stress redistribution cannot be
completed quickly, called excavation “space effect .” Con-
sidering the “space effect” of excavation, the timely support
of roadway has theoretical basis. With the advance of ex-
cavation facing forward, the virtual support force is

gradually released with the secondary deformation of sur-
rounding rock, while the pretightening force of the actual
support of roadway increases gradually, and the stability of
surrounding rock is maintained.

According to the failure characteristics of the sur-
rounding rock of the roadway, the zoning of the surrounding
rock of the circular roadway is shown in Figure 1 and the
following assumptions are made:

(1) .e roadway is considered to be infinite long, and the
rock mass is isotropic approximately and homoge-
neous continuous medium;

(2) .e section of roadway is circular, and the radius of
the roadway is R0, and the radii of residual plastic
zone, softening plastic zone, and elastic zone are Rr,
Rs and Re;

(3) Before excavation, the surrounding rock of roadway is
in the hydrostatic pressure field; that is, the original
rock stress is σ0,MPa. And supporting lining structure
provides supporting resistance pi. σr, σθ are defined by
the radial stress and the circumferential stress of the
roadway, respectively, and σθ> σr are satisfied. εθ, εr
are defined by the radial and circumferential strain of
the surrounding rock, respectively. In the following
upper corner marks, “e”, “s” and “r” denote the
amount of elastic zone, plastic softening zone, and
plastic residual zone, respectively.

3.Drucker–Prager Strength Criterion

At present, the Drucker–Prager strength criterion has been
applied to lots of finite element numerical modeling soft-
ware; meanwhile, Drucker–Prager criterion is a linear ex-
pression of the generalizedMises criterion. .e effects of the
intermediate principal stress and the hydrostatic pressure on
the yield characteristics of rock materials are considered.
Hence, theDrucker–Prager criterion is adopted in this paper,
and its form is given in the following equation [21]:

f I1,
��
J2


(  �

��
J2


− βI1 − kf � 0, (1)

where I1 is the first stress invariant, and J2 is the second stress
deviation invariant.

Regarding the values of β and kf, it is usually to associate
the D-P criterion with the M-C criterion, that is, to think
that the D-P criterion is a smooth approximate treatment
method for the M-C criterion to remove angular points (also
singular points) on the π plane, because the D-P criterion is a
circle on the π plane..e characteristics of tensile resistance,
different compressive strength, and the effect of the inter-
mediate principal stress on the material need to be con-
sidered since the coal and rock mass are a strength
differential (SD) material [22–27] with different compressive
properties, and the elastic core zone is in a triaxial stress
state.

If σ1, σ2 and σ3 are assumed to be maximum principal
stress, intermediate principal stress, and minimum principal
stress, and then the specific expressions of I1 and J2 are,
respectively,
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I1 � σ1 + σ2 + σ3, (2a)

J2 �
σ1 − σ2( 

2
+ σ1 − σ3( 

2
+ σ2 − σ3( 

2

6
. (2b)

To simplify the selection of the parameters in the
Drucker–Prager criterion, the converted relationship be-
tween β, kf, the internal frictional angle (φ), and the cohesion
(c) in the Mohr–Coulomb criterion with the plane strain
assumption is provided in equation (3).

kf �

�
3

√
c cosφ

��������

3 + sin2 φ
 , (3a)

β �
sinφ

���������

9 + 3 sin2 φ
 . (3b)

In practical engineering, the intermediate principal
stress coefficient m is often introduced to indicate the re-
lationship between the three principal stresses:

m �
σ2 − σ3( 

σ1 − σ3( 
, (4)

where 0≤m≤ 1, and the greater the m, the greater the effect
of the intermediate principal stress, and the smaller the
effect.

Equation (4) is simplified, then substituting in equations
(2a) and (2b),

I1 � (1 + m)σ1 +(2 − m)σ3, (5a)

��
J2


�

����������

m
2

− m + 1
3



σ1 − σ3(  � λm σ1 − σ3( , (5b)

where λm �
�������������
(m2 − m + 1)/3


.

By substituting equations (5a), (5b) into equation (1), the
expression of D-P criterion including to the parameters m,
λm, β, kf is derived:

f � λm − mβ − β( σ1 − λm − mβ + 2β( σ3 − kf � 0. (6)

3.1. Initial Bearing Capacity. Elastic-plastic problem of
surrounding rock of roadway can be regarded as plane strain
problem. When the support resistance and original rock
stress meet the pi< σ0, it is generally considered that the
stress state of surrounding rock satisfies the following
relationship:

σ1 � σθ,

σ3 � σr.
 (7)

According to the finite element simulation results, it is
pointed out that, due to the influence of “space effect” on the
working surface of roadway, the released load acting on the
roadway excavation section will not immediately reach the
initial in situ stress state but has a time course. .e release
load varies with time,

p0(t) � p0 1 − 0.7e
− 3.15V/2R0( )t

 , (8)

where R0 is the radius of circular roadway, m; V is the
average speed of roadway excavation, m/d; t is the starting
time of the moment of excavation from section. .e default
value in this paper t� 1 d, so different roadway velocities
represent different distances between section and excavation
surface.

.e expression of “virtual support resistance” of “space
effect” roadway is

p
∗
i � p0 − p0(t) � 0.7p0e

− 3.15V/2R0( )t
. (9)

At this point, the bearing capacity pc of the initial support
can be expressed as

pc � p
∗
i + pi. (10)

3.2. Plastic Flow Equation (Definition of Dilatancy
Coefficient). Considering the dilatation of rock mass in
plastic softening zone and plastic residual zone, the rela-
tionship between dilatancy coefficient and strain is shown in
Figure 2.

.e dilatation of rock mass in plastic softening zone and
plastic residual zone is considered.

Δεs
r + η1Δε

s
θ � 0. (11)

where η1 is the dilatancy coefficient of plastic softening zone,
and its value is greater than 1.

.e plastic deformation of rock is nonlinear and gen-
erally satisfies the noncorrelated flow rule, which can be
determined by the plastic potential function (φ). .e yield
function (f ) and φ have the same expression form. .e
internal friction angle (φ) in f can be transformed into the

σ0

σ0

σ0

σ0

Re

Rs

Rr

pi

R0

Elastic zone

Plastic softening zone
Plastic residual zone

Figure 1: Elastoplastic deformation zones of surrounding rock
around circular roadway.
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shear dilatancy angle ψ. .e expression of plastic potential
function is

ϕ � σθ, σr(  � σθ − Ai,ψσr, (12)

where Ai,ψ is the rock material parameter.
According to the plastic potential theory,

dεp
ij � dλ zϕ/zσ ij , (13)

where dεp
ij, σij are the plastic strain increment and stress

tensor, respectively; dλ is a constant related to the plastic
potential function.

According to the nonassociated flow rule of dilatation of
rock mass in the plastic residual zone, we have

Δεr
r + η2Δε

r
θ � 0, (14)

where Δεr
r, Δεr

θ are the radial and circumferential strain
increments in the plastic residual zone, respectively; η2 is the
dilatancy coefficient in the plastic residual zone, and its
range is 1.3–1.5 generally.

4. Elastoplastic Analysis of Surrounding
Rock before Supporting Roadways

4.1. Basic Equation. According to the elastoplastic theory,
the surrounding rock satisfies the equilibrium equation:

dσr

dr
+

σr − σθ( 

r
� 0. (15)

Geometric equation:

εr �
du

dr
,

εθ �
u

r
,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(16)

where u is the radial displacement of the surrounding rock.
Constitutive equations satisfying the plane strain are

shown:

εr �
1 − μ2

E
σr −

1 − μ
μ

σθ ,

εθ �
1 − μ2

E
σθ −

1 − μ
μ

σr .

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(17)

4.2. Stresses and Displacement in Elastic Zone. When con-
sidering the “space effect,” the stresses of elastic zone are

σe
θ � p0 1 + r

2
0/r

2
  −

pc(t)r
2
0

r
2 ,

σe
r � p0 1 − r

2
0/r

2
  +

pc(t)r
2
0

r
2 .

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(18)

Radial displacement is

u
e

�
(1 + μ)r

E
p0(1 − 2μ) + p(t)

r0
r

 
2

 , (19)

where μ is Poisson’s ratio of rock mass.

4.3. Stress and Displacement in Plastic Softening Zone.
.e total strains in plastic softening zone consist of elastic
strain and plastic strain. .e strains in plastic softening zone
are

εr � εs
r( r�Rs

+ Δεs
r,

εθ � εs
θ( r�Rs

+ Δεs
θ.

⎧⎨

⎩ (20)

.e compatible equation of displacement in plastic
softening zone can be obtained from eqs. (20), (16), and (14),
and the displacement at the boundary condition r�Rs can be
obtained continuously.

u
s

�
Rs

1 + η1(  1 + η2( 
η2 − 1( I + η2 + η1( G 

Rs

r
 

n2

+
r

1 + η1(  1 + η2( 
2I + 1 − η1( G ,

(21)

where G � (2(1 + u)(p0 − pc)/E)(r0/Re)
2(Rs/r)1+η1 , I �

(1 + u/E)[p0(1 − 2u)(1 + η1) + p(t)(r0/Re)
2(η1 − 1)].

.e radial stresses are derived by connecting eq. (15)
when r�Rs,

σs
r � Q

r

Re

 

k− 1

−
σm

c − σ∗c
1 − Re/Rs( 

1+η2

1
1 − k

+
1

η2 + k

Rs

r
 

1+η2
 

+
σm

c

1 − k
,

(22)

σs
θ � kσs

r + σs
c, (23)

where Q � (r/Re)
k− 1[p0 − p(t)(r/Re)

2 +(D/η1 +k) − (σm
c −

D(Re/Rs)
1+η1 /1 − k)] − ((η1 +1)D/(η1 +k)(1 − k))(Re/Rs)

1+η1

+((σm
c − σr

c)/1 − (Re/Rs)
1+η2)(1+η2/(η2 +k)(1 − k)), σs

c � σm
c

− ([1 − (Rs/r)1+η2](σm
c − σr

c)/1 − (Rs/Rr)
1+η2), D � (2(σm

c − σc)

p(t)(r0 / Re)
2 /p0(1 − 2μ)η1 + p(t)(r0 /Re)

2[η1 − 2 + 2(Re/
Rs)

1+η1]). φ is the internal friction angle of rock mass. σc, σm
c ,

and σr
c are the yield strength, peak strength, and residual

strength of rock mass, respectively.

εr

εrθ

εsθ

εθ

εsr εrr

η1

η2

Figure 2: .e strain model of soft rock [28].
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4.4. Stress and Displacement in Plastic Residual Zone. .e
strains in plastic residual zone are

εr � εp
r( r�Rr

+ Δεr
r,

εθ � εp

θ 
r�Rr

+ Δεr
θ.

⎧⎪⎨

⎪⎩
(24)

.e displacement solution process is consistent with the
plastic softening zone, and the differential equation can be
obtained:

du

dr
+ η2

u

r
� A, (25)

where A�M − Np∗i , M � [((1 + μ)(1 + ξ2)(1 − 2μ)/E) +

1]p0, N � ((1 + μ) (1 + ξ2)(r0/Rr)[(ξ1 − 1) + (2(ξ2 − ξ1)/
1 + ξ2)(Rs/ Rr)

(1+ξ1)]/E + (1 + ξ1)).
.e compatible equation of displacement in this zone

can be obtained from eqs. (25), (15), and (13), and the
displacement at the boundary condition r�Rr can be ob-
tained continuously.

u
r

� r
A

1 + η2
+
2(1 + μ) p0 − pc(  r0/Rs( 

2
Rs/Rr( 

1+η1 Rr/r( 
1+η2

E 1 + η2( 
⎡⎢⎣ ⎤⎥⎦.

(26)

.e radial stresses can be obtained by combining eq (15)
when r�Rr,

σr
r � Q

Rr

Re

 

k− 1

−
σm

c − σb
c

1 − Re/Rs( 
1+η2

1
1 − k

+
1

η2 + k

Rs

Rr

 

1+η2
⎡⎣ ⎤⎦

⎧⎨

⎩

+
σm

c − σb
c

1 − k

⎫⎬

⎭ ·
r

Rr

 

k− 1

+
σr

c

1 − k
,

(27)

σrθ � kσrr + σr
c. (28)

4.5. Plastic Softening Zone and Plastic Residual Zone. At the
boundary of the plastic softening zone and the plastic re-
sidual zone (i.e., r�Rr), the strength parameter of plastic
softening zone softens to the residual strength value. So the
ratio of radius of plastic residual zone to radius of plastic
softening zone is

Rs

Rr

�
c0 − cr + J

J

Rs

r0
 

2
⎡⎣ ⎤⎦

1/1+η1( )

,

J �
2F(1 + μ) p0 − pc( 

E 1 + η1( 
.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(29)

At the boundary of the elastic zone and the plastic
softening zone (i.e., r�Rs), the radius of the plastic softening
zone can be obtained:

Rs � r0

���������������

p0 − pc(  1 + kφ 

kφ − 1 p0 + σc




. (30)

.e radius of the plastic residual zone can be obtained by
combining eqs. (29) and. (30):

Rr � r0

���������������

p0 − pc(  1 + kφ 

kφ − 1 p0 + σc




J

c0 − cr + J

r0

Rs

 

2
⎡⎣ ⎤⎦

1/1+η1( )

.

(31)

5. Coupling Effect between Supporting
Structures and Surrounding Rock

Assuming that the bolts and liners of the supporting
structure are contacting with the surrounding rock closely,
the coupling between the bolt and the surrounding rock is
considered as a composite bearing body, and the time dif-
ference between bolts and liners is 0 approximately. In
addition, considering the timeliness of concrete strength
hardening, rockbolts and liners bear the load of surrounding
rock together.

5.1. Equivalent Material Parameters under Coupling Effect of
Surrounding Rock and Rockbolts. Because of the supporting
force between rockbolts and surrounding rock acting on the
surrounding rock in the form of equivalent volume force, the
stresses and the displacement of plastic softening zone
change nonlinearly. When the rockbolt anchoring acts on
these two sections, it is more complicated to solve the
stresses and displacement of surrounding rock.

According to reference [29], using homogenization
method, bolts are uniformly arranged. Bolts and sur-
rounding rock are regarded as equivalent materials, and its
elastic modulus expression is as follows

E
∗

�
Ebπrb

2
+ E f1f2 − πrb

2
 

f1f2
, (32)

where Eb is the elastic modulus of bolt; rb is the diameter of
bolt; E is the elastic modulus of surrounding rock; f1 is the
row spacing of bolt, f2 is the hoop spacing of bolt.

When the plastic zone is formed after the excavation of
the surrounding rock, the internal friction angle changes to
be smaller than that of the elastic zone. When the bolt is
applied in the plastic zone, the internal friction angle will be
close to the elastic zone. According to reference [30], the
equivalent material cohesive force of bolt pretightening force
should be considered, and the equivalent material cohesive
force is

c
∗

� ci + cj + ct. (33)

where ci is the cohesion of each zone, and the cohesion of the
elastic zone, the plastic softening zone, and the plastic re-
sidual zone is c0, cs and cr, respectively; cj is the cohesion
force of the rockbolt andcj � σsπr2b/4

�
3

√
f1f2 cos(45∘ − φ).

In this equation, σs is the yield strength of the rockbolt; ct is
the additional cohesion force formed by the pretightening
force of rockbolt and ct � (F0/f1f2)cos(45∘ − φ)tan φ. In
this equation, F0 is the pretightening force of rockbolt.
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.e stresses, displacement, and the zoning range of
surrounding rock after rockbolt supporting can be obtained
by substituting the equivalent material parameters E∗ and c∗
into the above equations.

5.2. Displacement Analysis of Concrete Shotcrete Supporting.
.e supporting resistance is provided by passive compres-
sion after spraying, but the strength required for the bearing
capacity of the spraying layer needs a time course. .e
strength is mainly related to the elastic modulus.

According to reference [31], the elastic modulus can be
obtained:

E(t) �

E0 α + β lg 1 +
t

t1
  , t0 < t< t1( ,

E0, t≥ t1( ,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(34)

where E0 is the ultimate elastic modulus of concrete shot-
crete layer; t1 is the time of concrete shotcrete layer achieving
the design strength.

When the rockbolts and surrounding rock are regarded
as composite bearing body, the load of composite bearing
body is assumed by lining supporting resistance and virtual
supporting force. .e radial displacement of the plastic
residual zone is expressed as follows:

u
r
|r�r0

� r0h3 pi(t) + p1(t) . (35)

For a given time increment ∆t, the radial displacement
increment of the plastic residual zone is

Δur
|r�r0

� r0h3
dpi(t)

dt
Δt +

dp1(t)

dt
Δt . (36)

.e concrete spray layer is equivalent to the curved beam
with stiffness Kc as the incremental constitutive equation of
the roadway. .e equation is

Δur
|r�r0

r0
�
Δt
Kc

dpi(t)

dt
, (37)

where Kc � (E(t)(r20 − a2))/((1 + μ0)[(1 − 2μ0)r20 + a2]),
μ0is Poisson’s ratio of the concrete sprayed layer, and a is the
inner diameter of the concrete sprayed layer.

According to eq. (37), we can obtain

Δur
|r�r0

�
r0h3

1 − Kch3


t

t0

dp1(s)

ds
ds. (38)

6. Example Analysis

.e basic parameters of circular roadway design are as
follows: radius of roadway r0 � 3m, elastic modulus E �

2.0GPa, Poisson’s ratio μ� 0.32, crustal stress p0 � 20MPa,
initial cohesion c0 � 0.8MPa, peak hardening cohesion
cm � 1.6MPa, residual cohesion cr � 0.4MPa, internal fric-
tion angle� 30°, and initial support force pi � 0MPa. .e
rockbolts cover the plastic zone, and the specific parameters
are as follows: modulus of elasticity Eb � 210GPa, yield

strength σb � 345MPa, pretightening force F� 60 kN,
rb � 20mm, row spacing, and hoop spacing f1 � f2 � 800mm.
.e lining parameters are as follows: elastic modulus
E0 � 2.8 × 104MPa, r0 − a � 0.25m. When considering the
supporting time, the excavation progress is V� 5m/d, and
the excavation section follows the principle of excavation to
support. Before and after supporting, the roadway area is
shown in Table 1 [13, 25, 28].

As shown in Table 1, the thickness of plastic residual
zone is 1.87m under high crustal stress and only 0.96m
under the supporting. .e supporting can reduce the range
of plastic zone effectively. When considering the “space
effect,” the range of plastic zones is further reduced. In
addition, the more nearer the distance between the exca-
vation face and the supporting surface, the more obvious the
“space effect.”

6.1. Oe Influence of Spacing-Row of Rockbolts between the
Stresses and Displacement. As shown in Figure 3, the larger
the distance between rows, the smaller the circumferential
stress and radial stress, and the peak value of circumferential
stress moves away from the center of the roadway, which is
not conducive to the safety of the roadway. .e radial stress
has an inflection point at the radius of the plastic softening
zone, developing faster in the plastic softening zone. In the
plastic softening zone, the circumferential stress increases
sharply, while the elastic zone tends to be stable. Although
the reduction of row spacing between rockbolts can increase
the stress of surrounding rock and strengthen the bearing
capacity of plastic zone, the increasement is not obvious.

Figure 4 shows that the displacement of surrounding
rock increases with the distance increasement of spacing-
row of rockbolts. .e displacement of plastic zone is mainly
affected by the distance of spacing-row of rockbolts. But the
displacement of elastic zone is almost negligible. When the
distance between spacing-row of rockbolts is 1.2m, the
displacement of surrounding rock is compared with that of
the spacing-row of rockbolts, which is 0.4m. .e dis-
placement of the latter is 35.6% less than that of the former.
.e influence of spacing-row of rockbolts is mainly
reflecting in the displacement of surrounding rock.

6.2. Effect of “Space Effect” and Support Time onDisplacement
of Surrounding Rock in Roadway. .e distance between the
excavation face and the supporting surface is defined as x
and x�Vt0. So, x is related to the “space effect.” .e in-
fluence of “space effect” on the displacement of surrounding
rock is shown in Figure 5. .e smaller the value x is, the
greater the virtual supporting resistance is, and the shorter
the distance between the supporting surface and the exca-
vation surface is. So, the smaller the radial displacement of
the tunnel wall is, the more favorable the stability of the
roadway is. .e displacement of the surrounding rock at
x� 15m is compared with the displacement without con-
sidering the “space effect” and the supporting time, and the
displacement of the former is 95.9% of that of the latter when
the displacement of surrounding rock is equal to r� 3m.
.erefore, when the displacement of surrounding rock is
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Table 1: .e zones’ ranges of surrounding rock of roadway.

Consideration of factors Plastic residual zone (m) Plastic softening zone (m) Elastic zone (m)
No- supporting 4.77 6.58 ∞
Supporting 3.86 5.60 ∞
Supporting (considering “space effect” V� 10m/d) 3.83 5.55 ∞
Supporting (considering “space effect” V� 6m/d) 3.79 5.48 ∞
Supporting (considering “space effect” V� 3m/d) 3.71 5.32 ∞
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Figure 3: .e influence of spacing-row of rockbolts to stress of
surrounding rock.
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greater than 15m, the influence of the “space effect” on the
displacement of surrounding rock can be neglected.

In the process of soft rock roadway excavation, a layer of
concrete is sprayed on the excavated part to restrain the
deformation of surrounding rock, and then the bolt is ap-
plied. .e influence of supporting time on surrounding rock
displacement is shown in Figure 6. Before the supporting is
applied, a section of displacement has been produced on the
wall of the roadway, which can be recorded as u0. .e
displacement after the supporting is applied, which can be
recorded as u1. When the driving speed is constant, x is
correlated with t0 positively. .e bigger the t0, the bigger the
u0, and the smaller the u1. But the increase of u0 is far greater
than the reduction of u1 and the total deformation of the
tunnel wall is increasing. .is is a result of the larger dis-
placement of the roadway wall before supporting, and the
limited displacement of the surrounding rock is restrained
by supporting. For example, when t0 is 6 d, u1 is only 47.4%
of u0. On the contrary, when t0 is 1 d, u1 is only 28.8% of u0.
.e total displacement is only 60.7% when t0 is 6 d, and the
supporting effect is obvious.

7. Conclusions

In this paper, based on D-P strength criterion and the
noncorrelation flow rule, an equivalent circular roadway
solution method is proposed..e stress and deformation of
surrounding rock of underground roadways are obtained
by the elastoplastic theory. .en, the failure mechanism of
roadway with soft rock is analyzed. Based on the D-P
strength criterion, considering the softening and dilatation
of surrounding rock, the surrounding rock of the roadway
is divided into three zones, and the “space effect” is in-
troduced. .e analytical expressions of stress, displace-
ment, and partition range of surrounding rock without
rockbolt and lining supporting are obtained. In the process
of supporting, the rockbolt is evenly arranged in the
roadway, and the composite bearing body is composed of
the rockbolt and the surrounding rock. .e equivalent
material parameters are calculated reasonably, and the
elastoplastic solution of surrounding rock under the sup-
porting condition is obtained. .erefore, considering the
aging characteristics of the concrete shotcrete layer, the
theoretical calculation is closer to the field engineering
practice. Under the support condition, the plastic softening
zone can be effectively reduced, and the plastic residual
zone can be mainly reduced. Considering the “space effect”
and the supporting time, the zones can be calculated more
accurately. By analyzing the influencing factors of the stress
and displacement of the surrounding rock, it is concluded
that the spacing-row between rockbolts has little effect on
the surrounding rock stress, while the influence on the
displacement of surrounding rock is mainly reflected in the
plastic residual zone.
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)e formation and expansion of the plastic zone is always accompanied by the deformation and failure of the roadway-sur-
rounding rock. Based on elastoplastic theory, this paper considers the gas pressure parameters and uses the Mohr–Coulomb
strength criterion to derive the implicit equation of the plastic zone boundary in the rock surrounding gas-coal roadways. )e
distribution characteristics of the plastic zone of gas-coal roadway-surrounding rock are studied, and the sensitivity to the gas
pressure, cohesion, internal friction angle, and support strength of the roadway free face on the plastic zone of the surrounding
rock is analyzed. )e research results show that the plastic zone of the surrounding rock has four distribution patterns: circular,
elliptical, rounded rectangle, and butterfly. Additionally, the lateral pressure coefficient, gas pressure, cohesion, and internal
friction angle are found to jointly determine the distribution and range of the plastic zone. However, the support strength of the
roadway free face does not change the distribution of the plastic zone but only affects its range. )e circular and elliptical plastic
zones are less sensitive to gas pressure, cohesion, and internal friction angle, whereas butterfly-shaped plastic zones are highly
sensitive to these factors. )e main manifestation of this sensitivity is that the four butterfly leaves degenerate rapidly with any
decrease in the gas pressure or increase in the cohesion and internal friction angle. Larger butterfly leaves are prone to faster
degeneration. )e research results presented in this paper have important theoretical guiding significance and engineering
application value for the design of high-gas-coal roadway support and gas drilling.

1. Introduction

Gas-rich coal has an unstable structure, low degree of
cementation, and significant variations in particle size and
adsorption characteristics. )ese characteristics lead to a
decrease in the overall strength and stability of the sur-
rounding rock of gas-coal roadways, leaving them vul-
nerable to disturbances such as mining activities. Part of
the coal body enters a pressurized state from the original
stress state, and its internal cracks shrink and close, causing
the gas pressure to increase [1–3]. Under the influence of
multiple factors (e.g., high ground stress, mining, and gas
pressure), the surrounding rock of gas-coal roadways ex-
hibits a series of engineering response characteristics

during service periods, such as asymmetry and large-scale
instability failures. Roof and patchwork disasters fre-
quently occur. )is represents a great threat to safe pro-
duction, and so the prevention and control of deformation
and instability of surrounding rock in gas-coal roadways
are of great importance. However, the increasing com-
plexity of the coal seam environment and the increasing
intensity of mining make the control of gas-coal roadway
stability more difficult. )erefore, we need to fully un-
derstand the mechanism of the deformation and failure of
surrounding rock in gas-coal roadways. )is is the basis
and key to the scientific design of roadway-surrounding
rock and the prevention and control of various geological
disasters.

Hindawi
Advances in Civil Engineering
Volume 2021, Article ID 6684243, 17 pages
https://doi.org/10.1155/2021/6684243

mailto:yuanchaozh1@126.com
https://orcid.org/0000-0002-4596-6461
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6684243


)ere has been considerable research on the deformation
and failure mechanism of surrounding rock in roadways.
)e formation and expansion of the plastic zone is always
accompanied by the deformation and failure of the sur-
rounding rock of the roadway, and the plastic zone is used as
the main basis for analyzing the deformation and failure
mode of the roadway-surrounding rock [4]. Zareifard and
Fahimifar derived analytical solutions for the stress and
displacement of the surrounding rock of a circular roadway-
surrounding rock and found that the distribution of the
plastic zone under a uniform stress field has a significant
influence on its stability [5]. Based on the deviatoric stress
theory of elastoplastic mechanics, Ma et al. found analytical
solutions for the deviatoric stress of the rock surrounding a
circular roadway under a nonuniform stress field and de-
veloped a calculation method for the radius of the plastic
zone, which showed that the distribution of the plastic zone
is closely related to the deviator correlation and irregular
distribution [6]. Using the Hoek–Brown strength criterion,
Xia et al. derived an analytical expression for the plastic zone
of the surrounding rock of a circular roadway considering
the strain-softening characteristics [7]. Zhao et al. derived
theoretical calculation formulas for the radius and stress
field of the plastic zone of a circular roadway-surrounding
rock based on the humidity stress field and elastoplastic
theory. )e influence of the roadway-surrounding rock
humidity and support strength on the plastic zone of the
surrounding rock was analyzed, and the accuracy of the
humidity distribution function and radius of the plastic zone
was verified by field tests [8]. Liu et al. analyzed the plastic
zone range of the surrounding rock in shallow tunnels from
an energy perspective and divided the development process
of the plastic zone into three stages: (1) formation and
expansion of the plastic zone; (2) connection of the plastic
zone; and (3) extension of the plastic zone to the surface [9].
Zhou and Li used the nonlinear Hoek–Brown failure cri-
terion to derive analytical solutions for the plastic zone of
circular roadway-surrounding rock considering the mag-
nitude of ground stress. )e influence of horizontal in situ
stress, vertical in situ stress, and rock mass strength pa-
rameters on the distribution of the plastic zone in the
surrounding rock was analyzed [10]. Ma et al. studied the
shape and size of the plastic zone around a deeply buried
double circular tunnel and analyzed the effects of tunnel
spacing, ground stress, cohesion, and internal friction angle
on the plastic zone [11]. Zhou et al. found that the plastic
zone enhances the effective permeability of gas-rich coal
seams through engineering field investigations [12]. Zhao
et al. used COMSOL to simulate the gas pressure distri-
bution around a roadway and found that the plastic zone is
the main channel for gas flow [13]. Liu et al. investigated the
effect of the plastic zone on the quality of gas extraction and
found that a larger plastic zone can significantly improve gas
extraction, thus preventing spontaneous coal combustion,
gas explosion, and other disasters [14]. Zhang et al. used
FLAC 3D software to analyze the stress state and defor-
mation law of a coal body after roadway excavation and
drilling. )ey determined the distribution range of the
plastic and elastic zones and studied the permeability of the

coal near the drilling site [15]. Zhang et al. combined the
noncorrelated flow law and the Hoek–Brown criterion and
used an FVP model to derive an analytical solution for the
viscoplastic deformation of a circular roadway-surrounding
rock. )e variation of the displacement of the viscoplastic
zone with respect to depth has been analyzed, providing a
rapid evaluation of the viscoplastic deformation of the
roadway-surrounding rock in the early design process [16].
Xu et al. derived an analytical solution for the plastic zone
around a noncircular tunnel based on the Mohr–Coulomb
criterion and the theory of complex variables. )e influence
of the lateral pressure coefficient and the depth of the
pressure relief hole on the plastic zone of the tunnel-sur-
rounding rock was discussed [17]. Kabwe et al. derived an
elastoplastic analytical solution for noncircular tunnel-
surrounding rock considering the intermediate principal
stress based on the equivalent radius function and the
Drucker–Prager yield criterion. )e analytical solution can
better predict the plastic zone range of the rock surrounding
the tunnel and the degree of convergent deformation of the
tunnel, enabling the design of an appropriate tunnel support
structure [18].

Analysis of the above results shows that researchers have
generally used the plastic zone as an important indicator for
theoretical analysis, numerical simulations, and engineering
test results when evaluating the rock surrounding a roadway.
However, little research has focused on the plastic zone itself,
and the influence of the gas pressure, original rock stress,
rock mass strength, and support strength on the plastic zone
of coal roadway-surrounding rock has rarely been consid-
ered. )ereby, it is impossible to truly reflect the defor-
mation and failure instability mechanism of the surrounding
rock of gas-coal roadways, making it impossible to propose
an effective surrounding-rock support strategy. )erefore,
based on elastoplastic theory and Mohr–Coulomb strength
theory, this paper derives the implicit equation for the
boundary of the plastic zone of the roadway-surrounding
rock considering the gas pressure. Using theoretical analysis,
the influence of the lateral pressure coefficient, gas pressure,
cohesion, internal friction angle, and support strength of the
roadway’s free face on the distribution morphology of the
plastic zone of the roadway-surrounding rock is examined.
)e research results have important theoretical guiding
significance for the reinforcement of the surrounding rock of
gas-coal roadways.

2. Description and Hypothesis of Mechanical
Model of Surrounding Rock in Coal Roadway

In the vertical direction, the original rock stress is P1, the
horizontal direction of the original rock stress is P3, and the
pore gas pressure is Pg, and the excavation radius is a
circular section of roadway. )e supporting force acting on
the roadway wall is Pi, and the gas pore pressure is Pa. Taking
the unit length along the axis of the roadway, we have an
axisymmetric plane strain problem, assuming that the
physical strength can be ignored.

To analyze the stress state of the surrounding rock in a
disequilibrium circular roadway, the mechanical model of
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the surrounding rock of the roadway must be simplified
accordingly. )us, the bidirectional stress field is regarded as
a uniform load, and the following basic assumptions are
made:

(1) )e section of the roadway is circular, with radius a
and buried depth H≥ 20a, and is an infinitely long
flat roadway.

(2) )e surrounding rock mass of the roadway is an
isotropic medium, forming an ideal elastic-plastic
body.

(3) )e surrounding rock of the roadway is in a non-
uniform high-stress environment.

(4) )e external boundary condition of the calculation
model is the vertical principal stress P1 and the
horizontal principal stress P3, both of which are
parallel to the Cartesian coordinate axes.

Based on this, the mechanical model of the surrounding
rock of circular roadway is established as shown in Figure 1.

3. Gas Pressure Distribution in Rock
Surrounding a Coal Roadway

After the excavation of the roadway, the gas flow in the
surrounding rock has the form of axisymmetric radial
seepage. )e gas flow rate Q through a cylindrical area of
unit length and radius r per unit time is

Q � −2πrK
dp

dr
, (1)

where p is the pore gas pressure at radius r and K is the
permeability coefficient.

Integrating equation (1) gives

p(r) � c1 −
Q

2πK
ln . (2)

From equation (2) and the boundary conditions p(a)�

Pa, p(b)� Pg, we have

c1 � Pa +
Q

2πK
ln a, (3a)

Q

2πK
�

Pg − Pa

ln(a/b)
. (3b)

Substituting equations (3a) and (3b) into equation (2) for
the gas pressure distribution leads to

p(r) � Pa +
Pg − Pa ln(a/r)

ln(a/b)
, (4a)

dp

dr
� −

Pg − Pa 

r ln(a/b)
. (4b)

4. Theoretical Solution of Plastic Zone around a
Coal Roadway

)e circular roadway model in Figure 2 is decomposed into
two parts under the action of the initial ground stress and gas
pressure: the first part is the uniform stress field condition,
which bears the gas pressure effect, as shown in Figure 2(a);
the second part does not consider the gas pressure, but the
vertical and horizontal directions are subjected to equal
compression and tensile stress, respectively, as shown in
Figure 2(b).

4.1. 0eoretical Solution of Stress Field in Elastic Zone of Rock
Surrounding a Coal Roadway

4.1.1. First Part of the0eoretical Solution of the Surrounding
Rock under the Uniform Stress Field (Figure 2(a)). For rock
materials, the modified Terzaghi effective stress principle
indicates that the relationship between the effective stress σij

′
acting on the coal skeleton and the pore gas pressure p is

σij
′ � σij − vpδij, (5)

where σij
′ is the effective stress tensor, σij is the stress tensor

generated by the external load, p is the pore gas pressure, v is
the effective stress coefficient, and δij is the Kronecker delta
function.

σr
′ � σr − vp

σθ′ � σθ − vp

⎫⎬

⎭. (6)

)e equilibrium equation for the axisymmetric plane
strain problem under the condition of neglecting the sur-
rounding rock mass of the roadway is

dσr

dr
+
σr − σθ

r
� 0. (7)

Substituting Equations (4b) and (6) into Equation (7)
gives

dσr
′

dr
−

v Pg − Pa 

r ln(a/b)
+
σr
′ − σθ′

r
� 0. (8)

Setting

v Pg − Pa 

ln(a/b)
� A, (9)

allows equation (8) to be expressed as

dσr
′

dr
+
σr
′ − σθ′

r
− A � 0. (10)

Let the radial strain component be εr, the hoop strain
component εθ, and the radial displacement u. )en, the
geometric equation is
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εr �
du

dr

εθ �
u

r

crθ � 0

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

. (11)

In the elastic region, the stress–strain relationship is

εr �
1 − μ2

E
σr
′ −

μ
1 − μ

σθ′ 

εθ �
1 − μ2

E
σθ′ −

μ
1 − μ

σr
′ 

crθ � τrθ � 0

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

. (12)
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Figure 1: Mechanical model of roadway.
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Figure 2: Decomposition of surrounding rock pressure for roadway.
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Set

m �
1 − μ2

E

n �
μ

1 − μ

⎫⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

. (13)

We can write Equation (12) as

σr
′ �

1
m − mn

2 εr + nεθ( 

σθ′ �
1

m − mn
2 nεr + εθ( 

⎫⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

. (14)

Taking the derivative of Equation (14) gives

dσr
′

dr
�

1
m − mn

2
dεr

dr
+

ndεθ
dr

 

σr
′ − σθ′

r
�
εr − nεr + nεθ − εθ

r m − mn
2

 

⎫⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎭

. (15)

Substituting Equation (15) into Equation (11) yields

dσr
′

dr
�

1
m − mn

2
d2u
dr

2 +
ndu

rdr
−

nu

r
2 

σr
′ − σθ′

r
�

(1 − n)

r m − mn
2

 

du

dr
+

(n − 1)u

r
2

m − mn
2

 

⎫⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎭

. (16)

And substituting Equation (16) into Equation (8) gives

d2u
dr

2 +
1
r

du

dr
−

u

r
2 −

A m − mn
2

 

r
� 0. (17)

Solving this differential equation, we obtain

u � c1r +
c2

r
+

A m − mn
2

 r ln r

2
. (18)

Substituting Equation (18) into Equation (11), we then
have that

εr � c1 −
c2

r
2 +

A m − mn
2

 ln r

2
+

A m − mn
2

 

2

εθ � c1 +
c2

r
2 +

A m − mn
2

 ln r

2

⎫⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎭

, (19)

which can be substituted into Equation (14) to give

σr
′ �

1
m − mn

2 (1 + n)c1 +(n − 1)
c2

r
2 +

A(1 + n) m − mn
2

 ln r

2
+

A m − mn
2

 

2
⎡⎣ ⎤⎦

σθ′ �
1

m − mn
2 n1 + 1( c1 +

(1 − n)c2

r
2 +

A(n + 1) m − mn
2

 ln r

2
+

An m − mn
2

 

2
⎡⎣ ⎤⎦

⎫⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎭

. (20)

For r� a and r� b, we can write

σr|r�a � Pi − vPa

σr|r�b �
P3 + P1

2
− vPg

⎫⎪⎪⎪⎬

⎪⎪⎪⎭

. (21)

Substituting Equation (20) into Equation (21) then yields

c2 �
T m − mn

2
 a

2
b
2

b
2

− a
2

 (n − 1)
−

S m − mn
2

 a
2
b
2

b
2

− a
2

 (n − 1)
−

Aa
2
b
2
(1 + n) m − mn

2
 ln(a/b)

2 b
2

− a
2

 (n − 1)

c1 �
T m − mn

2
 

(1 + n)
−

T m − mn
2

 b
2

b
2

− a
2

 (1 + n)
+

S m − mn
2

 b
2

b
2

− a
2

 (1 + n)
−

A m − mn
2

 ln a

2
−

A m − mn
2

 

2(1 + n)
+

Ab
2

m − mn
2

 ln(a/b)

2 b
2

− a
2

 

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎭

,

(22)
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where

T � Pi − vPa

S �
P3 + P1

2
− vPg

⎫⎪⎪⎪⎬

⎪⎪⎪⎭

. (23)

Substituting Equation (22) into Equation (20), the stress
expression in the elastic phase is

σr
′ �

b
2

− r
2

 Ta
2

b
2

− a
2

 r
2 +

r
2

− a
2

 Sb
2

b
2

− a
2

 r
2 +

A(1 + n)

2
r
2

− a
2

 b
2 ln(a/b)

b
2

− a
2

 r
2 + ln r − ln a⎡⎢⎣ ⎤⎥⎦

σθ′ � −
r
2

+ b
2

 Ta
2

b
2

− a
2

 r
2 +

a
2

+ r
2

 Sb
2

b
2

− a
2

 r
2 +

A(n + 1)

2
r
2

+ a
2

 b
2 ln(a/b)

b
2

− a
2

 r
2 + ln r − ln a⎡⎢⎣ ⎤⎥⎦

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎭

. (24)

If b is much larger than a, Equation (24) can be ap-
proximated as

σr
′ �

Ta
2

r
2 + 1 −

a
2

r
2 S +

a(1 + n) Pg − Pa 

2
1 −

a
2

r
2 ⎡⎣ ⎤⎦

σθ′ � −
Ta

2

r
2 + 1 +

a
2

r
2 S +

a(1 + n) Pg − Pa 

2
1 +

a
2

r
2 ⎡⎣ ⎤⎦

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎭

. (25)

4.1.2. Second Part of the 0eoretical Solution for the Sur-
rounding Rock Stress Field of the Roadway under Pressure
and Tensile Stress Field (Figure 2(b)). When r� b, we can
write

σr|r�b � −
P3 − P1

2
cos 2θ

τrθ|r�b �
P3 − P1

2
sin 2θ

⎫⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

. (26)

Obviously, the stress solution is related to r and 2θ, and
the stress function is

y � f(r)cos 2θ. (27)

Substituting Equation (27) into the biharmonic equa-
tion, and recalling the boundary conditions r� a, σr � 0,
τrθ � 0, the elastic phase stress expression is

σr � W cos 2θ 1 −
a
2

r
2  1 −

3a
2

r
2 

σθ � −W cos 2θ 1 +
3a

4

r
4 

τrθ � −W sin 2θ 1 −
a
2

r
2  1 +

3a
2

r
2 

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

, (28)

where

W �
P3 − P1( 

2
. (29)

In the above expressions, τrθ is the shear stress of a point
in the surrounding rock of the roadway in polar coordinates,
and θ is the polar coordinate of this point.
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4.1.3. 0eoretical Solution of Surrounding Rock Stress Field in
Gas-Coal Roadway. )e first and second partial stress
components are superimposed; that is, Equations (25) and
(28) are added together to obtain the theoretical solution for

the elastic stress field of the surrounding rock of a gas-coal
roadway under the condition of a nonuniform stress field.
)e specific expression is as follows:

σr
′ � W cos 2θ 1 −

a
2

r
2  1 −

3a
2

r
2  + 1 −

a
2

r
2 S +

Ta
2

r
2 +

v(1 + n) Pg − Pa 

2
1 −

a
2

r
2 ⎡⎣ ⎤⎦

σθ′ � −W cos 2θ 1 +
3a

4

r
4  + 1 +

a
2

r
2 S −

Ta
2

r
2 +

v(1 + n) Pg − Pa 

2
1 +

a
2

r
2 ⎡⎣ ⎤⎦

τrθ � −W sin 2θ 1 −
a
2

r
2  1 +

3a
2

r
2 

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

. (30)

4.2.0eoretical Solution of Stress Field in Plastic Zone of Rock
Surrounding a Coal Roadway. When the stress in the sur-
rounding rock of the roadway is greater than the strength of
the rock mass, the surrounding rock undergoes plastic

deformation, and a plastic deformation zone appears in the
surrounding rock from the free face of the roadway. At this
time, the surrounding rock stress satisfies the
Mohr–Coulomb yield criterion [19], namely,

σr
′ − σθ′( 

2

4
+ τ2rθ �

σr
′ + σθ′( 

2

4
− c

2⎡⎣ ⎤⎦
(1 − cos 2φ)

2
+

σr
′ + σθ′( 

2
c sin 2φ + c

2
, (31)

where c is the cohesion [MPa] and φ is the internal friction
angle [°].

Let the boundary of the plastic zone be r, and set P3 � λP1.
Now, bringing Equation (31) into Equation (30), we can

derive the boundary stealth equation of the plastic zone of
the circular roadway-surrounding rock around r, θ, namely,

f(r, θ) � P1(λ − 1)cos 2θ 1 −
2a2

r2
+
3a4

r4
  −

a2 λP1 + P1 − 2vPg 

r2
+
2a2 Pi − vPa( 

r2
−

a2 v Pg − Pa /1 − μ  − 2vPg 

r2

⎧⎨

⎩

⎫⎬

⎭

2

+ P1(λ − 1)sin 2θ 1 +
2a2

r2
−
3a4

r4
  

2

−
(1 − cos 2φ)

2
P1(λ + 1) −

2P1(λ − 1)a2 cos 2θ
r2

− 4vPg +
v Pg − Pa 

1 − μ
⎡⎣ ⎤⎦

2

− 4c
2

⎧⎪⎨

⎪⎩

⎫⎪⎬

⎪⎭

− 2c sin 2φ P1(λ + 1) −
2P1(λ − 1)a

2 cos 2θ
r
2 − 4vPg +

v Pg − Pa 

1 − μ
⎡⎣ ⎤⎦ − 4c

2
.

(32)

)e point at which f(r, θ)� 0 is the boundary line be-
tween the elastic zone and the plastic zone of the sur-
rounding rock of the circular roadway, that is, the boundary
equation of the plastic zone. If λ� 1, then the radius of the

plastic zone of the circular roadway-surrounding rock under
the normal uniform stress field can be obtained from
Equation (32) as

f(r, θ) �
2a2 Pi − vPa( 

r2
−
2a2 P1 − vPg 

r2
−

a2 v Pg − Pa /1 − μ  − 2vPg 

r2

⎧⎨

⎩

⎫⎬

⎭

2

−
(1 − cos 2φ)

2
2P1 − 4vPg +

v Pg − Pa 

1 − μ
⎡⎣ ⎤⎦

2

− 4c
2

⎧⎪⎨

⎪⎩

⎫⎪⎬

⎪⎭
− 2c sin 2φ 2P1 − 4vPg +

v Pg − Pa 

1 − μ
⎡⎣ ⎤⎦ − 4c

2
.

(33)
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5. Factors Affecting the Theoretical Solution for
thePlastic ZoneSurrounding aCoalRoadway

We now analyze the influence of the lateral pressure coef-
ficient, gas pressure, support strength, surrounding rock
cohesion, and internal friction angle on the plastic zone
boundary. According to Equation (32), the circular roadway
is calculated using MATLAB, and the boundary of the
surrounding rock plastic zone approximates a curve.

5.1. Influence of Lateral Pressure Coefficient on Plastic Zone of
Rock Surrounding a Coal Roadway. Figure 3 shows the
approximate curve of the plastic zone boundary of the
circular roadway-surrounding rock under different lateral
pressure coefficients, where P1 � 19MPa, c� 3MPa, φ� 25°,
μ� 0.3, a� 2m, Pi � 0MPa, Pa � Pg � 0MPa, and v � 0.

It can be seen from Figure 3 that when the lateral
pressure coefficient is equal to 1, the distribution pattern of
the surrounding plastic zone of the circular roadway-sur-
rounding rock under the uniform stress field is circular. As
the lateral pressure coefficient increases, the distribution
pattern of the plastic zone changed from circular to elliptical,
and then a rounded rectangle, before finally forming a
butterfly shape with four symmetrical butterfly leaves. Once
the plastic zone of the roadway forms a butterfly shape,
further increases in the lateral pressure coefficient cause the
four butterfly leaves in the plastic zone to expand.

To describe the relationship between the lateral pressure
coefficient and the plastic zone range of the roadway-sur-
rounding rock, the relationship between the lateral pressure
coefficient λ and the effective radius (maximum radius, see
Figure 4) R of the plastic zone is plotted in Figure 5. Larger
values of the effective radius R result in more severe plastic
failure of the surrounding rock in the direction of the radius.
For ease of description, the plastic zone radii discussed below
all refer to the effective radius.

It can be seen from Figure 5 that increasing the lateral
pressure coefficient causes the radius of the plastic zone to
increase. According to the difference in the growth rate of
the radius of the plastic zone, the process can be divided into
two stages. In the first stage, when the lateral pressure co-
efficient is small, the radius of the plastic zone increases
slowly with respect to the lateral pressure coefficient in an
approximately linear manner.)e growth rate at this stage is
less sensitive to changes in the lateral pressure coefficient.
For example, when the lateral pressure coefficient increases
from 1.6 to 1.9, the radius of the plastic zone only increases
by 0.5m. )e distribution of the plastic zone at this stage
mainly transitions from circular⟶ ellipse⟶ rounded
rectangle.

As the lateral pressure coefficient continues to increase,
the sensitivity of the plastic zone radius to the lateral
pressure coefficient increases rapidly, and the growth rate of
the plastic zone radius increases rapidly, entering the second
stage. )e growth mode of the radius of the plastic zone in
the second stage is mainly manifested in the nonlinear
growth of the butterfly leaves in the plastic zone, with the
distribution of the plastic zone rapidly expanding in a

butterfly shape. For example, when the lateral pressure
coefficient increases from 2.5 to 2.8, the radius of the plastic
zone increases from 6.4 to 12.5m.)is demonstrates that the
plastic yield failure of the surrounding rock mass in this
range is extremely sensitive to the lateral pressure coef-
ficient—even if the lateral pressure coefficient does not
change by much, it may cause localized deformation and
failure of the surrounding rock. )rough field investigations
and a literature search [20, 21], it is apparent that many
underground roadways are in high-ground-stress areas with
relatively large lateral pressure coefficients, leading to but-
terfly plastic zones around the roadways. )e formation and
nonlinear expansion of the butterfly plastic zone also the-
oretically proves that the two top and bottom corners of the
roadway obtained from field investigations often suffer from
shear deformation and failure. At the same time, it is clear
that this type of roadway undergoes greater deformation
than ordinary roadways and has features that are more
difficult to control.

5.2. Influence of Gas Pressure on Plastic Zone of Rock Sur-
rounding a Coal Roadway. Figure 6 shows approximate
curves of the plastic zone boundary of the circular roadway-
surrounding rock under different gas pressures, where
P1 � 19MPa, c� 3MPa, φ� 25°, μ� 0.3, a� 2m, Pi � 0MPa,
Pa � 0MPa, and v � 0.5; the other parameters are unchanged
from the previous subsection.

It can be seen from Figures 6(a) and 6(b) that when the
plastic zone of the surrounding rock of the roadway is
circular or elliptical, that is, when the lateral pressure co-
efficient is small, changes in the gas pressure have little effect
on the distribution pattern of the plastic zone. As shown in
Figure 6(c), when the gas pressure is 7.0MPa, the plastic
zone of the roadway-surrounding rock presents an ap-
proximate butterfly shape, while the shape of the plastic zone
when the gas pressure is reduced to 0.0MPa is a rounded
rectangle. )at is, a reduction in the gas pressure can
promote the transformation of the distribution form of the
plastic zone from an approximate butterfly shape to a
rounded rectangle. )e plastic zone expands slightly in the
horizontal direction as the gas pressure decreases, while the
plastic zone remains almost unchanged in the vertical
direction.

For the butterfly-shaped plastic zone, when the gas
pressure is large, the four butterfly leaves are extremely
sensitive to the gas pressure and rapidly degrade as the gas
pressure decreases. )e sensitivity of the butterfly leaves to
the gas pressure in the plastic zone gradually weakens, and
the nonlinear relationship between the two gradually
changes to an approximately linear relationship, as shown in
Figure 6(d). If the gas pressure decreases from 6.75 to
5.75MPa, the radius of the plastic zone decreases rapidly
from 10.3m to 9.1m. When the gas pressure decreases from
1.75 to 0.75MPa, the plastic zone radius only decreases by
0.3m, as shown in Figure 7.

5.3. Influence of Cohesion on the Plastic Zone of Rock Sur-
rounding a Coal Roadway. Figure 8 shows approximate
curves of the plastic zone boundary of the circular roadway-
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surrounding rock under different cohesion forces, where
P1 � 19MPa, φ� 25°, μ� 0.3, a� 2m, Pi � 0MPa,
Pa � Pg � 0MPa, and v � 0; the other parameters remain
unchanged.

Figures 8(a) and 8(b) indicate that the plastic zone of the
surrounding rock of the roadway is circular or elliptical
when the lateral pressure coefficient is small. In this case, the
cohesion force has little influence on the distribution of the
plastic zone, and the plastic zone maintains its original shape
and slowly decreases in size as the cohesion increases. It is

also clear from Figure 9 that the sensitivity of the plastic zone
radius to cohesion is relatively weak, with an approximately
linear decrease as the cohesion increases. For example, when
the cohesion increases from 0.25 to 1.00MPa, the radius of
the plastic zone only decreases by 0.16m.

Figure 8(c) shows that the plastic zone of the sur-
rounding rock of the roadway exhibits an approximate
butterfly shape when the cohesion is 0.25MPa. )e plastic
zone shape when the cohesion increases to 4.00MPa is a
rounded rectangle; that is, an increase in the cohesive force
promotes the transformation of the plastic zone from an
approximate butterfly to a rounded rectangle. At this stage,
the rate of decrease of the plastic zone distribution is dif-
ferent. )e four sharp corners of the plastic zone exhibit the
fastest rate of decrease, followed by the vertical extent of the
plastic zone, with the horizontal extent of the plastic zone
exhibiting the smallest rate of decrease.

When the surrounding rock of the roadway presents a
butterfly-shaped plastic zone, as shown in Figure 8(d), the
four butterfly leaves in the plastic zone are extremely sen-
sitive to cohesion, when the cohesive force is small, and
rapidly degrade as the cohesion increases. As the cohesive
force continues to increase, the sensitivity of the butterfly
leaves to the cohesive force in the plastic zone gradually
weakens, and the nonlinear relationship between the two
gradually changes to an approximately linear relationship. If
the cohesion increases from 0.25 to 1.00MPa, the radius of
the plastic zone decreases rapidly from 18.04m to 12.86m.
When the cohesion increases from 10.00 to 10.75MPa, the
plastic zone radius only decreases by 0.08m, as shown in
Figure 9.

5.4. Influence of Internal FrictionAngle onPlastic Zone of Rock
Surrounding a Coal Roadway. Figure 10 shows approximate
curves of the plastic zone boundary of the circular roadway-
surrounding rock under different internal friction angles,
where P1 � 19MPa, c� 3MPa, μ� 0.3, a� 2m, Pi � 0MPa,
Pa � Pg � 0MPa, and v � 0; the other parameters remain
unchanged.

Figure 10 has a similar pattern to that in Figure 8. As
shown in Figures 10(a) and 10(b), the internal friction angle
has little effect on the distribution of the circular or elliptical
plastic zone, and the plastic zone maintains its original shape
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and slowly decreases in size as the internal friction angle
increases. )e sensitivity of the radius of the plastic zone to
the internal friction angle is also relatively weak and tends to
decrease linearly as the internal friction angle increases. For
example, with λ� 1.48, the radius of the plastic zone only
decreases by 0.20m when the internal friction angle in-
creases from 20 to 23°, as shown in Figure 11.

It is apparent from Figure 10(c) that when the plastic
zone of the surrounding rock of the roadway is rectangular
with rounded corners, a continuous increase in the internal
friction angle promotes the transformation to an elliptical
plastic zone, whereas a continuous reduction promotes the

transformation to an approximate butterfly shape. For ex-
ample, when the internal friction angle is 26°, the plastic zone
is rectangular with rounded corners. When this value in-
creases to 35°, the shape of the plastic zone becomes ellip-
tical, and when it decreases to 20°, the shape of the plastic
zone is an approximate butterfly. In addition, the rate of
change of each part of the plastic zone distribution is dif-
ferent.)e four sharp corners change the fastest, followed by
the vertical extent of the plastic zone, and finally the hor-
izontal extent of the plastic zone.

When the surrounding rock of the roadway presents a
butterfly-shaped plastic zone, as shown in Figure 10(d), the
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Figure 10: Plastic zone distribution characteristics for various internal friction angles. (a) λ� 1.00. (b) λ� 1.48. (c) λ� 1.96. (d) λ� 2.44.

Advances in Civil Engineering 13



four butterfly leaves in the plastic zone are extremely sen-
sitive to the internal friction angle, when this angle is small,
and degrade rapidly as the internal friction angle increases.
With the continuous increase of the internal friction angle,
the sensitivity of the butterfly blades in the plastic zone to the
internal friction angle gradually weakens, and the nonlinear
relationship between the two gradually becomes an ap-
proximately linear relationship. If the internal friction angle
increases from 20 to 23°, the radius of the plastic zone
decreases from 19.35m to 7.80m, whereas an increase from
45 to 48° only reduces the radius by 0.16m, as shown in
Figure 11.

5.5. Influence of Support Strength on Plastic Zone of Rock
Surrounding a Coal Roadway. Figure 12 shows approximate
curves of the plastic zone boundary of the circular roadway-
surrounding rock under different supporting strengths,
where P1 � 19MPa, c� 3MPa, μ� 0.3, a� 2m, φ� 25°,
Pa � Pg � 0MPa, and v � 0; the other parameters remain
unchanged.

Figures 12 and 13 show that when the mechanical
properties and stress environment of the surrounding rock
of the roadway are constant, increasing the support strength
at the free face of the roadway has a limited effect on the
distribution and range of the plastic zone. )e radius of the
plastic zone decreases as the support strength increases, but
the rate of decrease is extremely slow. For example, when
λ� 2.44, the radius of the plastic zone only decreases by 0.1m
when the support strength increases from 0.0 to 5.0MPa. It
must be emphasized that the support strength discussed in
this article refers to the support strength for the free face of
the roadway. Its function is mainly to prevent the defor-
mation of the roadway-surrounding rock and the expansion
of the plastic zone, rather than to change the strength of the
roadway-surrounding rock mass. )e main functions in
underground engineering are for shotcrete support, ma-
sonry support, steel arch support, and so on. )erefore, for

the control of gas-coal roadways, it is necessary to increase
the support strength and to increase the strength of the
surrounding rock mass, thereby restraining the expansion of
the plastic zone and ensuring the normal use of gas-coal
roadways.

6. Discussion

)e theoretical analysis presented in the previous section has
found that the plastic zone of the surrounding rock of a
roadway mainly has four distribution patterns: circular,
elliptical, rounded rectangle, and butterfly. )e lateral
pressure coefficient, gas pressure, surrounding rock cohe-
sion, and internal friction angle all affect the distribution and
range of the plastic zone of the surrounding rock of the
roadway. For the support problem of high-gas-coal road-
way-surrounding rock, targeted support should be designed
according to the shape and range of the plastic zone. )e
length of the anchor rod and the anchor cable must be
greater than the range of the plastic zone, thus reinforcing
the support of the leaves of butterfly-shaped plastic zones,
reducing the gas pressure, and improving the strength and
overall stability of the surrounding rock mass.

)e research results presented in this paper will con-
tribute to the improvement of gas drainage efficiency. )e
plastic zone effectively increases the permeability of high-
gas-coal seams, and the plastic zone is the main channel for
gas flow.When there is a butterfly-shaped plastic zone in the
coal seam, the distance between the drainage boreholes
should be designed scientifically and reasonably. )e but-
terfly blades in the plastic zone between the drainage
boreholes should be connected to each other to avoid the
appearance of blind areas. When there is a nonbutterfly
plastic zone in the coal seam, its range can be expanded by
means of hydraulic fracturing and blasting fracturing,
thereby increasing the permeability of the coal seam and
increasing the gas drainage rate.
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Figure 11: Variation of the radius of the plastic zone with respect to the friction angle.
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7. Conclusions

(1) )e implicit equation for the boundary of the plastic
zone in the surrounding rock of a gas-coal roadway
has been obtained, and the plastic zone was found to
have four main distribution patterns: circular, el-
liptical, rounded rectangle, and butterfly.

(2) Circular and elliptical plastic zones are less sensitive
to gas pressure, cohesion, and internal friction angle,
whereas butterfly-shaped plastic zones are extremely
sensitive to these variables. )e main manifestation
is that the four butterfly leaves rapidly degenerate as
the gas pressure decreases or as the cohesion and
internal friction angle increase; larger butterfly leaves
tend to degenerate faster.

(3) )e rounded rectangle is a transitional plastic zone
between the butterfly and elliptical plastic zones.
Changes in gas pressure, cohesion, and internal
friction angle can all promote the transformation of
the rounded rectangular plastic zone to the butterfly-
shaped plastic zone or the elliptical plastic zone.

(4) )e support strength at the roadway free face has a
limited impact on the plastic zone. )e support
strength does not change the distribution of the
plastic zone but does affect its range.
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Rock burst is one of the disaster accidents that can easily happen in rock cavern engineering. At present, one of the most
commonly used methods to control rock burst is borehole pressure relief technology. In this paper, the influence of drilling layout
schemes on the pressure relief effect of surrounding rockmass is systematically studied.,e research results show that the strength
reduction degree, AE evolution characteristics, failure modes of rock samples with different borehole positions, boreholes spacing,
boreholes dip angles, and boreholes layout forms are different. ,e strength reduction degree of rock sample with an inclined
arrangement form is the largest, followed by the arrangement form being up three-flower layout or down three-flower layout.
Using the inclined layout and three-flower layout can achieve better pressure relief effect of the surrounding rock mass. ,e
research results are beneficial to the rock burst of surrounding rock of the cavern. ,e acoustic emission can effectively monitor
the stability of the surrounding rock of the cavern. However, the threshold value and the occurrence time of the acoustic emission
of the cavern instability changed after the cavern surrounding rock is drilled holes. If the borehole is arranged at the surrounding
rock mass, the occurrence time of the cavern instability may be advanced.

1. Introduction

With the rapid development of economy and technology as
well as the increase of population, the underground rock
cavern engineering has made great progress. However, as the
development scale and depth increase, the frequency and
intensity of rock burst and other surrounding rock dynamic
disasters are also increasing, which seriously affects the
safety construction and operation of cavern engineering. For
the deep surrounding rock with rockburst tendency, one of
the most commonly used methods to control rockburst risk
is borehole pressure relief technology [1–5]. ,e borehole
pressure relief technology is to form a weakening area in the
deep part of the rock mass by means of the boreholes, to
provide a release space for the accumulated energy in the
rock mass, and to promote the peak value of stress con-
centration to transfer to the deep part of the rock mass, so as
to reduce the risk of rock burst.

In the aspect of drilling pressure relief technology re-
search, Liu et al. [3] used laboratory test, numerical simu-
lation, and theoretical method and analyzed the mechanism
of boreholes to prevent rockburst, and the research results
show that the borehole spacing is a function of borehole
diameter, thickness of coal seam, increasing overflow coef-
ficient, and safety increasing variables and is also related to
increasing overflow coefficient and borehole diameter. Yi
et al. [6] used FLAC numerical simulation to analyze the
pressure relief effect of large-diameter drilling in soft and hard
coal seam; the research results show that the pressure relief
effect of drilling in soft rock is better than that in hard rock. Li
et al. [7] analyzed the safety parameters of the pressure relief
drilling in the dangerous coal seam and found that the larger
the hole diameter of the pressure relief drilling, the better the
pressure relief effect.,ere is a critical value for the spacing of
the pressure relief drilling; when the holes spacing is less than
the critical value, the coal body between the two holes will be
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damaged and deformed to a greater extent, and the pressure
relief effect will be good. Zhang et al. [8], based on actual
geologic conditions in the area of a rock burst that occurred in
the Yangcheng Mine, conducted a series of experimental
studies on mechanical properties using gypsum-type coal-like
materials with different numbers and configurations of
pressure relief boreholes. Other scholars also conducted
drilling holes to relieve pressure on coal and rock and guided
certain engineering practices [9–11].,e results show that the
larger the drilling density, the more the rock fracture de-
velopment around the boreholes, and the greater the energy
release and, hence, the more effective the relief effect. ,ese
researches are of great significance to alleviate the rock burst
risk of surrounding rock of cavern; however, there are few
systematic researches on the influence of drilling layout
schemes on the pressure relief effect.

Based on the above research, this paper studies the in-
fluence of drilling layout schemes on the pressure relief effect of
surrounding rock mass. Firstly, the rock models of different
drilling layout schemes are established by means of particle
flow code (PFC); secondly, the influences of different borehole
positions, boreholes spacing, boreholes dip angles, and bore-
holes layout forms on the strength reduction characteristics,
acoustic emission evolution characteristics, and failure modes
of rock samples are analyzed.,e research results are beneficial
to the rock burst of surrounding rock of the cavern.

2. Numerical Test Scheme

2.1. Particle Flow Code (PFC).eory. ,e particle flow code
theory was firstly introduced by Cundall and Strack [12]
based on discrete element method. ,e basic compositions
of the PFC model are particles and bonds, and the geo-
metrical and mechanical properties of the particles and
bonds determined the macroscopic mechanical properties of
the models [13]. ,e bonded contact constitutive model was
widely used in numerical simulation of rock and soil ma-
terials [14–17]. ,ere are two kinds of modes of the bonds,
named contact bond and parallel bond.,e contact bonding
is point contact; it can only transfer force, but not force
moment.,e contact position of the parallel bond model is a
rectangular section, as shown in Figure 1, which can transfer
both force and moment. ,erefore, the parallel bond model
is more suitable for the simulation of rock materials.

,e contact force of parallel bond particles can be
expressed by the following formula:

Fi � F
n

i + F
s

i , (1)

where F
s

i is the shear contact force and F
n

i is the normal
contact force.

In the process of calculation, no matter it is normal force,
shear force, or moment, the increment will be generated.,e
increment in each time step is expressed as [13]
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where k
n is the normal stiffness and k

s is the shear stiffness.
ni is the normal vector of the contact point. A is the area of
the parallel bond surface. M is the moment. During the
calculation, the force and moment are continuously updated
for each iteration, until the specified balance condition is
reached, the calculation stopped, and the new force and
moment expressions are as follows:
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During the calculation process, when the external force
exceeds the normal bond strength or the shear bond strength
of the parallel bond, the parallel bond will break, and then
tension or shear crack will occur.

2.2. Model Parameter Checking. Usually, the micro-
parameters of PFC rock models are calibrated by simulating
the uniaxial compression experiments [14]. During the
process of calibration, the microparameters of the particles
and bonds are adjusted many times through “trial-and-er-
ror” method [13] until these parameters can better reflect the
mechanical properties of the real rocks. In this manuscript,
the model parameters were checked with a sandstone based
on “trial-and-error” method. ,rough repeated trial and
error, the parameters in Table 1 can simulate the sandstone
well, as shown in Figures 2 and 3. It can be seen that the
elastic modulus (E) and uniaxial compressive strength
(UCS) of the numerical simulation are basically consistent
with the experimental test of the sandstone. However, the
stress-strain curves of laboratory tests and numerical sim-
ulations showed a certain deviation at the beginning. ,e
main reason is that the indoor samples contain original
cracks.
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Figure 1: Parallel bond models [13].
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2.3. Test Schemes. In order to systematically explore the
influence of drilling layout schemes on the pressure relief
effect of rock burst prone surrounding rock mass, this
paper considered the following four simulation schemes
according to the actual drilling characteristics. ,e size of
these models is 50mm (width) × 100mm (height) and the
parameters of them is the same as in Table 1. ,e process of
establish the models is as follows: (1) establish complete
rock models, which have the same particle distribution
form and the same mechanical properties; (2) according to
the test schemes, delete some particles to simulation
drilling holes, and all the drilling holes have the same
diameter of 6mm.

2.3.1. Models of Different Borehole Locations. Because the
height of the cavern is known in the actual engineering,
the ratio (R) of the borehole height (h) to the tunnel height
(H) is used to determine the location of the borehole
quantitatively, and it is defined as borehole height ratio. In
order to study the influence of borehole location on the
pressure relief effect of cavern surrounding rock mass,
numerical models of different borehole location are
established, as shown in Figure 4. ,e borehole height
ratio R (�h/H) are considered as 0.1, 0.3, 0.5, 0.7, and 0.9,
respectively.

2.3.2. Models of Different Boreholes Spacing. In order to
study the influence of boreholes spacing S on the pressure
relief effect of cavern surrounding rock mass, rock models
with double boreholes were established (as shown in Fig-
ure 5) and the S are considered as 1D, 2D, 4D, 6D, and 8D,
respectively. D is the diameter of boreholes.

2.3.3. Models of Different Boreholes Dip Angles. In order to
study the influence of boreholes dip angle α on the pressure
relief effect of cavern surrounding rock mass, rock models
with double boreholes were established (as shown in
Figure 6) and α are considered as 0°, 20°, 40°, 60°, and 80°,
respectively.

2.3.4. Models of Different Boreholes Arrangement Forms.
In order to study the influence of boreholes arrangement
form on the pressure relief effect of cavern surrounding rock
mass, rock models with three boreholes were established (as
shown in Figure 7) and the arrangement form are considered
as vertical layout (V), horizontal layout (H), inclined layout
(I), up three-flower layout (U), and down three-flower layout
(D), respectively.

After the models are built, the uniaxial compression tests
are carried out through the wall set at the top of the models.
,e displacement control model is used for loading. During
the loading process, the stress, strain, and crack growth
characteristics of the models are monitored by fish language.

3. Analysis of Test Results

3.1. Strength Reduction Characteristics. ,e peak stress in-
tensity can well reflect the pressure relief effect of the rock
mass. ,erefore, the peak stress is used to analyze the
pressure relief effect.

3.1.1. Influence of Borehole Locations. Figures 8 and 9 are
stress-strain curves and strength reduction curves of rock
samples with different drilling positions. From the figures it
can be seen that, in addition to the sample that the drill hole is
at the end face of the rock bottom (R� 0.1), the closer the
drilling hole is to the top of the rock sample, that is, the larger
R value is, the lower the strength of the rock is, and the higher
the strength reduction degree of the rock sample is. When R
increase from 0.3 to 0.9, the strengths of rock samples are
77.07MPa, 74.24MPa, 70.49MPa, and 57.87MPa and the
corresponding strength reduction degrees are 4.9%, 8.4%,
13%, and 28.6%. ,e reason is that the upper and lower end
faces of rock sample are prone to producing stress concen-
tration in the process of loading, which makes drilling at the
end easy to damage the rock sample. ,erefore, it is easy to
reduce the stress concentration of surrounding rock mass by
drilling at the top and bottom of the cavern, which can ef-
fectively prevent rock burst.

3.1.2. Influence of Boreholes Spacing. Figures 10 and 11 are
stress-strain curves and strength reduction curves of rock
samples with different boreholes spacing. From the figures it

Table 1: Physicomechanical parameters of numerical test model.

Parameter Value
Minimum particle diameter (mm) 0.3
Maximum particle diameter (mm) 0.5
Parallel bond tensile strength (MPa) 22
Parallel bond cohesive force (MPa) 56.5
Stiffness ratio 1.51
Contact bond gap (mm) 0.05
Density (kg/m3) 2500
Contact modulus of the particle (GPa) 10.2
Parallel bond deformation modulus (GPa) 16.2
Porosity 0.1
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Figure 2: Stress-strain curves of sandstone based on experimental
and numerical tests.
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h
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Figure 4: Numerical test samples with different borehole height ratio. ,e R of (a), (b), (c), (d), and (e) are 0.1, 0.3, 0.5, 0.7, and 0.9,
respectively.

(a) (b) (c) (d)

S

(e)

Figure 5: Numerical test samples with different boreholes spacing.,e S of (a), (b), (c), (d), and (e) are 1D, 2D, 4D, 6D, and 8D, respectively.

(a) (b)

Figure 3: Failure modes of sandstone based on experimental and numerical tests: (a) experimental test; (b) numerical test.
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Figure 6: Numerical test samples with different boreholes dip angle. α of (a), (b), (c), (d), and (e) are 0°, 20°, 40°, 60°, and 80°, respectively.
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Figure 7: Numerical test samples with different boreholes arrangement form.,e arrangement form of (a), (b), (c), (d), and (e) are vertical
layout, horizontal layout, inclined layout, up three-flower layout, and down three-flower layout, respectively.
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Figure 8: Stress-strain curves of rock samples with different
drilling positions.
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Figure 9: Strength reduction curves of rock samples with different
drilling positions.
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can be seen that the compressive strength of rock samples
shows an increase-decrease-increase trend with the increase
of boreholes spacing. ,e compressive strengths of the rock
samples are 66.87MPa, 69.55MPa, 62.97MPa, 69.95MPa,
and 71.84MPa as the drilling spacing increases from 1D to
8D. ,e corresponding strength reduction degree of theses
rock samples shows the trend of decrease-increase-decrease.
With the increase of the drilling distance, the strength re-
duction degrees are 17.5%, 14.2%, 22.3%, 13.7%, and 11.4%,
respectively. ,erefore, the notion that the larger the
boreholes spacing is, the better the pressure relief effect is
does not apply. ,e boreholes spacing with the best pressure
relief effect is about 4 times of the borehole diameter.

3.1.3. Influence of Boreholes Dip Angles. Figures 12 and 13
are stress-strain curves and strength reduction curves of rock
samples with different boreholes dip angle. From the figures
it can be seen that the compressive strength of rock samples
shows a trend of increases firstly and then decreases with the

increase of boreholes dip angle.,e compressive strengths of
the rock samples are 67.28MPa, 66.61MPa, 53.03MPa,
62.04MPa, and 64.17MPa. ,e corresponding strength
reduction degree of theses rock samples shows the trend of
decrease firstly and then increase. With the increase of the
boreholes dip angles, the strength reduction degrees are 17%,
17.8%, 34.56%, 23.5%, and 20.8%, respectively. ,e reason
why the strength of the rock sample with the boreholes dip
angle is 40° the lowest is that the failuremode of the complete
rock sample is mostly splitting failure along the 45° angle,
and the 40° boreholes dip angle is the closest to the failure
angle of the intact rock sample. It can be seen that the best
way to reduce the pressure of surrounding rock is to arrange
the boreholes at about 45°.

3.1.4. Influence of Boreholes Arrangement Forms. Figures 14
and 15 are stress-strain curves and strength reduction curves
of rock samples with different boreholes arrangement forms.
From the figures it can be seen that the compressive strength
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Figure 10: Stress-strain curves of rock samples with different
boreholes spacing.
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Figure 11: Strength reduction curves of rock samples with different
boreholes spacing.
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Figure 12: Stress-strain curves of rock samples with different
boreholes dip angles.
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Figure 13: Strength reduction curves of rock samples with different
boreholes dip angles.
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of rock sample with an inclined arrangement form is the
lowest, 45.78MPa (corresponding strength reduction degree
is 43.5%). When the arrangement form is up three-flower
layout or down three-flower layout, the compressive
strength of the rock sample is similar, about 50MPa (cor-
responding strength reduction degree is about 38%). In
addition, when the boreholes arrangement forms are vertical
layout and horizontal layout, the compressive strength of the
rock samples are 72.25MPa (corresponding strength re-
duction degree is 10.9%) and 64.05MPa (corresponding
strength reduction degree is 21%). ,erefore, using the
inclined layout and three-flower layout can achieve better
pressure relief effect of the surrounding rock mass of the
caverns.

3.2. AE Characteristics. When the material receives an ex-
ternal force, the elastic energy stored in the material is
quickly released to generate elastic waves and sound, which
is called acoustic emission (AE) [18]. For the PFC numerical

simulation, the fracture of the parallel bond will release a
certain amount of elastic energy. ,erefore, the fracture of
the bond can be used to reflect the acoustic emission
characteristics [19–21]. ,e numerical acoustic emission of
PFC simulation is different from the acoustic emission
monitored by the actual test, but there are similarities, which
can reflect the characteristics of internal crack damage in
rock materials. In this paper, the AE characteristics of dif-
ferent drilling schemes are analyzed based on the number of
AE counts (the number of bonds breakages).

3.2.1. Influence of Borehole Locations. Figure 16 shows the
stress-time-AE counts of samples with different borehole
height ratio.,e R of (a), (b), (c), (d), and (e) are 0.1, 0.3, 0.5,
0.7, and 0.9, respectively. It can be seen from the figures that
the position of the borehole has little influence on the
evolution law of acoustic emission, and all go through silent
emission stage, slow increase stage, and rapid increase stage.
However, the maximum value of acoustic emission counts
and the corresponding occurrence time of the rock samples
are changed under different drilling positions. As the R
increase from 0.1 to 0.9, the maximum values of the acoustic
emission counts are 20 times, 28 times, 22 times, 35 times,
and 17 times and the corresponding occurrence time are
54343 steps, 59918 steps, 57138 steps, 55675 steps, and 51929
steps. As R increase, the maximum value of the acoustic
emission counts of the samples shows a state of fluctuation.
However, the corresponding occurrence time shows a trend
of increase firstly and then decrease, which are consistent
with the change of the UCS. ,is shows that the acoustic
emission can effectively monitor the stability of the sur-
rounding rock of the caverns. However, the threshold value
and the occurrence time of the acoustic emission of the
cavern instability changed after the cavern surrounding rock
is drilled holes. If the borehole is arranged at the upper part
of the cavern, the occurrence time of the cavern instability
will be advanced.

3.2.2. Influence of Boreholes Spacing. Figure 17 shows the
stress-time-AE counts of samples with different boreholes
spacing. ,e S of (a), (b), (c), (d), and (e) are 1D, 2D, 4D, 6D,
and 8D, respectively. Similar to the influence of drilling
positions, the boreholes spacing also has little influence on
the evolution law of acoustic emission, and all go through
silent emission stage, slow increase stage, and rapid increase
stage. In addition, the maximum value of acoustic emission
counts and the corresponding occurrence time of the rock
samples are changed as the boreholes spacing increase. As
the boreholes spacing S increases from 1D to 8D, the
maximum values of the acoustic emission counts are 21
times, 28 times, 25 times, 26 times, and 21 times and the
corresponding occurrence times are 54475 steps, 55075
steps, 53378 steps, 55675 steps, and 57987 steps. Similar to
the influence of drilling positions, as S increases, the
maximum value of the acoustic emission counts of the
samples shows a state of fluctuation. However, the corre-
sponding occurrence time shows a consistent trend (in-
crease-decrease-increase) with the change of the UCS.
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Figure 14: Stress-strain curves of rock samples with different
boreholes arrangement forms.
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3.2.3. Influence of Boreholes Dip Angles. Figure 18 shows
the stress-time-AE counts of samples with different
boreholes dip angles. ,e dip angles α of (a), (b), (c), (d),
and (e) are 0°, 20°, 40°, 60°, and 80°, respectively. Similar to

the influence of drilling positions and boreholes spacing,
the boreholes dip angle also has little influence on the
evolution law of acoustic emission, and all go through
silent emission stage, slow increase stage, and rapid
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Figure 16: Stress-time-AE counts of samples with different borehole height ratio. ,e R of (a), (b), (c), (d), and (e) are 0.1, 0.3, 0.5, 0.7, and
0.9, respectively.
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increase stage. In addition, the maximum value of acoustic
emission counts and the corresponding occurrence time
of the rock samples are changed as the boreholes dip
angles increase. As the boreholes dip angle increase from
0° to 80°, the maximum value of the acoustic emission
counts are 30 times, 33 times, 12 times, 23 times, and 21

times and the corresponding occurrence times are 55924
steps, 53744 steps, 43808 steps, 52295 steps, and 52646
steps. Similar to the influence of drilling positions and
boreholes spacing, as the dip angle α increase, the max-
imum value of the acoustic emission counts of the samples
shows a state of fluctuation.
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Figure 17: Stress-time-AE counts of samples with different boreholes spacing. ,e S of (a), (b), (c), (d), and (e) are 1D, 2D, 4D, 6D, and 8D,
respectively.
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3.2.4. Influence of Boreholes Arrangement Forms. Figure 19
shows the stress-time-AE counts of samples with dif-
ferent boreholes arrangement forms. ,e arrangement
forms of (a), (b), (c), (d), and (e) are vertical layout,
horizontal layout, inclined layout, up three-flower layout,

and down three-flower layout, respectively. Similar to the
influence of drilling positions, boreholes spacing, and
borehole dip angles, the boreholes arrangement forms
also have little influence on the evolution law of acoustic
emission, and all go through silent emission stage, slow
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Figure 18: Stress-time-AE counts of samples with different boreholes dip angle.,e α of (a), (b), (c), (d), and (e) are 0°, 20°, 40°, 60°, and 80°,
respectively.
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increase stage, and rapid increase stage. ,e difference is
that there are two or more peaks in the third stage of
acoustic emission rapid increase. ,is is because the
number of drilling holes is three, more than one and two,
which makes the mechanical properties of rock samples
changed to serious, leading to the stress of rock samples
before and after the peak is in a state of fluctuation.
Similar to the influence of drilling positions, boreholes
spacing, and boreholes dip angles, as the boreholes ar-
rangement forms change, the maximum value of the
acoustic emission counts of the samples shows a state of
fluctuation. However, the corresponding occurrence time
shows a consistent trend with the change of the UCS.
When the boreholes arrangement form is vertical layout,
the maximum value of the acoustic emission counts and
its occurrence time are 27 times and 58586 steps; when
the boreholes arrangement form is horizontal layout, the
maximum value of the acoustic emission counts and its
occurrence time are 26 times and 55675 steps; when the
boreholes arrangement form is inclined layout, the
maximum value of the acoustic emission counts and its
occurrence time are 13 times and 38716 steps; when the
boreholes arrangement form is up three-flower layout,
the maximum value of the acoustic emission counts and
its occurrence time are 17 times and 43559 steps; when
the boreholes arrangement form is down three-flower
layout, the maximum value of the acoustic emission
counts and its occurrence time are 17 times and 49749
steps.

3.3. Failure Modes. It can be seen from Figure 3 that the
failure mode of intact rock is inclined split failure with two
large fracture face, which is taken as a reference when an-
alyzing the influence of drilling layout on the failure modes
of surrounding rock samples.

3.3.1. Influence of Borehole Locations. Figure 20 shows the
failure modes of rock samples with different borehole height
ratio. ,e R of (a), (b), (c), (d), and (e) are 0.1, 0.3, 0.5, 0.7,
and 0.9, respectively. It can be seen from the figures that the
failure modes of rock samples with different drilling posi-
tions are different from the of intact rock sample. When
R� 0.1, the failure mode of rock sample is mainly at the
bottom of the rock sample, which is similar to “V” shape;
when R� 0.3, the failure mode of rock sample is also mainly
concentrated at the bottom of the rock sample, which is
similar to “W” shape; when R� 0.5, the failure mode of rock
sample is approximately X-shaped; when R� 0.7, the failure
mode of rock sample is approximately Y-shaped; when
R� 0.9, the failure mode of rock sample is approximately
inverted “√” shape. ,e failure of rock samples is caused by
cracks (stress concentration) near the borehole first, and
then the whole rock samples are damaged. Drilling can not
only lead to the strength reduction of rock mass but also
control the failure mode of rock mass. ,e actual project can
control the pressure relief range of drilling with this
advantage.

3.3.2. Influence of Boreholes Spacing. Figure 21 shows the
failure modes of rock samples with different boreholes
spacing. ,e S of (a), (b), (c), (d), and (e) are 1D, 2D, 4D, 6D,
and 8D, respectively. From the figures it can be obtained that
the failure modes of rock samples with different boreholes
spacing are different from those of intact rock sample. When
S� 1D and 2D, the failure modes of rock samples are similar
to “X” shape; when S� 4D and 6D, the failure modes of rock
samples are inclined split failure, similar to “/” shape; when
S� 8D, the failure mode of rock sample is approximately
n-shaped. ,e smaller the distance between the boreholes is,
the more obvious the coupling effect between the boreholes
is, and the stronger the damage degree near the boreholes is.
However, there is also a waste of drilling. ,erefore, the
drilling spacing should be reasonably arranged in the actual
project. ,is study shows that when the boreholes spacing is
4 times the hole diameter, the pressure relief effect is the best.

3.3.3. Influence of Boreholes Dip Angles. Figure 22 shows the
failure modes of rock samples with different boreholes dip
angles. ,e dip angle α of (a), (b), (c), (d), and (e) are 0°, 20°,
40°, 60°, and 80°, respectively. From the figures it can be
obtained that the failure modes of rock samples with dif-
ferent boreholes dip angle are also different from those of
intact rock sample. When α� 0°, the failure mode of the rock
sample is approximately inverted “V” shape; when α� 20°,
the failure mode of the rock sample is approximate to “H”
shape; when α� 40° and 80°, the failure modes of the rock
samples are similar to “y” shape; when α� 60°, the failure
modes of the rock samples are similar to “X” shape. ,e
smaller the boreholes dip angle is, the more likely the failure
mode of the rock sample concentrated in the middle of the
sample is; the larger the boreholes dip angle is, the more
likely it can lead to splitting failure of rock samples.

3.3.4. Influence of Boreholes Arrangement Forms. Figure 23
shows the failure modes of rock samples with different
boreholes arrangement forms. ,e arrangement forms of
(a), (b), (c), (d), and (e) are vertical layout, horizontal layout,
inclined layout, up three-flower layout, and down three-
flower layout, respectively. From the figures it can be ob-
tained that the failure modes of rock samples with different
boreholes arrangement forms are also different from those of
intact rock sample.When the boreholes arrangement form is
vertical layout, the failure mode of the sample is similar to
“√” shape; when the boreholes arrangement form is hori-
zontal layout, the failure mode of the sample is similar to “H”
shape; when the boreholes arrangement form is inclined
layout, the failure mode of the sample is similar to sym-
metrical “h” shape; when the boreholes arrangement form is
up three-flower layout, the failure mode of the sample is
similar to inverted “Y” shape; when the boreholes ar-
rangement form is down three-flower layout, the failure
mode of the sample is similar to “Y” shape. In addition, the
inclined drill holes are more likely to lead to the propagation
and penetration of rock cracks, even if the number of cracks
is less.
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Figure 19: Stress-time-AE counts of samples with different boreholes arrangement form.,e arrangement forms of (a), (b), (c), (d), and (e)
are vertical layout, horizontal layout, inclined layout, up three-flower layout, and down three-flower layout, respectively.
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(a) (b) (c) (d) (e)

Figure 20: Failure modes of samples with different borehole height ratio. ,e R of (a), (b), (c), (d), and (e) are 0.1, 0.3, 0.5, 0.7, and 0.9,
respectively.

(a) (b) (c) (d) (e)

Figure 21: Failure modes of samples with different boreholes spacing. ,e S of (a), (b), (c), (d), and (e) are 1D, 2D, 4D, 6D, and 8D,
respectively.

(a) (b) (c) (d) (e)

Figure 22: Failure modes of samples with different boreholes dip angle. ,e α of (a), (b), (c), (d), and (e) are 0°, 20°, 40°, 60°, and 80°,
respectively.
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4. Conclusions and Suggestions

,e strength reduction degrees of rock samples with
different drilling layout schemes are different. In addi-
tion to the sample that the drill hole is at the end face of
the rock bottom (R � 0.1), the closer the drilling hole is to
the top of the rock sample, that is, the larger the R value
is, the higher the strength reduction degree of the rock
sample is. It is easy to reduce the stress concentration of
surrounding rock mass by drilling at the top and bottom
of the cavern. ,e strength reduction degree of rock
samples shows a decrease-increase-decrease trend with
the increase of boreholes spacing. ,e boreholes spacing
with the best pressure relief effect is about 4 times of the
borehole diameter. ,e strength reduction degree of rock
samples shows a trend of decrease firstly and then in-
crease with the increase of boreholes dip angle. ,e best
way to reduce the pressure of surrounding rock is to
arrange the boreholes at about 45°. ,e strength re-
duction degree of rock sample with an inclined ar-
rangement form is the largest, followed by the
arrangement form being up three-flower layout or down
three-flower layout. Using the inclined layout and three-
flower layout can achieve better pressure relief effect of
the surrounding rock mass of the caverns.

,e rock samples with different drilling layout
schemes have little influence on the evolution law of
acoustic emission, and all go through silent emission
stage, slow increase stage, and rapid increase stage.
However, the maximum value of acoustic emission counts
and the corresponding occurrence time of the rock
samples are changed. As the drilling layout schemes
change, the maximum value of the acoustic emission
counts of the samples shows a state of fluctuation.
However, the changed trend of the occurrence time of the
maximum value of the acoustic emission counts is con-
sistent with the change of the UCS. ,e acoustic emission
can effectively monitor the stability of the surrounding
rock of the caverns. However, the threshold value and the

occurrence time of the acoustic emission of the cavern
instability changed after the cavern surrounding rock is
drilled holes. If the borehole is arranged at the sur-
rounding rock mass, the occurrence time of the cavern
instability may be advanced.

,e failure modes of rock samples with different drilling
layout schemes are different.,e shapes of the failure modes
of the rock samples with different borehole location are “V”
(R� 0.1), “W”(R� 0.3), “X”(R� 0.5), “Y”(R� 0.7), and
“√”(R� 0.9). ,e shapes of the failure modes of the rock
samples with different boreholes spacing are “X” (S� 1D or
2D), “/” (S� 4D or 6D), and “n” (S� 8D). ,e shapes of the
failure modes of the rock samples with different boreholes
dip angles are “V” (α� 0°), “H” (α� 20°), “y” (α� 40° or 80°),
and “X” (α� 60°). ,e shapes of the failure modes of the rock
samples with different boreholes arrangement forms are “√”
(vertical layout), “H” (horizontal layout), symmetrical “h”
(inclined layout), inverted “Y” (up three-flower layout), and
“Y” (down three-flower layout). ,e failure of rock samples
is caused by cracks near the borehole first, and then the
whole rock samples are damaged. Drilling can not only lead
to the strength reduction of rock mass but also control the
failure mode of rock mass. ,e actual project can control the
pressure relief range of drilling with this advantage.

Data Availability

All the data generated or analyzed during this study are
included in this published article.

Conflicts of Interest

,e authors declare that they have no conflicts of interest.

Acknowledgments

,e research described in this paper was financially sup-
ported by Liaocheng University Research Fund (no.
318051703).

(a) (b) (c) (d) (e)

Figure 23: Failure modes of samples with different boreholes arrangement forms. ,e arrangement forms of (a), (b), (c), (d), and (e) are
vertical layout, horizontal layout, inclined layout, up three-flower layout, and down three-flower layout, respectively.

14 Advances in Civil Engineering



References

[1] Y. Pan, Z. Li, and M. Zhang, “Distribution, type mechanism
and prevention of rockburst in China,” Chinese Journal of
Rock Mechanics and Engineering, vol. 22, no. 11, pp. 1844–
1851, 2003.

[2] P. Konicek, K. Soucek, L. Stas, and R. Singh, “Long-hole
destress blasting for rockburst control during deep under-
ground coal mining,” International Journal of Rock Mechanics
and Mining Sciences, vol. 61, pp. 141–153, 2013.

[3] J. H. Liu, F. X. Jiang, G. J. Sun et al., “Mechanism of intensive
venting pulverized coal to prevent coal burst and its appli-
cation,” Chinese Journal of Rock Mechanical Engineering,
vol. 33, no. 4, pp. 747–754, 2014.

[4] X. Zhang and F. Meng, “Statistical analysis of large accidents
in China’s coal mines in 2016,”Natural Hazards, vol. 92, no. 1,
pp. 311–325, 2018.

[5] Z. Zhang, M. Deng, X. Wang et al., “Field and numerical
investigations on the lower coal seam entry failure analysis
under the remnant pillar,” Engineering Failure Analysis,
vol. 115, 2020.

[6] E. B. Yi, Z. L. Mu, L. M. Dou et al., “Study on comparison and
analysis on pressure releasing effect of boreholes in soft and
hard seam,” Coal Science and Technology, vol. 39, no. 6,
pp. 1–5, 2011.

[7] Y. Li, H. Zhang, Z. Zhu et al., “Study on safety parameters of
pressure relief borehole in rockburst coal seam,” China Safety
Science Journal, vol. 28, no. 11, pp. 122–128, 2018.

[8] S. Zhang, Y. Li, B. Shen, X. Sun, and L. Gao, “Effective
evaluation of pressure relief drilling for reducing rock bursts
and its application in underground coal mines,” International
Journal of Rock Mechanics and Mining Sciences, vol. 114,
pp. 7–16, 2019.

[9] S. Zhu, F. Jiang, X. Shi et al., “Energy dissipation index
method for determining rockburst prevention drilling pa-
rameters,” Rock and Soil Mechanics, vol. 36, no. 8,
pp. 2270–2276, 2015.

[10] C. Jia, Y. Jiang, X. Zhang et al., “Laboratory and numerical
experiments on pressure relief mechanism of large-diameter
boreholes,” Chinese Journal of Geotechnical Engineering,
vol. 39, no. 6, pp. 1115–1122, 2017.

[11] Q. Zhang, G. Sun, J. Suo et al., “,e 3D numerical simulation
of deep granite borehole unloading,” Chinese Journal of
Applied Mechanics, vol. 34, no. 5, pp. 988–994, 2017.

[12] P. A. Cundall and O. D. L. Strack, “A discrete numerical
model for granular assemblies,” Géotechnique, vol. 29, no. 1,
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+e width design of protective pillars is an important factor affecting the stability of high-stress roadways. In this study, a novel
numerical modeling approach was developed to investigate the relationship between protective pillar width and roadway stability.
With the 20m protective pillar width adopted in the field test, large deformation of roadways and serious damage to surrounding
rocks occurred. According to the case study at the Wangzhuang coal mine in China, the stress changes and energy density
distribution characteristics in protective pillars with various widths were analysed by numerical simulation. +e modeling results
indicate that, with a 20m wide protective pillar, the peak vertical stress and energy density in the pillar are 18.5MPa and 563.7 kJ/
m3, respectively.+e phenomena of stress concentration and energy accumulation were clearly observed in the simulation results,
and the roadway is in a state of high stress. Under the condition of a 10m wide protective pillar, the peak vertical stress and energy
density are shifted from the pillar to roadway virgin coal region, with peak values of 9.5MPa and 208.3 kJ/m3, respectively. +e
decrease in vertical stress and energy density improves the stability of the protective pillar, resulting in the roadway being in a state
of low stress. Field monitoring suggested that the proposed 10m protective pillar width can effectively control the large de-
formation of the surrounding rock and reduce coal bump risk. +e novel numerical modeling approach and design principle of
protective pillars presented in this paper can provide useful references for application in similar coal mines.

1. Introduction

With increased mining depth, the failure of protective
pillars in deep high-stress roadways has received much
attention [1]. +e influence of the protective pillar design
on the stability of roadways has a bearing on worker
safety and the effective mining of coal resources. Pro-
tective pillar around the gob provides a safe and stable
production environment for the roadway and decreases
disturbance to the roadway from high external stress. An
improper protective pillar design can cause frequent roof
sagging, pillar rib bulging, and severe coal bump to occur
in a roadway, which will eventually cause the collapse of
the surrounding rock structure [2, 3]. +erefore, pro-
tective pillar width design is a necessity for maintaining

the stability of the surrounding rock. Many methods of
designing an appropriate protective pillar width have
been proposed, including theoretical analysis calculations
and numerical simulations.

A variety of calculation models have been established to
analyse the proper width of a protective pillar and decrease the
risk of pillar failure [4, 5]. Ghasemi et al. [6] used limit equi-
librium analysis to explore the relationship between the range of
elastic area and the stability of the protective pillar. Cao and
Zhou [7] investigated the influence of movement in key blocks
of broken strata above the roadway on the stability of the
protective pillar and defined a reasonable width for the pillar.
Yang et al. [8] showed the scope of stress distribution in the
upper and lower strata of a protective pillar by analysing the
influence of roof failure on the bearing capacity of the pillar.
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In reality, many factors, such as the protective pillar’s
form, the rock mechanical properties, the stress state, and
the panel mining methods, should be considered in de-
signing the width of the protective pillar. Since some of these
factors are not considered in theoretical analysis calcula-
tions, they are limited in application. Various numerical
simulations have been adopted to analyse the effect of the
protective pillar width on the roadway stability because of
their low cost and high efficiency [9]. Moreover, as nu-
merical simulation includes numerous factors during
modeling, the results are often more reliable than those of
theoretical calculations. Shabanimashcool and Li [10]
established local and global numerical models to study the
influence of falling strata on the stress and breaking range of
a protective pillar during panel retreat. Bai et al. [11] in-
vestigated roof failure characteristics and stress change rules
of gob-side entry driving by stages, noting that a rational
protective pillar width could enhance the roadway stability.
Ma et al. [12] analysed the shear failure behavior for pro-
tective pillars and found that the failure mode varied with
the pillar width and inclination of the coal seam. Wang et al.
[13] adopted FLAC3D software to study the dynamic re-
sponse and failure mechanism of protective pillars; the re-
sults showed that enlarging the elastic core in the pillar
increased the risk of coal bump. However, based on previous
studies, we found that the numerical simulations seldom
considered the following: (1) When the overlying strata in a
gob are cut off along a preexisting fissure, the caving ma-
terials will fill the gob and provide supporting resistance to
the roof strata, which will relieve stress on the protective
pillar and decrease its width. (2) +e energy stored in the
rock mass is closely related to its stress state. +e stored
energy will vary as the stress changes. +us, the evolution
laws of energy stored in a rock mass can be inferred by the
change in stress, decreasing or avoiding the deformation
failure of the surrounding rock and the occurrence of coal
bump. In view of these limitations in current simulations
and considering the supporting feature of gob caving ma-
terials and the relationship between the stress and energy of
the rock mass, a numerical modeling is developed to analyse
failure mechanism for protective pillars.

In this paper, the relationship between roadway stability
and protective pillar width is investigated based on nu-
merical simulations and field tests. First, the failure char-
acteristics of high-stress roadways are studied when the
width of protective pillar is 20m. Next, a novel modeling
approach is proposed. In this modeling, a strain-softening
model is adopted to describe the mechanical behaviour of
protective pillars, and a double-yield model is used to
simulate the gob materials mechanical behaviour. +e stress
changes and energy density distribution characteristics of
roadways with five different widths are analysed. Finally, the
effect of the optimal protective pillar on controlling the
deformation of the surrounding rock is evaluated by a field

test. +e modeling approach and design principle presented
in this paper can be used to analyse the protective pillar
design of high-stress roadways at other similar sites.

2. Engineering Background

2.1. Geology Conditions. As shown in Figure 1, the selected
study site is in the Wangzhuang coal mine, Shanxi Province,
China. +e average depth and thickness of coal seam are
300m and 4m. Roadway roof and floor mainly include
mudstone, siltstone, and sandy mudstone. A detailed
stratigraphic column is shown in Figure 2.

Panels 8101, 8102, and 8103 are located in mining area #8
of the test coal mine, with a strike length of 1088m and dip
length of 210m, as shown in Figure 3. Panel 8101 is located to
the north of panel 8102, where the coal seam has been
exploited. Panel 8103 is located to the south of panel 8102,
which is unexploited. At present, the width of the protective
pillar between the 8101 tailgate and 8102 headgate is 20m
(Figure 3).

2.2. Field Monitoring. In order to evaluate the current
protective pillar stability, the roadway deformation for 8102
headgate was measured in the process of roadway excavation
and panel retreat. Four measuring stations (solid magenta
circles in Figure 3) were arranged in the 8102 headgate. +e
distance between measuring stations was 50m. +e field
measuring process included the following work:

(1) +e pins (red solid circle in Figure 4(a)) were fixed to
the corresponding regions of the roadway at each
measuring station. Floor and roof pins were fixed in
the midspan; the distance of pins in two ribs from the
roof was 1.7m.

(2) In the observation process, the convergence of the
roof, floor, and two ribs was measured by using a
digital deformation instrument and measuring line
(Figure 4(b)). +e digital deformation instrument
was accurate to 0.01mm, which satisfied the needs of
deformation observation.

(3) During the measuring period, the field data were
measured once every 3 days.

+e results of the 8102 headgate displacements at dif-
ferent stages are shown in Figure 5. Note that the dis-
placement of the 8102 headgate in Figure 5 is the average
displacement of the four measuring stations in the field. +e
roadway deformation tended to be stable after excavation of
57 days, with a rate of deformation close to zero
(Figure 5(a)). +e total convergence of the roof, protective
pillar rib, and virgin coal rib reached 286mm, 206mm, and
158mm, respectively. As shown in Figure 5(b), compared
with the convergence during excavation, the roadway dis-
placement grew rapidly in the panel retreat period. +e
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convergence of roadway roof increased to 991mm, and the
protective pillar rib and virgin coal rib convergence reached
661mm and 396mm, respectively. More than 80% of the

roadway deformation occurred in a location where mea-
suring stations advanced approximately 40m from the
longwall face. +e results show that the deformation of the
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Figure 1: Location of the Wangzhuang coal mine.
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roof was the largest and that the deformation in the pro-
tective pillar rib was the next largest; the deformation on the
floor was considerably smaller than that of the roof and ribs.

+e immediate roof and two ribs of headgate 8102 were
located in the coal seam with low strength, and the floor was
located in mudstone with relatively high strength. +is
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Figure 3: Layout of roadway and panel at the test site.
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special engineering geological condition led to a great
amount of deformation in the roof and the two ribs once the
roadway was excavated.

Severe roof sagging and pillar rib bulging (Figures 6(a)
and 6(b)) occurred frequently in the process of panel 8102
retreat. Approximately 30m in front of panel 8102, roof fall
and small-scale coal bump accidents (solid blue circle in
Figure 3) occurred, as shown in Figures 6(c) and 6(d).
Fortunately, no injuries occured in the accidents; however,
the production efficiency was affected. It took about 20 days
to repair the roadway, wasting large amounts of time and
money. Professionals did not find the cause of the roof
caving and coal bump. It was presumed that the coupling
action of high mining-induced stress and low coal strength
led to instability of the protective pillar, resulting in the
accidents. +erefore, the roof stratum and protective pillar
rib were the areas that received attention in panel retreat
process.

3. Protective Pillar Design Principle

3.1. Stress Distribution Laws of Protective Pillars. With
roadway excavation, roof strata loads, initially borne by solid
coal, are transferred to the two roadway ribs. +e distri-
bution of vertical stress in the protective pillar varies greatly
with the variation in the pillar width. With a protective pillar
width of 5–20m, the vertical stress distribution character-
istics are described by a “single peak,” while the vertical
stress distribution characteristics are described by a “double
peak” with a 20–40m wide protective pillar, as shown in
Figure 7.

3.2. Relationship between Protective Pillar Width and Road-
way Stability. +e relationship between the width of pro-
tective pillar and roadway convergence was used to evaluate
the stability of the roadway, as shown in Figure 8.

For determining a rational pillar width for a high stress
roadway, the following considerations could be made:

(1) +e width of the protective pillar could not be too
thin, such as the left side of point A in Figure 8.
Because of its weak bearing capacity, the protective
pillar could not maintain roadway stability in this
case.

(2) +e protective pillar width could not be too wide,
indicated by the curve between points B and D. On
account of the strain energy accumulation, the
protective pillar may lead to coal bumps in this
situation.

(3) +e width of the protective pillar could not reach the
critical width, such as point B. Under this condition,
the peak stress would be shifted from the solid coal
region to the protective pillar. +e bearing strength
of the protective pillar could not resist the peak stress
effectively, and the roadway was in a state of high
stress.

A suitable width for protective pillars should provide
enough capacity to bear roof strata loads while maintaining

the pillar integrity, reducing the pillar width, and increasing
coal recovery rate. +erefore, a thin pillar could be chosen,
corresponding to the left side of point B (Figure 8). +e
roadway could undertake a certain degree of large defor-
mation in this condition, and its integrity could be
maintained.

3.3. Determination of the Cutting Height for the Overlying
Strata in the Gob. During mining, as the working face
constantly moved forward, the strata behind the working
face were cut off along the preexisting fissure.+e gob caving
material had a certain bearing capacity when compressed by
the upper strata. +e gob caving material could support the
overlying strata and reduce the pressure on the pillars.
+erefore, when designing protective pillars, it is necessary
to account for the supporting characteristics of the caving
materials.

To effectively utilize the supporting characteristics of the
caving materials, it is important to determine the cutting
height of the overlying strata in the gob. After roof stratum
caving, the volume of caving materials expands. In other
words, the pile height of the caving rock mass will be larger
than the original height.+e volume expansion of the caving
materials can be fully described with the bulking factorKp.
+e intact rock original height is Σh, and the rock mass pile
height after roof strata collapse isKpΣh. +e stratum void
heightΔ between the piled rock and the overlying stable rock
will be

Δ �  h + M − Kp  h � M −  h Kp − 1 , (1)

where M denotes the coal seam height andKp denotes the
bulking factor.

According to equation (1), when Δ� 0, the cutting height
of the roof strata is calculated by the following equation
[15, 16]:

 h �
M

Kp − 1
. (2)

Based on a number of field observations, the caving
height is 4 to 8 times of the coal seam height [17, 18]. For
panel 8102, the coal seam height is 4m, and the bulking
factor is determined to be 1.25 [19, 20]. +erefore, the
cutting height of the strata above the gob is 16m.

4. Establishment of Numerical Model

4.1. Modeling Scheme. To analyse the relationship between
the roadway stability and protective pillar width, a numerical
model was established based on FLAC3D software. +e
dimensions of the model were 160m× 59.1m× 2m. +e
model consisted of panels 8101 and 8102 and their roadway
system (Figure 9). A vertical stress of 7.5MPa, representing
the loads of overlying rock, is applied to the model top
boundary. Based on the in situ stress monitoring data, the
ratio of horizontal to vertical stress was determined to be 1.1.
For the four vertical model planes, the horizontal dis-
placement was constrained. +e displacements in the hor-
izontal and vertical directions were restrained in bottom
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boundary. +e Mohr–Coulomb model was adopted to
simulate the rock mass, except for the protective pillar and
gob caving materials. Table 1 shows the mechanical prop-
erties of the rock mass.

+e numerical simulation comprised five steps: (1)
model establishment and application of in situ stress, (2)
initial stress balance in the model, (3) 8101 tailgate exca-
vation, (4) retreat of panel 8101 and equivalent gob materials
simulation, and (5) 8102 headgate excavation with five
different pillar widths. On the basis of the 8102 headgate
conditions, the protective pillar height was maintained at
3.5m, and the protective pillar width was simulated at 5, 10,
15, 20, and 25m, as shown in Figure 10.

4.2. 9e Constitutive Model of Protective Pillars. +ere are
elastic phase, plastic softening phase, and residual phase in
the process of protective pillar failure. With pillar yielding,
plastic softening phases occur until a residual strength level
is obtained. At present, the widely used constitutive model of
simulating protective pillar failure is the Mohr–Coulomb
strain-softening model, in which pillars are considered to be
materials with softening properties [21, 22]. After yielding,
the friction angle and cohesion soften with the change in
plastic strain. To simulate the strain-softening behaviour of
protective pillar, a pillar submodel is established and in-
cludes the roof, pillar, and floor, as shown in Figure 11. +e
mechanical behaviour of the pillar is simulated by the strain-
softening model, and the mechanical behaviour of the roof
and floor is simulated by the Mohr–Coulomb model.

Many strength formulas of pillar have been put forward
in the recent decades [23–25]. It is noted that Salamon-
Munro proposed the following empirical formula, with pillar
W/H (width-to-height) ratios from 2 to 20 [23].

Pillar Strength � 7.716
w

0.46

h
0.66 , (3)

where w and h indicate the width and height of pillar,
respectively.

+e empirical strength formula of the pillar has good
consistency with developed average strength formulas.
+erefore, the Salamon-Munro strength formula was
adopted in this study to verify the pillar numerical model. A
commonly used iterative method is adopted [21, 26]. +e
parameters of the strain-softening model are determined by
matching the strength of the pillar acquired by numerical
simulation with that determined by the Salamon-Munro
formula. Table 2 shows the input parameters for calibrating
the pillar strain-softening model. +e simulated and cal-
culated strengths of pillar are displayed in Figure 12. +e
results show that the simulated strength of the pillar matches
with the calculated strength of pillar from the Salamon-
Munro empirical formula very well, suggesting that the
parameters can be adopted to accurately simulate the me-
chanical behaviour of a protective pillar.

4.3. Modeling of the CavingMaterials in the Gob. After panel
retreat, the roof strata behind the panel collapse, and the
caving rock in the gob is compacted and consolidated.

59
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160m
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Headgate 8102 Tailgate 8101
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Mudstone

Sandy mudstone
Siltstone
Mudston
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3.

5m
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Figure 9: Numerical simulation model.
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Regarding the influence of the gob caving rock on the
protective pillars, the mechanical behaviour of the gob
caving materials was simulated by the double-yield model
[21, 27]. +e input parameters of the double-yield model
included material properties and cap pressure [28]. +e cap
pressure parameters were determined by the following
equation proposed by Salamon:

σ �
E0ε

1 − ε/εm

, (4)

where σ denotes the vertical stress applied to the gob caving
materials; ε denotes the volumetric strain and maximum
strainεm, respectively; E0 denotes the initial modulus of the

gob materials. Parameters E0 and εm could be obtained by
the two following equations:

εm �
Kp − 1 

Kp

, (5)

E0 �
10.39σ1.042

c

Kp
7.7 , (6)

Where Kp denotes the bulking factor; and σc denotes the
compressive strength of the caving materials in gob. Based
on equation (2), the bulking factor Kp and compressive
strength σc were determined to be 1.25 and 12MPa,

Table 1: Mechanical properties of the rock mass.

Lithology Density
(kg/m3) Compressive strength (MPa) Elasticity modulus (GPa) Poisson’s ration (]) Cohesion (MPa) Friction (°)

Fine sandstone 2750 57.2 12.5 0.22 2.6 29
Mudstone 1900 13.1 5.0 0.29 1.4 25
Sandy mudstone 2450 27.8 7.1 0.26 1.8 27
Siltstone 2680 47.6 9.8 0.24 2.3 31
Mudstone 1900 13.1 5.0 0.29 1.4 25
Coal seam 1600 9.8 1.5 0.32 0.8 22
Mudstone 1900 13.1 5.0 0.29 1.4 25
Fine sandstone 2750 57.2 12.5 0.22 2.6 29
Siltstone 2680 47.6 9.8 0.24 2.3 31

Global model

Stress balance

Retreat panel 8101

Excavate headgate
8102, pillar
width = 5m

Excavate headgate
8102, pillar

width = 10m

Excavate headgate
8102, pillar

width = 15m

Excavate headgate
8102, pillar

width = 20m

Excavate headgate
8102, pillar

width = 25m

Excavate tailgate 8101

Figure 10: +e FLAC3D numerical simulation steps.

Table 2: Strain-softening properties of pillar with plastic strain.

Strain 0 0.0025 0.005 0.0075 0.01
Cohesion (MPa) 0.8 0.68 0.54 0.4 0.28
Friction angle (°) 24 23 22 21 21
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respectively. According to equations (5) and (6), the max-
imum strain εm and initial tangent modulus E0 are 0.2 and
24.8MPa, respectively. +e cap pressure parameters of the
numerical model are shown in Table 3.

To obtain the material parameters of the double-yield
model (bulk modulus, shear modulus, friction angle, and
dilation angle), a gob element (Figure 13) was selected. A
10−5m/s vertical velocity was used to represent the load and
apply to the element top.+e horizontal deformation of four
vertical faces of the element was restrained, while the vertical
deformation at the element bottom was set to zero. A fitting
method in previous related research was adopted to match

the gob element stress-strain curve with Salamon’s model
[21, 29]. Figure 14 compares the stress-strain curves of two
models, and they match very well. Based on the comparison
result, the final parameters of the gob material in the double-
yield model were obtained and used in FLAC3D (Table 4).

4.4.9e Relationship between the Stress and Energy Density of
the Surrounding Rock Element. +e stress state of the sur-
rounding rock structure is closely related to its stored en-
ergy. During excavation, the stress of the rock mass is
adjusted with changes of the energy storage structure. As the
essential attribute of the deformation and destruction of
surrounding rock, the energy change reflects the continuous
development of defects, weakening, and loss of strength in
the surrounding rock mass [30]. +erefore, failure of the
surrounding rock structure is reflected by internal energy
change.

An element of the surrounding rock structure was
chosen, and the size and shape of the element changed with
the external forces. Figure 15 shows the 3D stress state of the
element, which can be considered the superposition of two
stress states. On the one hand, it can be described by the
average stress σm of the element in three directions:

σm �
σ1 + σ2 + σ3

3
, (7)

where σ1, σ2, and σ3 are the maximum, intermediate, and
minimum principal stress, respectively.

On the other hand, it can be considered that stresses
σ−
1 � σ1 − σm, σ−

2 � σ2 − σm, andσ−
3 � σ3 − σm are applied in

the three directions of the element, where σ−
1 , σ−

2 , and σ−
3 are

considered to be the deviations in stress from the principal
stresses σ1, σ2, and σ3 [31].

σ−
1 �

2σ1 − σ2 − σ3
3

, σ−
2 �

2σ2 − σ3 − σ1
3

, σ−
3 �

2σ3 − σ1 − σ2
3

.

(8)

Under the action of the average stressσm, the volume of
the element changes, while its shape is invariant. +e strain
energy density was calculated according to the following
formula:

υv �
1 − 2μ
6E

σ1 + σ2 + σ3( 
2
, (9)

where υv denotes the strain energy density under the action
of average stressσm; and σ1, σ2, and σ3 are the maximum,
intermediate, and minimum principal stress, respectively.

Under the action of the deviatoric stresses σ−
1 , σ

−
2 , and σ

−
3 ,

the shape of the element changes, while its volume is in-
variant. +us, the strain energy density was calculated
according to the following formula:

υd �
1 + μ
6E

σ1 − σ2( 
2

+ σ2 − σ3( 
2

+ σ3 − σ1( 
2

 , (10)

where υd denotes strain energy density under the action of
the deviatoric stresses σ−

1 , σ
−
2 , and σ−

3 .
+e element strain energy density includes the volume-

changed and shape-changed strain energy density. +erefore,
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Figure 12: +e simulated and calculated strengths of pillar.
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Figure 11: A pillar submodel.
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the strain energy density of the element can be expressed
[32, 33]:

υ � υv + υd �
1 − 2μ
6E

σ1 + σ2 + σ3( 
2

+
1 + μ
6E

σ1 − σ2( 
2

+ σ2 − σ3( 
2

+ σ3 − σ1( 
2

 , (11)

where υ denotes the sum of the strain energy density caused
by the changes in volume and shape of the element.

According to equation (11), it can be clearly seen that
energy stored in the surrounding rock element is closely
related to its own stress state. A coupled program of the
strain energy density and stress of a surrounding rock el-
ement was developed in this study, which was used to in-
vestigate the relationship between the internal energy and
stress of the rock mass.

4.5. Verification of the Gob Caving Materials Supporting
Capacity. To validate the effectiveness of the supporting
capacity of caving materials in gob 8101, Figure 16 displays
the vertical stress evolution law in the caving area. +ere is
0.42MPa of vertical stress at the gob edge. Meanwhile, the
vertical stress increases gradually with distance increase
from the gob edge. +e maximal vertical stress reaches
7.45MPa at an approximately 73.6m distance from the gob
edge and remains relatively steady. +e caving materials in
the gob bear 99% of the initial vertical stress (7.45/7.5MPa).
With increasing distance from the gob edge, the caving
materials are compressed and the vertical stress in the caving
area increases gradually. +e vertical stress of the gob rea-
ches the initial stress (7.5MPa) at approximately 73.6m
from the gob edge, that is, 25% (73.6/300) of the overlying
depth. +rough extensive field tests, Wilson and Carr [34]
and Campoli et al. [35] proposed that the gob vertical stress
could reach the initial stress of the rock mass at a distance of
0.2–0.38 times the buried depth of coal seam. In this study,
the obtained vertical stress distribution agrees well with the
related conclusions [14, 25, 36], indicating that the simu-
lation result of the supporting capacity of the gob caving
materials is reliable.

5. Modeling Results and Discussion

5.1. Modeling Results. +e simulation results of the vertical
stress and energy density of the two ribs in the 8102 headgate
are shown in Figure 17. To analyse the simulation results in
detail, Figure 17(a) is taken as an example. +e upper di-
agram indicates vertical stress distribution and the lower
diagram shows the energy density distribution of two

roadway ribs. +e blue and yellow areas in the middle
represent elements of surrounding rock in the elastic and
yielded states, respectively.+e curves on the two sides of the
roadway represent the changes of vertical stress and energy
density. Note that all the data come from the mid-height on
the two roadway ribs. +e peak values of the vertical stress
and energy density in the protective pillar are designated as
σcs and vc d, respectively, while the peak values of the vertical
stress and energy density in the virgin coal rib are designated
as σvs and vv d, respectively.

With a 5m width, the protective pillar is damaged
completely and could not keep the stability of the 8102
headgate, as shown in Figure 17(a). Stress concentration
and energy accumulation occur in a position 4.6 m from
the edge of the protective pillar rib, with σcs of 8.6MPa
and vc d of 176.1 kJ/m

3, while at a position 14.3 m from the
virgin rib edge, σvs and vv d are 16.7MPa and 461.5 kJ/m3,
respectively. +e peak values of the vertical stress and
energy density for the virgin coal rib are obviously greater
than those of the protective pillar. When the pillar width
reaches 10 m, protective pillar is in yield state but is not
crushed. +e virgin coal rib yield range decreases.
Moreover, σcs increases gradually from 8.6MPa to
9.5 MPa with vc d increasing from 176.1 kJ/m3 to 208.3 kJ/
m3, remaining lower than the vertical stress (16.2MPa)
and energy density (434.8 kJ/m3) of the virgin coal rib
(Figure 17(b)), showing that the roof strata loads are
mainly on the solid coal region. When the protective
pillar is 15 m and 20m wide, the vertical stress and energy
density increase sharply and exceed the virgin rib
(Figures 17(c) and 17(d)), showing that mining pressure
is transferred rapidly to the protective coal pillar, sharply
changing the energy density. +e excess stress and elastic
energy result in severe roadway deformation and the
occurrence of coal bumps, which are identical to the
failure characteristics of 8102 headgate in the field test.
With condition of 25m wide protective pillar, there is a
6 m elastic zone in the pillar (Figure 17(e)). +e yielded
range of the two roadway ribs shrinks significantly. A
stable elastic energy storage structure is formed in the
protective pillar, which is capable of absorbing sub-
stantial stress and elastic energy. +e distribution of the
vertical stress and energy density exhibits a double peak,

Table 3: +e double-yield model cap pressures.

Strain 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Stress (MPa) 0 0.26 0.55 0.88 1.24 1.65 2.13 2.67 3.31 4.06
Strain 0.10 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19
Stress (MPa) 4.96 6.06 7.44 9.21 11.57 14.88 19.84 28.10 44.64 94.24
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which is consistent with the conclusion based on
Figure 7(b). +e modeling results illustrate that adjusting
the pillar width improves the stability of the surrounding
rock.

For the different protective pillar widths, the roadway
deformation laws are shown in Figure 18. +e displacement
of two ribs in roadway is obviously larger than that of the
roof and floor.+e effect of the protective pillar width on the
stability of the two ribs is greater than that of the roadway
roof and floor. Meanwhile, the roadway deformation of 10m
pillar width is similar to that of 25m wide protective pillar.

+e results (Figures 17 and 18) show that the pro-
tective pillar width influences greatly the pillar load-
bearing capacity and roadway deformation. Most sur-
prisingly, when the protective pillar widths are 10m and
25m, the difference in roadway deformation is not

obvious. +is demonstrates that the existence of an elastic
intact zone enhances the stability of the protective pillar.
Consequently, increasing the protective pillar width could
enhance the reliability of the pillar load-bearing capacity
and improve the roadway stability.

5.2. Discussion of the Rational Width for a Protective Pillar.
+e original balanced state of the main roof above the
roadway is strongly disturbed during the panel retreat pe-
riod. +e main roof is broken [37–39], as shown in
Figure 19(a). Rock masses A, B, and C interact, which in-
fluences the stability of the 8102 headgate. During the roof
fracture period, rock mass B above the roadway begins to
rotate and subside. +e rotation and subsidence have a great
impact on the stability of the protective pillar. +e rock B
fracture position and rotating speed are closely related to the
pillar width. According to the ultimate balance theory, the
geometry size l of rock B can be derived from the panel dip
length S and periodic breakage length L of the main roof, as
in the following formula [40, 41]:

l �
2L

17

������������

10
L

S
 

2
+ 102



− 10
L

S
⎡⎢⎢⎢⎣ ⎤⎥⎥⎥⎦, (12)

where S is the dip length of the panel and L is the periodic
breakage length of the main roof. From field measurements,
the periodic breakage length of the main roof is 23m. +e
dip length of panel 8102 was 210m. From equation (12), the
geometry size lof rock B was 24.5m.

From the results of the numerical simulation, in the case of a
5m wide protective pillar, the peak vertical stress of the virgin
coal rib occurs 14.3m from the rib edge.+e length between the
peak vertical stress location in the virgin rib and the rib edge
plus the width of the protective pillar and the roadway equals
the geometry size of rock B, indicating that rock mass B will
fracture at the location where the peak vertical stress of the
virgin coal rib occurs (Figure 19(a)). A 5mwide protective pillar
cannot withstand the loads of the overlying strata. Rock mass B
rotates violently and the protective pillar is crushed.With a 20m
wide protective pillar, the vertical stress peak in the virgin rib is
transferred to the pillar. Based on the geometry size of rock B, it
could be concluded that its fracture position is located at the
junction of the roof and the virgin coal rib (Figure 19(b)), which
is consistent with the field result showing that roof sagging and
falling often occur at the place close to the junction between the
roof and the virgin coal rib. In the panel retreat period, the
superimposed effect of mining stress and high in situ stress
surpasses the bearing strength of the protective pillar, and the
continued pillar deformation leads to the fracture and rotation
movement of rock mass B in the main roof. Finally, the pro-
tective pillar is crushed and fails. With a 10m wide protective
pillar, the vertical stress peak is still located in the virgin coal rib;
that is, the area of virgin rib is subjected to the main load of the
overlying strata. +e pillar bears relatively less load, which puts
the roadway in a state of low stress. Meanwhile, the protective
pillar could provide support to the fractured rock mass B and
prevent it from rotary movement, which maintains the stability
of the roadway. When the width of protective pillar is 25m, the

1m

Velocity

1m 1m

Figure 13: An element of the gob.
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bearing capacity is improved due to the expansion of the elastic
area in the pillar. +e protective pillar can not only maintain its
own stability but also prevent the fractured rock mass B of the
main roof from rotating, transitioning the roadway to a stable
state. However, a greater pillar width wastes more coal
resources.

A rational pillar width should have the capacity towithstand
abutment pressure and maintain a stable roadway, while
maximizing the recovery of coal resources. Based on the above
discussion, the recommended 10m wide protective pillar may
be more conducive to improving the roadway stability and coal
recovery rate, while reducing economic loss due to large de-
formation and coal bump failure.

6. Field Test

A protective pillar width of 10m was applied in field to
maintain the stability of the surrounding rock 8103 head-
gate. +e protective pillar stress distribution and deforma-
tion of the 8103 headgate were measured to validate the
reliability of the simulation results.

6.1. Stress Measurement of the Protective Pillar in the Field.
+e vertical stress at different distances from the protective
pillar rib of the 8103 headgate is plotted in Figure 20. +e
field data are also displayed for comparison with the

Table 4: +e caving material parameters in gob.

Parameters Density (kg/m3) Bulk modulus (GPa) Shear modulus (GPa) Friction (°) Dilation (°)
Value 1200 4.8 2.7 25 5
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Figure 16: +e vertical stress distribution in gob 8101.
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modeling results.+emeasured results and simulated results
have good agreement, verifying the numerical modeling
accuracy.

6.2. Roadway Deformation Laws. +e measured roadway
deformation results at different stages are shown in
Figure 21. +e deformation of the roadway became stable
after 50 days of excavation. +e convergences of the roof,
virgin coal rib, protective pillar rib, and floor were

115mm, 74mm, 87mm, and 16mm, respectively. During
the panel 8103 retreat period, the roadway deformation
mainly occurred 60m in front of the working face; the
total convergences at the roof, virgin coal rib, protective
pillar rib, and floor were 301mm, 162mm, 214mm, and
24mm, respectively, which represented reductions of
70%, 59%, 68%, and 77% (Figure 22), compared with the
deformation that occurred under the previous protective
pillar width. +e stability of the surrounding 8103
headgate is improved, as shown in Figure 23. +e field
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observation results indicate that the proposed protective
pillar width is feasible for maintaining the stability of the
roadway.

7. Conclusions

+is study was mainly focused on analysing the effect of
protective pillar width on the roadway stability to identify a
pillar design principle based on field tests and numerical
simulations. +e main conclusions in this paper are sum-
marized as follows:

(1) A novel numerical model was established to an-
alyse the failure mechanism of the protective
pillar. As an innovative design method of pro-
tective pillars, the supporting features of the gob
caving materials on overlying strata and the re-
lationship between the internal stress and stored
energy of the rock mass were considered in the
modeling process. +e stress change and distri-
bution characteristics of the energy density are
regarded as important conditions in designing the
width of a protective pillar and evaluating the
stability of the roadway.

(2) +e modeling results showed that, with a 20m wide
pillar, the peak vertical stress and energy density in
the protective pillar were 18.5MPa and 563.7 kJ/m3,
respectively. Excessive stress and elastic energy
resulted in considerable deformation and coal bump
failure in headgate 8102. With a pillar width of 10m,
the location of the peak vertical stress and energy
density moved from the protective pillar to the virgin
rib. +e main loads of the overlaying strata were
borne by the virgin rib, and the pillar was subjected
to a relatively low load. +e roadway was in a state of
low stress and could maintain its stability.

(3) +e results of the field measurements showed that a
10m wide protective pillar was able to effectively
control the roadway deformation and release most of
the storing energy in protective pillar. Meanwhile,
the proposed modeling approach and protective
pillar design principles in this study can provide a
useful basis for application in similar coal mines.

Data Availability

+e data used to support the findings of this study are in-
cluded within the article.

Conflicts of Interest

+e authors declare that they have no conflicts of interest to
report regarding the present study.

Acknowledgments

+is study was supported by the National Natural Science
Foundation of China (no. 51674250) and the State Key

Program of the National Natural Science Foundation of
China (no. 50834005). In addition, the authors are very
grateful for the linguistic assistance of AJE (American
Journal Experts) in the manuscript preparation period.

References

[1] S.-Q. Yang,M. Chen, H.-W. Jing, K.-F. Chen, and B.Meng, “A
case study on large deformation failure mechanism of deep
soft rock roadway in Xin’An coal mine, China,” Engineering
Geology, vol. 217, pp. 89–101, 2017.

[2] R. Gu and U. Ozbay, “Numerical investigation of unstable
rock failure in underground mining condition,” Computers
and Geotechnics, vol. 63, pp. 171–182, 2015.

[3] Z. Zhang, M. Deng, X.Wang,W. Yu, F. Zhang, and V. D. Dao,
“Field and numerical investigations on the lower coal seam
entry failure analysis under the remnant pillar,” Engineering
Failure Analysis, vol. 115, Article ID 104638, 2020.

[4] W. Gao and M. Ge, “Stability of a coal pillar for strip mining
based on an elastic-plastic analysis,” International Journal of
Rock Mechanics and Mining Sciences, vol. 87, pp. 23–28, 2016.

[5] H. Wu, X. Wang, W. Wang, G. Peng, and Z. Zhang, “De-
formation characteristics and mechanism of deep subsize coal
pillar of the tilted stratum,” Energy Science & Engineering,
vol. 8, no. 2, pp. 544–561, 2020.

[6] E. Ghasemi, M. Ataei, and K. Shahriar, “Prediction of global
stability in room and pillar coal mines,” Natural Hazards,
vol. 72, no. 2, pp. 405–422, 2014.

[7] Z. Z. Cao and Y. J. Zhou, “Research on coal pillar width in
roadway driving along goaf based on the stability of key
block,” CMC-Computers, Materials Continua, vol. 48,
pp. 77–90, 2015.

[8] J. X. Yang, C. Y. Liu, B. Yu, and F. F. Wu, “+e effect of a
multi-gob, pier-type roof structure on coal pillar load-bearing
capacity and stress distribution,” Bulletin of Engineering
Geology and the Environment, vol. 74, no. 4, pp. 1267–1273,
2015.

[9] M. Chen, S.-Q. Yang, Y.-C. Zhang, and C.-W. Zang, “Analysis
of the failure mechanism and support technology for the
Dongtan deep coal roadway,” Geomechanics and Engineering,
vol. 11, no. 3, pp. 401–420, 2016.

[10] M. Shabanimashcool and C. C. Li, “A numerical study of
stress changes in barrier pillars and a border area in a longwall
coal mine,” International Journal of Coal Geology, vol. 106,
pp. 39–47, 2013.

[11] J.-B. Bai, W.-L. Shen, G.-L. Guo, X.-Y. Wang, and Y. Yu,
“Roof deformation, failure characteristics, and preventive
techniques of gob-side entry driving heading adjacent to the
advancing working face,” Rock Mechanics and Rock Engi-
neering, vol. 48, no. 6, pp. 2447–2458, 2015.

[12] T. Ma, L. Wang, F. T. Suorineni, and C. Tang, “Numerical
analysis on failure modes and mechanisms of mine pillars
under shear loading,” Shock and Vibration, vol. 2016, Article
ID 6195482, 14 pages, 2016.

[13] H. Wang, Y. Jiang, Y. Zhao, J. Zhu, and S. Liu, “Numerical
investigation of the dynamic mechanical state of a coal pillar
during longwall mining panel extraction,” Rock Mechanics
and Rock Engineering, vol. 46, no. 5, pp. 1211–1221, 2013.

[14] Z. Zhang, J. Bai, Y. Chen, and S. Yan, “An innovative ap-
proach for gob-side entry retaining in highly gassy fully-
mechanized longwall top-coal caving,” International Journal
of RockMechanics andMining Sciences, vol. 80, pp. 1–11, 2015.

[15] V. Palchik, “Bulking factors and extents of caved zones in
weathered overburden of shallow abandoned underground

Advances in Civil Engineering 17



workings,” International Journal of Rock Mechanics and
Mining Sciences, vol. 79, pp. 227–240, 2015.

[16] F. Z. Qi and Z. G. Ma, “Investigation of the roof presplitting
and rock mass filling approach on controlling large defor-
mations and coal bumps in deep high-stress roadways,” Latin
American Journal of Solids and Structures, vol. 190, pp. 1–24,
2019.

[17] S. S. Peng, Longwall Mining, pp. 46–53, Peng SS publisher,
Morgantown, WV, USA, 2nd edition, 2006.

[18] M. G. Qian, W. C. Shi, and J. L. Xu, Ground Pressure and
Strata Control, China University of Mining and Technology
Press, Xuzhou, China, 2010.

[19] B. X. Huang, Y. Z.Wang, and S. G. Cao, “Cavability control by
hydraulic fracturing for top coal caving in hard thick coal
seams,” International Journal of Rock Mechanics and Mining
Sciences, vol. 74, pp. 75–57, 2015.

[20] S. Yan, T. Liu, J. Bai, andW.Wu, “Key parameters of gob-side
entry retaining in a gassy and thin coal seam with hard roof,”
Processes, vol. 6, no. 5, pp. 51–65, 2018.

[21] W. Li, J. Bai, S. Peng, X. Wang, and Y. Xu, “Numerical
modeling for yield pillar design: a case study,” RockMechanics
and Rock Engineering, vol. 48, no. 1, pp. 305–318, 2015.

[22] Z. Z. Zhang, W. J. Wang, S. Q. Li et al., “An innovative
approach for gob-side entry retaining with thick and hard
roof: a case study,” Technical Gazette, vol. 25, no. 4,
pp. 1028–1036, 2018.

[23] M. D. G. Salamon and A. H. Munro, “A study of the strength
of coal pillars,” Journal of the Southern African Institute of
Mining and Metallurgy, vol. 68, pp. 55–67, 1967.

[24] X. Du, J. Lu, K. Morsy, and S. S. Peng, “Coal pillar design
formulae review and analysis,,” in Proceedings of the 27th
International Conference on Ground Control in Mining,
pp. 153–160, West Virginia University, Morgantown, WV,
USA, July 2008.

[25] G. Feng, P. Wang, and Y. P. Chugh, “Stability of gate roads
next to an irregular yield pillar: a case study,” Rock Mechanics
and Rock Engineering, vol. 52, no. 8, pp. 2741–2760, 2019.

[26] G. Zhang, S. Liang, Y. Tan, F. Xie, S. Chen, and H. Jia,
“Corrigendum to: numerical modeling for longwall pillar
design: a case study from a typical longwall panel in China,”
Journal of Geophysics and Engineering, vol. 16, no. 3, p. 666,
2019.

[27] M. Shabanimashcool and C. C. Li, “Numerical modelling of
longwall mining and stability analysis of the gates in a coal
mine,” International Journal of Rock Mechanics and Mining
Sciences, vol. 51, pp. 24–34, 2012.

[28] M. Salamon, “Mechanism of caving in longwall coal mining,”
Rockmechanics contributions and challenges,” in Proceedings
of the 31st US Symposium on Rock Mechanics, pp. 161–168,
Colorado, CO, USA, January 1990.

[29] G.-E. Zhang, F.-L. He, H.-G. Jia, and Y.-H. Lai, “Analysis of
gateroad stability in relation to yield pillar size: a case study,”
Rock Mechanics and Rock Engineering, vol. 50, no. 5,
pp. 1263–1278, 2017.

[30] Z. Z. Zhang and F. Gao, “Research on nonlinear character-
istics of rock energy evolution under uniaxial compression,”
China Journal of Rock Mechanics and Engineering, vol. 31,
pp. 1198–1207, 2012.

[31] D. Song, E. Wang, Z. Liu, X. Liu, and R. Shen, “Numerical
simulation of rock-burst relief and prevention by water-jet
cutting,” International Journal of Rock Mechanics and Mining
Sciences, vol. 70, pp. 318–331, 2014.

[32] Q. B. Meng, M. W. Zhang, Han et al., “Effects of acoustic
emission and energy evolution of rock specimens under the

uniaxial cyclic loading and unloading compression,” Rock
Mechanics and Rock Engineering, vol. 49, pp. 3873–3886, 2016.

[33] C. Q. Zhu, L. Wang, and X. G. Han, “State judgement model
of the coal and rock medium and its engineering application,”
Advances in Civil Engineering, vol. 2020, Article ID 4670876,
11 pages, 2020.

[34] A. H. Wilson and F. Carr, “A new approach to the design of
multientry developments of retreat longwall mining,,” in
Proceedings of the 2nd International Conference on Ground
Control in Mining, pp. 1–21, Morgantown, WV, USA, June
1982.

[35] A. A. Campoli, T. M. Barton, F. C. Dyke, andM. Gauna, “Gob
and gate road reaction to longwall mining in bump-prone
strata,” Bureau of Mines, vol. 9445, pp. 48–56, 1993.

[36] Z. Z. Zhang, M. Deng, Bai et al., “Stability control of gob-side
entry retained under the gob with close distance coal seams,”
International Journal of Mining Science and Technology,
vol. 11, pp. 234–249, 2020.

[37] J. N. Liu, M. C. He, Y. J. Wang et al., “Stability analysis and
monitoring method for the key block structure of the basic
roof of non-coal pillar mining with automatically formed gob-
side entry,” Advances in Civil Engineering, vol. 2019, Article
ID 5347683, 14 pages, 2019.

[38] Z. Li, S. Yu, W. Zhu et al., “Dynamic loading induced by the
instability of voussoir beam structure during mining below
the slope,” International Journal of Rock Mechanics and
Mining Sciences, vol. 132, Article ID 104343, 2020.

[39] Z. Tian, Z. Zhang, M. Deng, S. Yan, and J. Bai, “Gob-side entry
retained with soft roof, floor, and seam in thin coal seams: a
case study,” Sustainability, vol. 12, no. 3, pp. 1197–1214, 2020.

[40] S. Yan, J. Bai, X. Wang, and L. Huo, “An innovative approach
for gateroad layout in highly gassy longwall top coal caving,”
International Journal of Rock Mechanics and Mining Sciences,
vol. 59, pp. 33–41, 2013.

[41] H. Wu, X. K. Wang, Yu et al., “Analysis of influence law of
burial depth on surrounding rock deformation of roadway,”
Advances in Civil Engineering, vol. 2020, Article ID 8870800,
13 pages, 2020.

18 Advances in Civil Engineering



Research Article
Properties of Gobi Aggregate and Sulfide-Rich Tailings Cemented
Paste Backfill and Its Application in a High-Stress Metal Mine

D. Q. Deng ,1,2 Y. H. Liang ,3 and F. C. Huangfu4

1School of Civil Engineering and Mechanics, Xiangtan University, Xiangtan, Hunan 411105, China
2Institute of Mining Engineering, Guizhou Institute of Technology, Guiyang, Guizhou 550003, China
3Planning and Finance Division, Guizhou Institute of Technology, Guiyang, Guizhou 550003, China
4Xinjiang Ashele Copper Co., Ltd., Habahe, Altay, Xinjiang 836700, China

Correspondence should be addressed to D. Q. Deng; ustbb20070025@126.com and Y. H. Liang; 81036423@qq.com

Received 4 January 2021; Revised 21 January 2021; Accepted 30 January 2021; Published 16 February 2021

Academic Editor: Zizheng Zhang

Copyright © 2021 D. Q. Deng et al. /is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

/is experiment studied the influence law of the strength of CPB affected by tailings content, Gobi aggregate content, cement
content, and slurry concentration./e results show, for the CPB with concentration of 77%, when the addition amount of cement
reaches 20%, the addition amounts of tailings and Gobi aggregate change within the ranges of 12∼24% and 56∼68%, respectively.
/e strength of CPB has been gradually improved when the addition amount of Gobi aggregates decreases and the addition
amount of tailings increases. In this case, the slump of CPB changes within the range of 26.5 cm∼26.9 cmwhile the strength of CPB
changes within the range of 4.021∼6.845MPa. Considering future utilization value of tailings, the addition amount is finally set at
16% in production, and the addition amount of Gobi aggregate is set at 64%; namely, tailings: Gobi aggregate� 20 : 80. When the
addition amount of cement is 20% (cement/(tailings +Gobi aggregates)� 1 : 4), the strength of CPB reaches 5.62MPa whichmeets
the production requirement. When the heading machine is used for tunnelling mine roadway in bottom backfill of VCR stope, no
collapse or delamination occurs without support, showing good stability and integrity of backfill. When the adjacent stope ore is
mined, the backfill with cement content of 11.1%, 14.3%, 20%, and 25% is exposed. In the process of mining, no collapse or
delamination occurs. /erefore, the proportion of various backfill materials applied in production is reasonable, being verified by
the experiment and field test.

1. Introduction

Over the course of past 20 to 30 years, the China mining has
gradually developed tending to stricter and perfect eco-
environment protection. Especially in recent 10 years, some
provinces have introduced corresponding environmental
protection policies and regulations in succession, requiring
the mining enterprises to have sound tailing disposal sys-
tems and preventing the land from collapse. With the de-
velopment of mining, the strata and rocks show some
corresponding mechanical changes and have a certain im-
pact on the stability of rockmass [1–5]./ismeans that mine
enterprises are not only required to build safe and reliable
tailing ponds with proper scale, but also required to keep the
maximum discharge reduction of the tailings, to remove the

hidden dangers including dam break and leakage of tailing
ponds. In general, the tailings are discharged to tailing
ponds. For mines with less tailings produced, some tailings
will be used for the preparation of building materials if
tailings meet the requirements of building materials. If the
tailings contain some useful minerals, the tailings can be sold
to other enterprises for refining useful minerals. Among the
tailing disposal methods, the best way is to use tailings as
filling material in the underground goaf so as to achieve
objectives such as maximum use of tailings, safety and
environmental protection of mine, ground pressure con-
trolling, and resource recycling as well as maintaining the
sustainable development. In backfilling of underground
goaf, a lot of tailings from ore-dressing can be used; in this
process, tailing discharge is reduced and the pollution
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discharge cost is decreased. Meanwhile, the backfill plays a
great supportive role in the rock strata movement, makes the
surrounding rocks in the goaf stabler, and completely restrains
the potential damage. /us, it creates safer environment for
surrounding mining, improves the mineral recovery, and re-
duces the dilution rate of mines simultaneously. /erefore, it
contributes to the significant economic and environmental
benefits. For deep filling technology in coal mine and roof
maintenance in high-stress stope, relevant researchers have
done a series of tests and developed a good way of retaining
roadway along goaf according to the maintenance of thick and
hard roof; it has been used in production, and the mechanism
of roof dilatancy and bolt support in filling area of gob-side
entry retaining is analyzed [6–9].

/e backfill technology of filling the underground goaf with
tailings was adopted earlier in foreign countries. In early phase,
water and sand were widely used in filling. With the devel-
opment of technology and equipment, the cemented filling and
high concentration paste backfill gradually came into being./e
paste backfill presents superior mechanical property in pro-
duction and plays an important role in recycling resources. By
virtue of the advanced pump pressure transport equipment, and
strict operation andmanagementmode, the foreign research on
the paste backfill technology once took the leading position./e
related research is active; for instance, the international paste
backfill conference is held regularly once every few years and
provides better target and development to the relevant inter-
national research. Among these countries, America, Canada,
Australia, and South Africa are relatively representative. On
preparation and hydrological characteristics of paste tailings,
literature illustrates the concentration of sulfide tailings paste as
well as field test of LaRonde polymetallic ore in Abitibi, Quebec,
and the analysis on mechanics and hydrologic features of
cemented and uncemented paste [10]. In addition, there is a
study onmixed characteristics of the sulfide tailings backfill and
the influence of the mixing and stirring on the mechanical
property, which can be referred to by the similar analysis [11],
while in literature, the performance of CPB is predicted and the
cost is analyzed, which could be a guidance to production and
application [12]. In literature, the paste backfill technology of the
underground hard-rock mine is analyzed, the mechanical
property of CPB in the stope is studied, the importance of the
horizontal stress towards the acting force of backfill is pointed
out, and the influence characteristic of the initial concentration
of tailings on the paste preparation, shear yield stress, and
viscosity of pipeline transport is emphasized. /at is of great
importance to guide production [13].

Literature shows the strength test on cementing mate-
rials of CPB including the ordinary Portland cement (OPC),
Portland composite cement (PCC), and sulphate resistant
cement (SRC) separately, presenting the influence of
cementing agent type and dosage on the short-term and
long-term mechanic performance of CPB, which can be
reference for the mine backfill in selecting proper cementing
agent [14]. Literature studies the influence of 3 water re-
ducing agents on the rheological property of the paste filling
slurry and the mechanical strength of the CPB and also
analyzes the mechanical property of CPB when the mass
percentage of OPC and PCC is 5%, which can be regarded as

the design basis of related engineering [15]./e paste backfill
technology of Kidd Creek ore is examined and the technical
characteristics are analyzed, which is helpful for production
[16]. /e hydrological property and geomechanics property
of CPB under different curing conditions and stress con-
ditions are investigated, which is quite important for further
study on the property of CPB [17]. With regard to the
application of CPB in the ore site of Cayeli, literature
measures the mechanics property of CPB, which can provide
relative, useful information for safe production [18].

With the development of rock mechanics analysis and
testing technology, some new methods and laws have been
applied well, and positive results have been obtained, which can
be used for reference in filling engineering [19–23]. Among the
related research in China, literature shows slump test of paste
backfill slurry and analyzes the rheological property of the
paste, which could be better basis for the study on the flow and
diffusion property of backfill slurry [24]. Literature illustrates a
series of tests aiming at the paste backfill of Chihong ore and
analyzes the relationship between the solid content of paste
backfill slurry and its rheological property as well asmechanical
property, which plays a vital role in better application of
production [25]. With regard to mining under villages, as tests
have shown in the literature, solid wastes are used to prepare
backfill [26, 27]./e strength change of CPB and its influential
factors are analyzed. In field application, the high-quality CPB
effectively controls the ground pressure, restricts the sinking of
the rock stratum, and successfully realizes the target of coal
mining without relocating the village. Literature shows ap-
plication of crude tailings to prepare the CPB that achieves
good result in Lame Zinc Mine, in which the paste backfill
technology is relatively early applied in Southwest China [28].
/e literature analyzes the rheological property of the crude
tailings paste slurry and the inspection optimization test of its
yield stress, which provides reference for analyzing the pipeline
transportation efficiency [29, 30]. Literature states the change
and development of the paste backfill and tailing disposal
technology, performs fluidity test on the paste prepared by
crude tailings and water-quenched slag, and analyzes and
optimizes the pumping performance of the paste [31, 32].

At the present stage, because of the influence of labor
cost and raw material price, the production cost of filling
engineering is rising constantly; in order to reduce the
production cost, various related research works also become
more andmore [33–37]. In the research on slag cementitious
materials, some scholars have optimized the slag powder and
its properties so that solid waste such as slag can be reused
and the environment can be protected, thus laying a
foundation for the operation of the filling system [38–42].
For large-scale industrial solid waste treatment, the re-
searchers conducted feasibility analysis on solid waste re-
source utilization based on laboratory tests. Based on the
macroscopic and microscopic characteristic tests, the
physicochemical properties of solid waste were optimized to
meet the technical requirements of mined-out voids back-
filling, thus creating conditions for large-scale industrial
treatment of solid waste and effectively protecting the
overburden strata of mined-out voids in the area of high in
situ stress [43–45]. Based on the method of soil mechanics,
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some researchers have studied the stability of rock mass, the
triaxial force of filling body, and the law of stress and strain
of filling body, to create the conditions for engineering
applications [46–49].

As for the high concentration cemented backfill tech-
nology of Gobi aggregate, tailings, and cement, the basic test
of the property of backfill material was done based on
multiple-material additive technology of Ashele Copper
Mine. According to the test result, the study could be used
for the guidance of production. As one of the main mines of
Fujian Zijin Group, focusing on technical research and
development as well as technology innovation, Ashele
Copper Mine has already become a typical scientific and
technological manufacturer of Zijin Group and even
Northwest China with constant development. At present, it
has become a large nonferrous mine with mining capacity of
6000 t/d. /e mine locates in south hilly land of Altay, the
northwestern part of Xinjiang. /ere, the winter is cold and
long with heavy snowfalls. /e terrain of the mine is high in
north and east with a relative height difference of 30∼50 cm
and maximum height difference of 100∼300 cm, while the
southwestern part of the mine is flat, and the relative height
difference is about 10m. Ashele Copper Mine has high
copper and zinc grade of 2.46% and 1.98%, respectively. /e
subterranean mine is divided into three mining parts: the
upper, the middle, and the lower. /e ore rock of the upper
part is relatively broken, so the downward access method is
adopted. While the ore rock of the middle part is relatively
better than that of the upper, so the upward slicing is applied.
For the lower part with good ore rock conditions, VCR
mining method is adopted.

In order to make full use of ore resources, avoid the
surface subsidence, and create safe and clean working en-
vironment for the borehole operation, the cemented paste
backfill is applied in Ashele Copper Mine using Gobi ag-
gregates and tailings as coarse and fine aggregates together
with locally produced PC32.5 composite slag cement as
cementing material. /e applied Gobi aggregates are pro-
duced around the mine. To collect the Gobi aggregates, the
surface soil layer of the ancient river bed is peeled off. /en,
Gobi aggregates are screened to remove the blocks and fine
silts and keep particles with the size of 48–25,000 μm, while
the content of the particles <48 μm is less than 7–12%
according to technical requirements. /e tailings for backfill
are discharged by ore treatment plant. Some useful sub-
stances are contained in tailings and they are difficult to
recycle with current ore-dressing technique. Considering the
possible use of minerals in future, we discharge most tailings
into the tailing pond for stock and piling while only a small
amount of tailings is used for underground backfill. During
the blending process of backfill, the proportions of the
tailings and Gobi aggregates are 30 : 70, 25 : 75, 20 : 80, and
15 : 85. Based on the strength test of backfill, the ratio of
tailings and Gobi aggregates with best strength performance
is 30 : 70. To reduce the use of tailings and meet the strength
performance requirement of backfill, the actual proportion
of tailings and Gobi aggregates is generally set to 20 : 80 in
production. Over 10 years, since the Ashele Cooper mine has
been built and put into production, the cemented backfill

mining plays an active role in production. Namely, it is of
great importance to the stability of rock stratum with rock
bump tendency and full recycling of the ore.

2. Materials and Methods

2.1. Characteristics of Tailings. /e coarse aggregate
cemented paste preparation system of Ashele Copper Mine
is composed of 2 vertical sand tanks, 2 cement bins, and 2
sets of Gobi aggregate belt conveyer. In the backfill process
of paste preparation in station, tailings slurry with the
concentration of 26–33% is transported from the ore-
dressing plant to the vertical sand tanks and material
blending house through the pipeline. Gobi aggregates are
transported by the forklift to the belt conveyer room. /en,
big Gobi aggregate blocks with size of >25mm are removed
by screening, while materials with size of ≤25mm will travel
to the material blending house through the belt conveyer.
/e cement is transported to the material blending house
through the spiral conveyer, located at the bottom of cement
bin. In the blending material house, the tailings, Gobi ag-
gregates, and cement are put into the mixer after preliminary
mixing. After complete stirring in two-stage horizontal
mixer, the paste backfill slurry with the concentration of
75–81% is transported to the goaf for backfill through the
backfill pipeline.

Results of the chemical composition analysis for tailings
and Gobi aggregates are shown in Table 1. As data show,
tailings consist of sulfur (S) accounting for 48%, total iron
(TFe) accounting for 43.38%, SiO2 accounting for 1.77%,
phosphorus (P) accounting for 0.0097%, and Al2O3 and CaO
with MgO totally accounting for 0.86%./e current mineral
processing technology applied in Ashele Copper Mine is fine
grinding of the tailings after copper and zinc selection are
finished, and then selecting copper and zinc in sequence. In
view of low price of S and Fe, the selection of both elements
has not been carried out in recent years, and some tailings
are used for backfill in the pit. /erefore, the contents of S
and Fe are high in tailings. Furthermore, the content of fine
particles in tailings is high after 2 times of grinding. In
general, Fe is favorable for the strength performance of
backfill, while the excessive content of S is unfavorable for
the strength. Although the contents of S and Fe are high in
tailings, there will not be negative impact on the strength of
backfill as tailings are only used as auxiliary additives.

As shown in Table 2, the proportion of tailings is 4.39,
the loose volume weight and dense volume weight are 1.55 t/
m3 and 2.23 t/m3, and the porosity is 49.2%. On the basis of
mineral process of Ashele Copper Mine and the chemical
composition analysis of tailings, it is known that the rela-
tively high content of Fe leads to the high proportion of
tailings. As for loose stack and dense stack, the porosity is
relatively big. When tailings are used for backfill, it is easy to
form relatively dense backfill. Hence, they are helpful for
improving the strength of backfill.

shown in Table 3, the test data indicates that the av-
erage particle size of tailings in Ashele Copper Mine is
34.4 μm, of which the percentage of fines (particle size
< 29.6 μm) is 18.33% and the content of the particles
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(particle size < 75 μm) is 99.47%. Compared with that of
other mines, the particle size of tailings is really fine, and
the content of coarse particles is low. Moreover, the mean
particle size of PC32.5 cement used for Ashele Copper
Mine backfill is 29.6 μm, of which the percentage content
of the fines (particle size < 20 μm) is 48.31%, while that of
particles (particle size < 75 μm) is 92.53%. Compared with
tailings of Ashele Copper Mine, the mean particle sizes of
cement and tailings are basically of the same order of
magnitude. Sufficient superfine cement and tailings par-
ticles are necessary for pipeline transportation of coarse
aggregate paste slurry.

2.2.Characteristics ofGobiAggregates. Table 1 shows that the
main component of Gobi aggregates is SiO2 accounting for
85.61%, while S and Fe are quite low accounting for only
0.095% and 2.06%, respectively. Besides, the total content of
Al2O3, CaO, andMgO accounts for 6.24%, the content of P is
0.013%, and the content of other chemical compositions is
quite low. According to the chemical composition analysis of
Gobi aggregates, the content of SiO2 is relatively high in
Gobi aggregates. As the content of Gobi aggregates (the most
important backfill material) is high, it can be used to make
up for insufficient SiO2 and improve the strength of paste
backfill.

As shown in Table 2, the proportion of tailings is 2.56,
the loose volume weight and dense volume weight are 1.26 t/
m3 and 1.75 t/m3, and the porosity is 31.6%. Compared with
the backfill of other mines, the proportion and porosity of
Gobi aggregates are both small relatively. When used as the
backfill, they can match well the physical and mechanical
property of tailings. When the tailings particles are filled in
the Gobi aggregates, it is easy to form stable mechanical
structure, which is helpful for mechanical property of the
backfill.

As shown in Table 4, the particle size of Gobi aggregates,
the maximum particle size of Gobi aggregates for backfill of
Ashele CopperMine is 25000 μm, of which the proportion of
fines (particle size < 20 μm) is 9.74%, and that of the particles
(<1,000 μm, <2,000 μm, and <10,000 μm) is 59.45%, 64.26%,
and 88.46%, respectively. /us, the particle sizes of Gobi
aggregates, tailings, and PC32.5 cement are not of the same
order of magnitude. /e Gobi aggregates are coarse, which
can well match the fine particles and is helpful for improving
the gradation of the backfill.

2.3. Cementing Agent. Generally, the cement is widely
used as cementing material in mines. For the filling
project of high-stress underground GOAF in Ashele
Copper Mine, the way to obtain cement is convenient
because of the good highway traffic condition in the
enterprise’s geographical location; therefore, on the
premise of obtaining good mechanical properties of paste
filling materials, the price of PC32.5 cement is also
cheaper than that of PO42.5 cement and slag cement; the
filling cementitious material was determined to be of
grade PC32.5 cement produced by a nearby cement plant.
Owing to small particle size, some cement in the mixing
material together with slurry of other particles can form
argillaceous layer during the process of backfill slurry
pipeline transportation. When the paste flows in the
pipeline, the argillaceous layer can lubricate the inner
wall of pipeline. /is greatly helps to reduce the trans-
portation resistance and makes the paste backfill slurry
stably flow with high concentration. Locally produced
PC32.5 cement is used as backfill cementing agent in
Ashele Copper Mine. As data of Table 2 show, the pro-
portion of PC32.5 cement is 3.11, the loose volume weight
and dense volume weight are 1.02 t/m3 and 1.61 t/m3, and
the porosity is 48.2%.

Table 2: Physical properties of filling materials.

Material Proportion Loose volume weight (t/m3) Dense volume weight (t/m3) Porosity (%) Slope angle (°)
Tailings 4.39 1.55 2.23 49.2 41.5
Gobi aggregates 2.56 1.26 1.75 31.6 36
PC32.5 cement 3.11 1.02 1.61 48.2 39

Table 3: Particle size distribution of tailings and PC32.5 cement.

Material
Particle size cumulative passing (%)

5 μm 10 μm 20 μm 50 μm 75 μm 100 μm 150 μm 200 μm 300 μm
Tailings 4.13 9.10 18.33 82.28 99.47 100 100 100 100
PC32.5 cement 14.77 28.73 48.31 81.58 92.53 97.00 99.51 99.86 100

Table 1: Chemical composition of tailings and Gobi aggregates.

Material
Content of chemical composition (%)

SiO2 Al2O3 MgO CaO S P Fe
Tailings 1.77 0.44 0.06 0.36 48.0 0.0097 43.38
Gobi aggregates 85.61 3.92 0.41 1.91 0.095 0.013 2.06
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/e cement can be used not only as a cementing agent
but also as fine particle backfill. Like tailings particles, the
cement particles are evenly distributed in the gap of Gobi
aggregates particles./e cementation of cement consolidates
tailings and Gobi aggregates as a whole, forms the even
distribution structure of coarse and fine particles, and finally
constitutes a relatively stable mechanical structure. /at is
the reason why coarse aggregates particles are added to the
backfill, resulting in higher strength compared with the
cemented tailings backfill.

2.4. Water. /e tap water is used to mix the cementing
agents, tailings, and Gobi aggregates uniformly. /e amount
of water is determined by the concentration of paste backfill
slurry that needs to be prepared.

2.5. Preparation of the Paste Backfill. In practical application,
when the paste preparation concentration is low, such as
75% or 77%, the coarse aggregate in the paste will be faster
than the previous sedimentation rate, but there is no serious
stratification or segregation, and the way to overcome the
rapid sedimentation rate of coarse aggregate in paste is to
increase the flow rate properly to ensure that the paste can
continue to advance steadily under high pipe pressure.
According to the concentration of the paste backfill slurry in
field investigation and actual production, the factors
influencing the strength of backfill are analyzed. As the result
shows, the content of cementing agents, the proportion of
tailings and Gobi aggregates, and slurry concentration have
significant influence on the strength performance of backfill.
/us, the proportions of tailings and Gobi aggregates are 30 :
70, 25 : 75, 20 : 80, and 15 : 85. /e proportions for the ce-
ment/(tailings +Gobi aggregates) are 1 : 3, 1 : 4, 1 : 6, 1 : 8,
and 1 :10. To make the paste backfill test specimens with the
concentration of 75∼83%, mix the tailings, Gobi aggregates,
and PC32.5 cement with a certain proportion; add water;
and mix them uniformly. /en, pour the uniformly mixed
paste backfill slurry into the steel tool with specification of
7.07 cm3. (After the tool is disassembled, the volume of
specimen is 7.07 cm3.) /en put the test specimen into
conservation cabinet with constant temperature and hu-
midity, and test its uniaxial comprehensive strength on the
3rd, 7th, 28th, and 60th days, respectively.

2.6.MechanicalTest. Generally, in undergroundmining, it is
necessary to test the independence of the disclosed backfill
after the adjacent ores in the stope are mined. /is means
that the unconfined compressive strength of the backfill,
namely, uniaxial compressive strength, needs to be tested. In
this experiment, the uniaxial compressive strength of the

backfill is tested by NYL-300 press machine, which is
equipped with microprocessor control and record system.
Two relatively flat opposites are selected as compression
faces for the test, and the regulation together with loading is
carried by the pressure sensor. By controlling the loading
with the displacement at the speed of 1.5–2mm/min, the
uniaxial compressive strength is recorded till the test
specimen is damaged, the stress is no longer increased, and
press machine stops loading automatically. /us, the final
value is the average value of data while the uniaxial com-
pressive strength of all backfill can be recorded and kept by
the testing system.

3. Results

3.1. Effect of Tailings Content on the Strength of CPB. /e
specimens of the first group are used to study the in-
fluence of tailings content on the strength of CPB. /e
concentration is 77%, the proportion of cement/(tai-
lings + Gobi aggregates) is 1 : 4; the proportion of tailings
and Gobi aggregates is 5 : 85, 20 : 80, 25 : 75, and 30 : 70,
respectively. Namely, in the dried materials without
water, the percentage content of cement is 20% all along
while that of Gobi aggregates is 68%, 64%, 60%, and 56%,
respectively; the percentage content of tailings is 12%,
16%, 20%, and 24%, respectively. Figure 1—the curve of
the effect of the tailings content on the strength of
CPB—shows the rule that the strength of the CPB changes
with the percentage content of tailings. Based on the
slump test, it is known the slump of the above four types
of paste backfill slurry changes from 26.9 cm to 26.5 cm
with increasing of tailings and decreasing of Gobi ag-
gregates. /is means that the more the tailings (as fine
particles) added, the more the water that can be absorbed
by the paste to reduce the slump of backfill slurry. As
Figure 1 shows, the strength of the CPB specimen in
different curing periods is increased along with the in-
crease in tailings addition correspondingly. /e strength
amplification of the specimen with curing period of
3 days and 7 days is relatively small. Along the extension
of the curing period, when it reaches 28 days and 60 days,
the strength amplification of the specimen increases
greatly. /is indicates that, in a certain range, the ad-
dition of tailings is helpful to improve the strength of the
specimen. As the tailings particles are relatively fine, they
can be uniformly dispersed in the gap of Gobi aggregates
with coarse particles and form dense structure. When
affected by the external force, the coarse particles are not
easy to dislocate. If there are more tailings particles with
the percentage content of tailings reaching 20% and 24%,
the particles of Gobi aggregates will be more tightly
encapsulated. /erefore, macroscopically, this shows that

Table 4: Particle size distribution of the Gobi aggregates.

Particle size (μm) 5 20 75 200 500 1000 2000
Accumulative passing (%) 2.089 9.74 19.67 27.71 44.97 59.45 64.26
Particle size (μm) 2500 5000 8000 10000 12000 14000 25000
Accumulative passing (%) 64.77 80.75 85.48 88.46 91.75 94.08 100
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the specimens have relatively high uniaxial compre-
hensive strength.

According to the data and the trend of the curve, we
analyze the change of paste filling strength with the
tailings content, use statistical software for fitting test
curve, and can get relations between tailings content (x)
and paste filling strength (y). From Figure 2, we can see
that the correlation coefficient is 0.9164∼0.98 when the
logarithm character is used to describe the effect of the
tailings content on the strength of the paste filling body at
times of 3 d, 7 d, 28 d, and 60 d, which shows that the
fitting effect is good, meeting the requirements. /e
common logarithmic expression is shown in (1), and the
coefficient a1, b1 ranges are shown in Figure 1.

y � a1 ∗ ln(x) − b1. (1)

3.2. Effect of the Gobi Aggregates Content on the Strength of
CPB. To study the effect of Gobi aggregates content on the
strength of CPB, the specimens of the first group with the
proportion and content of all materials as mentioned above are
analyzed. /e percentage content of Gobi aggregates is 56%,
60%, 64%, and 68%, respectively. Figure 2—the effect of Gobi
aggregates content on the strength of PCB—shows the rule that
the strength of CPB changes with the change of Gobi aggregate
content. As shown in Figure 2, as Gobi aggregates addition
increases, the strength of CPB specimens in different curing
periods decreases. /e amplification of the test specimens with

curing periods of 3 days and 7days is relatively small. With the
extension of the curing period, when it reaches 28 days and 60
days, the strength of the specimen increases rapidly. /is in-
dicates that, in a certain range, the addition of Gobi aggregates is
unfavorable for the strength of the specimens. As Gobi ag-
gregates particles are relatively coarse, proper addition of Gobi
aggregates can improve the mechanical structure of particles in
the backfill as well as the strength of CPB. However, with in-
crease of addition, the structurewill become relatively loosewith
less density due to the lack of fine particles to backfill the gap
between the particles of Gobi aggregates. When affected by the
external force, the coarse particles of Gobi aggregates will be
dislocated mutually owing to the lack of fine particles for en-
capsulating. When the percentage content of Gobi aggregates
reaches 64% and 68%, with relatively big external force, the fine
particles cannot formdense structure tomaintain the stability of
the coarse particles of Gobi aggregates. /erefore, macro-
scopically, this shows that the specimens have relatively weak
uniaxial comprehensive strength.

According to the data and the trend of the curve, we
analyze the law of the paste filling body strength with the
Gobi content changes. By using statistical software and
getting fitting test curve, it is easy to get relationship between
Gobi aggregate content (x) and paste filling body strength
(y). It can be seen from Figure 3 that the correlation co-
efficient ranges from 0.954 to 0.9849 when quadratic
polynomials are used to characterize the effect of Gobi
aggregate content on the strength of paste filling body at
times of 3 d, 7 d, 28 d, and 60 d, which means that the fitting
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Figure 1: Effect of the tailings content on the strength of CPB.
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effect is good. /e common expression is shown in (2), and
the coefficients ranges of a2, b2, c2 are shown in Figure 2.

y � −a2 ∗x
2

+ b2 ∗x − c2. (2)

3.3. Effect of the Cement Content on the Strength of CPB.
/e specimens of the second group are used to study the
effect of cement content on the strength of CPB. /e

concentration is 77%, the proportion of tailings and Gobi
aggregates is 20 : 80, and the proportion of cement/(tai-
lings +Gobi aggregates) is 1 : 3, 1 : 4, 1 : 6, and 1 : 8, respec-
tively. Namely, in the dried materials without water, the
percentage content of tailings is 17.8%, 17.1%, 16%, and 15%
while that of Gobi aggregates is 71.1%, 68.6%, 64%, and 60%,
respectively; the percentage content of cement is 11.1%,
14.3%, 20%, and 25%, respectively. /e curve of
Figure 3—the effect of the cement content on the strength of
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Figure 3: Effect of the Gobi aggregates content on the strength of CPB.
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Figure 2: Effect of cement content on the strength of CPB.
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CPB—shows the rule that the strength of CPB changes with
the percentage content of cement.

Based on the slump test, it is known the slump of the
above four types of paste backfill slurry changes from
26.2 cm to 26.9 cm with the increase of tailings and decrease
of Gobi aggregates. /is means that the more the cement (as
fine particles) added, the more the water that can be
absorbed by the paste to reduce the slump of backfill slurry.
As Figure 3 shows, the strength of the CPB specimen in
different curing periods is increased with the increase of
cement addition correspondingly. /e strength amplifica-
tion of the specimen with curing period of 3 days, 7 days,
28 days, and 60 days is relatively small with low cement
content of 11.1% and 14.3%. With the increase of cement
content reaching 20% or 25%, the strength amplification of
the specimen increases greatly. /is indicates that, in a
certain range, the addition of cement is helpful to improve
the strength of the specimen. As the cement particles are
relatively fine, they can be uniformly dispersed in the gap of
Gobi aggregates with coarse particles and form dense
structure. /e more the cement added, the more tighter the
connection between coarse and fine particles. /e coarse
particles are not easy to dislocate even when affected by the
external force. /erefore, macroscopically, this shows that
the specimens have relatively high uniaxial comprehensive
strength.

According to the trend of data and curves, we analyze the
law of paste filling strength with the change of cement
content. By using statistical software, we get fitting test
curve, and it is easy to get the function relation between
cement content (x) and paste filling body strength (y). From
Figure 3, we know that when the logarithmic function is used
to characterize the effect of cement content on the strength
of paste filling body at times of 3 d, 7 d, 28 d, and 60 d, the
correlation coefficients range from 0.9577 to 0.9981, which
indicates that the fitting effect is good and the accuracymeets
the requirements. /e logarithmic function expression is
expressed by (3), and the range of the coefficients a3, b3 is
shown in Figure 2.

y � a3 ∗ ln(x) − b3. (3)

3.4. Effect of the Slurry Concentration on the Strength of CPB.
/e specimens of the third group are used to study the effect
of slurry concentration on the strength of CPB. /e pro-
portion of cement/(tailings +Gobi aggregates) is 1 : 6, and
the proportion of tailings and Gobi aggregates is 20 : 80. /e
slurry concentration is 75%, 77%, 79%, 81%, and 83%, re-
spectively. /e curves in Figure 4—the effect of the slurry
concentration on the strength of CPB—show the rule that
the strength of the CPB changes with the slurry concen-
tration. As the result of the slump test shows, the slump of
the above four types of paste backfill slurry decreases from
27.5 cm to 24.5 cm with the increase of the slurry concen-
tration. /is shows that the decrease of water addition leads
to the decrease of the water contained in the paste, increase
of the viscidity, weak liquidity, and relatively small slump. As
Figure 4 shows, with the increase of the concentration, the

strength of CPB specimens in different curing periods is
improved correspondingly. When the concentration is 75%
or 77%, the strength of the specimens in different curing
periods increases slowly. With the increase of the concen-
tration, reaching 79%, 81%, and 83%, the strength of the
specimens increases rapidly. With the slope increase of
curve, shown in Figure 4, in a certain range, there is a
proportional relation between the specimen strength and
slurry concentration. In other words, the strength of the
specimen increases with the increase of content of solid
material. On the other hand, from the micro perspective,
when the concentration is relatively low, the backfill formed
by the solidification of the backfill slurry contains much
water that occupies space. When some free water leaves the
backfill, the space will become tiny holes. Compared with the
backfill with high concentration, the backfill specimens with
low concentration have relatively more tiny holes. /is leads
to low volume weight. Because of loose connection between
coarse particles, there is big compressibility and the integrity
is easy to damage when affected by the external force.
Macroscopically, the higher the concentration of the slurry
is, the higher the uniaxial compressive strength of the
specimens will be.

According to the data and the trend of the curve, we
analyze the law of paste filling strength with the filling slurry
concentration change. By using statistical software, we get
fitting test curve, and it is easy to get the function relation
between paste concentration (x) and paste filling body
strength (y). It can be seen from Figure 4 that when the linear
function is used to characterize the effect of filling slurry
concentration on the strength of paste filling bodies at times
of 3 d, 7 d, 28 d, and 60 d, the correlation coefficients range
from 0.9777 to 0.9959, which indicates that the fitting effect
is good. /e function expression is expressed by (4), and the
range of coefficients a4, b4 is shown in Figure 4.

y � a4 ∗ x − b4. (4)

4. Application of Paste Backfill in Production

In production of Ashele Copper Mine, the tailings, Gobi
aggregates, and cement are premixed by horizontal mixer in
the first phase and discharged through discharge outlet into
the second-phase horizontal mixer for intensive mixing.
/en, the paste backfill slurry with better homogeneity and
high viscidity is ready, presenting the significant charac-
teristics of the paste. During the preparation of paste filling
slurry, when the concentration of paste reaches 81% or so,
the paste will become more viscous, and sometimes it will
adhere to the surface of the mixing equipment and the
flowing parts, resulting in scaling, thus affecting the normal
production. In this process, paste preparation station is
usually equipped with production inspectors, using tools
such as high-pressure water gun or drill rod, cleaning up the
paste materials bonded on the equipment in time to enable
the normal operation of the relevant equipment. /e uni-
form paste backfill slurry is transported into the drilling
hopper after screening and then sent to the goaf for backfill
through the borehole and underground backfill pipeline.
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Figure 5 shows the preparation process of the paste backfill
slurry with Gobi aggregates as the main component. /e
paste backfill slurry in mushy state shows good performance.
Figure 6 shows the status of paste backfill slurry in the
boreholes after screening.

As the paste backfill slurry of Ashele Copper Mine has
high concentration and little water content, the dehydration
is unnecessary after it enters into the stope. /erefore, there
is no need to install the filter in stope and decrease the
backfill cost. In general, the water in the backfill slurry can be
consumed in two ways. First, the hydration of cement can
consume some water that exists in the form of molecule
bound water. Meanwhile, the water inside the backfill is
generally kept for a long time if it is not high or dry. Second,
some water is derived from fractures of the ore rock; namely,
we can use the fracture and boreholes in the ore rock as the
channel and enable the ore rock to absorb some free water.

/e paste backfill slurry of Ashele Copper Mine contains
less water. Besides, there is little underground water, so it is
dry. /erefore, when the slurry enters into the stope, some
water is rapidly absorbed by the ore rock. /erefore, the
concentration of the paste backfill slurry increases. /e
solidification and hardening of the paste in stope are faster
than those in the laboratory. /e strength of the backfill
increases rapidly. In general, on the second day after backfill,
the backfill surface has relatively high strength. Regarding
the stope of Ashele Copper Mine with VCR mining, the
paste [cement/(tailings +Gobi aggregates)� 1 : 4] is used at
the bottom, the paste [the cement/(tailings +Gobi
aggregates)� 1 : 4, 1 : 6, and 1 : 8] is used in the middle part.
Before mining the ore pillar in the second step, it is necessary
to excavate the tunnels at the bottom of the backfill in the ore
house. /is requires the backfill to have high strength to
prevent the backfill from collapse when excavating tunnels

in the paste backfill ([cement/(tailings +Gobi aggregates)]�

1 : 4). During excavating tunnels in the backfill, the backfill
has good integrity. /e cross section of the tunnel is regular.
/e back and both sides of backfill have dense structures
without any loosing or delaminating. When the backfill
around the roadway is beaten by the rock, the echo is clear,
and the mechanic performance is good. /e tunnel exca-
vating process inside the big backfill by heading machine is
shown in Figure 7. As we can see, the ore removal roadway
formed by excavating has good and complete structure. /e
imprinting grinded by the cone of the heading machine is
clearly distributed in the roof and both sides, indicating good
strength and integrity of backfill. Figure 8 shows the status of
tunnel after excavation.

From Figures 7 and 8 and long-term observation in the
field, it can be seen that the performance of paste filling
material can keep stable for a long time in the later period of
use, and with the extension of time, the strength of the
exposed paste also increased to a certain extent. During the
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Figure 4: Effect of the slurry concentration on the strength of CPB.

Figure 5: Preparation of paste filling slurry.
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course of transporting ore by LHD, the paste did not collapse
and fall. As the performance of paste filling material is
uniform, the high stress in the stratum has not destroyed the
paste filling material. From the surface of the roadway in the
paste, it can be seen that after the extrusion of the road-
header, the surface of the paste has been squeezed more
densely, as if a layer of thick crust is formed, with basically no
cracks, so the high-stress areas of the tunnel provided a
better protection.

5. Conclusion

Ashele CopperMine is the first copper mine that successfully
uses Gobi aggregates with coarse particles as main com-
position to prepare the paste in China. As Ashele Copper
Mine has rich Gobi aggregates, they are convenient to get

with low price which creates conditions for effective utili-
zation. In general, adding proper coarse materials can not
only improve the size grading combination of backfill, but
also promote the strength of backfill. Adding proper tailings
is favorable for preparing paste with good performance,
reducing the abrasion on the pipeline, improving the
strength of backfill, and forming dense and stable structure.
/is helps to maintain mechanical framework of inner
particles in backfill and provides safe environment for
production. Even though we have achieved success by using
Gobi aggregates with coarse particles as main composition to
prepare the backfill, Ashele Copper Mine still faces chal-
lenges in other aspects. For instance, when we use the coarse
aggregate to prepare the backfill slurry, the bend is quite easy
to wear, and the cost of pipeline maintenance and change is
relatively high. /e abrasion on the pipeline can be reduced
with more tailings, which has negative impact on the
strength of CPB.

In the process of preparing paste with coarse aggregate, it
is very important to prevent the deposition and segregation
of the granular materials in the paste, which often restricts
the daily production schedule. In view of the effect of using
tailings with high sulfur and iron content as filling materials
to prepare cemented paste filling materials, in the process of
large-scale underground mining in Ashele Copper Mine, the
self-supporting ability of paste filling materials is better,
there is no collapse or flake falling and, the proportion of all
kinds of filling materials used in production is reasonable
through test and field verification.

/is research reveals the rule about the effect of
tailings content, Gobi aggregates content, cement con-
tent, and slurry concentration on the strength of CPB. As
the results show, when the addition amount of Gobi
aggregates is within 56%∼68%, the strength of CPB tends
to decrease as addition amount of Gobi aggregates in-
creases. When the addition amount of tailings is within
the range of 12%∼24%, the strength of CPB increases with
the increase of tailings. /e addition of both backfill
materials plays different roles in maintaining the pipeline.
As tailings of Ashele Copper Mine are valuable in use,
under the premise of ensuring the strength of CPB, it is
suggested that tailings are used as backfill material as little
as possible. Even though the backfill with good perfor-
mance is formed when the proportion of tailings and
Gobi aggregates is 30 : 70, the proportion for both ma-
terials is finally confirmed at 20 : 80 in production in
consideration of the usage value of tailings. When the
addition amount of cement is 20% [cement/(tai-
lings + Gobi aggregates) � 1 : 4] and the concentration is
77%, the strength of CPB reaches 5.62MPa. According to
tunnels excavating by heading machine in the backfill at
the bottom of VCR stope, the backfill [cement/(tai-
lings + Gobi aggregates) � 1 : 4] has good stability and
integrity. No collapse or delamination occurs even
without support in roadway. When the ores of adjacent
stopes are mined, the backfill with cement content of
11.1%, 14.3%, 20%, and 25% is exposed. During the whole
mining process, no collapse or delamination occurs
presenting good independence of the backfill. /erefore,

Figure 8: Completed tunnel in paste backfill.

Figure 6: Paste filling slurry flowing into borehole.

Figure 7: Excavating tunnel in paste backfill.
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the proportion of the backfill used in production is ra-
tional according to the test and field validation.
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Rock bolt support is an effective technique for controlling surrounding rock of deep roadway. ,e stability of the anchorage body
composed of rock bolts and surrounding rockmass is the core in keeping the stability of roadways. In this paper, the UDECTrigon
model was used in simulating uniaxial compressive test on the anchorage body under different pretension loads. ,e energy
equilibrium criterion of the anchorage body under the uniaxial compressive state was proposed. Furthermore, the fracture
evolution and the energy dissipation during the failure process of the anchorage body were analyzed. Results showed that before
the peak strength, the external work was stored in the anchorage body in the form of the elastic strain energy (Ue). After the peak,
energy dissipated through three ways, including the fracture developing friction (Wf), plastic deformation (Wp), and acoustic
emission (Ur). Based on the simulation results, the high pretensioned rock bolts can eliminate the continuous tensile fractures in
the anchorage body, decreasing the damaging extent of the anchorage body and the energy that was consumed by the following
two main approaches: fracture developing friction (Wf) and plastic deformation (Wp). Moreover, the surplus of the elastic strain
energy (Ue) and the strength of the anchorage body can be improved. ,e pretension load had a positive relationship with elastic
strain energy and a negative relationship with the anchorage body damage degree. Based on the above research, the transport
roadway of the working face 6208 in the Wangzhuang Coal Mine selected tensile rock bolts to establish the high-performance
anchorage body. ,e monitoring data showed that this reinforcement method effectively managed the serious deformation issue
of the roadway surrounding the rock masses.

1. Introduction

In recent years, the depth of coal mining has been increasing at
an annual rate of 6–10m [1]. Under the superposition of the
high in situ stress and the strong mining stress in the sur-
rounding rock of the deep roadway, the surrounding rock of
the roadway is prone to unsteady failure characteristics, and it
may cause disasters in severe cases. ,e stability control of the
surrounding rock of the roadway is one of the major problems
to be solved in deep mining [2–4]. Massive engineering
practices demonstrated that rock bolt reinforcement can ef-
fectively improve the stability of the surrounding rock mass
[5–7]. ,erefore, the rock bolt reinforcement technology,

regarded as an active reinforcement method, has been widely
implemented in mining engineering in China. ,e anchorage
body composed of rock bolts and the surrounding rockmass is
the core to measure the stability of the roadway surrounding
the rock mass. ,is is because it can control the volume
expanding, deformation, and failure of the rock mass in the
anchorage area [8–10]. To date, researchers have conducted
substantial research regarding the anchorage body [11–13].
Wei and Gou [14] used the numerical simulation method to
study the parameters of the anchorage body under the effect of
pretensioned rock bolts and the instability condition of the
anchorage body under in situ stresses. Results suggested that in
the in situ stress environment, influence of the surrounding
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rock mass strength around the roadway, the rock bolt pre-
tension load, the lateral pressure coefficient of the in situ stress,
the depth of the cover, the rock bolt interval, and the rock bolt
spacing decreased successively. Wang et al. [15] deduced the
theoretical equation of the shear strength for the anchorage
body before and after grouting. ,e analysis illustrated that
after grouting and reinforcing, with the greater mechanical
parameters of the surrounding rock mass (elastic modulus,
cohesion, internal friction angle and dilation angle), shear
strength of the anchorage body increased significantly. Wu
et al. [16] analyzed the acting response of the anchored sur-
rounding rock mass under the dynamic loading impact. It was
found that under the dynamic loading impact, the anchored
surrounding rock mass of the roadway was subjected to re-
peated compression and tension. ,is resulted in the devel-
opment of joints and fractures, which in turn led to the failure
of the anchorage system.Wang et al. [17] investigated the effect
of the anchoring length of the rock bolts and the pretension
force on the stability of the anchorage body. It indicated that
increasing the pretension force more effectively control the
surrounding rock masses. When the anchorage length of the
rock bolt was constant, the effective compressive stress area of
the surrounding rock mass in the nonanchored section in-
creased with the pretension force. Liu et al. [18] proposed the
concept of the coordinated effect of the anchorage system.,ey
believed that high pretension force was the major factor to
develop the effect of the anchorage system.

It can be found that the research on the anchorage body
conducted by predecessors mainly focused on the anchorage
technology, the anchorage material, the coordinated effect,
the stress transfer rule, and the dynamic loading character.
As for the theoretical analysis, the traditional elastic–plastic
mechanics was usually used. ,e stress-strain relationship
was used to depict the mechanical acting character in the
deformational failure process of the anchorage body. Based
on this, the strength theory was established. However, the
theory cannot truly reflect the deformational failure rule of
the anchorage body.

In fact, the anchorage body in underground engineering
is a highly nonlinear, complicated system. Furthermore, it is
in the dynamic irreversible evolution period. ,erefore, the
deformational failure process of the anchorage body is the
complicated conversion process of the energy, which is a
status instability phenomenon driven by energy. ,e core of
the damaging evolution of the anchorage body is the process
of energy dissipation and release. ,e evolution rule of
energy is the core expression of the deformational failure for
the anchorage body [19–21]. Using the perspective of energy
to analyze and explain the mechanical responding characters
of the deformational failure in the anchorage body is an
effective method.

Moreover, researchers have already used theoretical
analysis and laboratory experiments to conduct research on the
energy dissipating and releasing mechanism of the rock failure
[22–25]. Meng et al. [26] analyzed the acoustic emission and
the energy evolution character of the rock samples under the
uniaxial cyclic unloading compression condition. ,e results
showed that the energy evolution of rock masses had a close
relationship with the axial loading stress, rather than the axial

displacement rate. Before the axial load reached its peak
strength, the energy accumulation accounted for the leading
role. After that, the energy dissipation accounted for the
leading role. ,e input energy led to generation of micro-
fractures in the rock mass and irreversible development. ,e
releasing of the elastic energy resulted in the instability of the
rockmass. Moreover, this induced damage to rockmass. Dong
et al. [27] studied the energy evolution process of the rock
masses in the mining process. According to the variation
tendency of energy, the dissipating process was divided into the
initiating stage, the stable increasing stage, the dramatic in-
creasing stage, and the stable stage. However, limited research
has been conducted on studying the energy dissipation in the
failure process of the anchorage body via the numerical
simulation method. Previous studies found that the fracture
development was the internal reason leading to the instability
of the anchorage body [28, 29]. However, the pretension force
was the primary external influencing parameter in affecting the
stability of the anchorage body [12]. ,erefore, in this study,
the UDEC Trigon method was used to carry out the Uniaxial
Compressive Strength (UCS) test on the anchorage body under
various pretension forces. ,e energy evolution and the
fracture development of the anchorage body with different
pretension forces were monitored. ,e relationship between
the pretension force, the fracture development of the an-
chorage body, and the energy in the anchorage body was
studied. ,e failure character of the anchorage body was
analyzed from the perspective of energy. It is expected that the
research results can be more representative of the deforma-
tional failure rule of the anchorage body.

2. Energy Balance and Components

Since the 1960s, scholars have conducted a significant body of
research on the theory of energy equilibrium in rock me-
chanics [30–34]. From the initial rough studying of the energy
variation in the underground mining process, these energy
concepts gradually developed to a detailed study of the energy
evolution of the rock masses under the conditions of the
different buried depth, the loading and the unloading
method, and the confining pressure. Based on summarizing
the previous scholars’ work, this study combined the simu-
lation condition to determine the energy equilibrium criteria.

During the UCS process, the applied work by the ex-
ternal force was expressed with W. Due to the elastic de-
formation of the anchorage body, certain forces were stored
in the internal area of the anchorage body in the form of
elastic strain energy.,e energy of this section was expressed
with Ue. ,e difference between the applied work by the
model boundary and the elastic strain energy was the dis-
sipating energy (Ud). ,erefore, the total input energy (W)
induced by the applied work of the external forces can be
expressed with

W � U
d

+ U
e
. (1)

Energy was mainly dissipated through three approaches.
,e first approach was generating, developing, closing, and
fracture friction in the rock masses. ,e dissipated energy by
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them was Wf. ,e second approach was the plastic defor-
mation of the rock masses (Wp). When the rock block
generated irreversible deformation, energy was dissipated
through the plastic work. ,e residual section was com-
monly released through acoustic emission, which can be
expressed with Ur. ,erefore, the dissipated energy Ud can
also be defined as

U
d

� Wf + Wp + U
r
. (2)

In UDEC, the increment variation of this energy was
determined and accumulated in each timestep [35]. Com-
bining equations (1) and (2), in this study, the energy
equilibrium equation that was used to calculate the energy
releasing can be written as

W � Wf + Wp + U
r

+ U
e
. (3)

,en, this energy equilibrium concept was used to
discuss the energy dissipation of the complicated anchorage
body.

3. Parameter Calibration

3.1. 'e UDEC Trigon Approach. ,e UDEC Trigon model
was proposed by Gao et al. [36] to simulate brittle fracture of
the rock. In this model, a rock is represented by an assembly
of triangular blocks bonded together via their grain contacts.
Each block is made elastic by dividing them into triangular
finite difference zones. Hence, the block does not fail by
plastic yielding. Failure can only occur along the contacts in
shear or tension, depending on the stress state and the
properties of the contact surface [35]. In the direction
normal to a contact, the stress-displacement relation is as-
sumed to be linear and governed by the stiffness kn:

Δσn � −knΔun, (4)

where△σn is the effective normal stress increment and△un
is the normal displacement increments. A limiting tensile
strength (T) is assumed for the contact. If this value is
exceeded, then σn � 0.

Along the shear direction, the response is governed by
constant shear stiffness. ,e shear stress (τs) is determined
by a combination of contact properties: cohesion (c) and
friction (φ).

τs


≤ c + σn tan φ � τmax. (5)

,en,

τs� − ksu
e
s . (6)

However, if |τs|≥ τmax, then,

τs � sign Δue
s( τmax. (7)

where Δue
s is the elastic component of the incremental shear

displacement and Δs
u is the total incremental shear

displacement.
,e proposed modeling approach has been implemented

within UDEC [35].

3.2. Mechanical Parameters of the Anchorage Body. As the
UDEC Trigon model defines the block as the elastic material,
plastic failure cannot be generated. However, in the an-
chorage body, failure is elastoplastic.,erefore, to accurately
simulate the physical and mechanical characters and the
energy dissipating rule after the anchorage body fails, based
on the UDEC Trigon block, this study used the strain-
softening model for the block. ,e strain-softening model is
based on the UDEC Mohr-Coulomb model with nonasso-
ciated shear and associated tension flow rules.

,e intact properties of the coal are listed in Table 1.
,ese properties were obtained through laboratory tests and
were provided by the Wangzhuang Coal Mine. ,e RQD
values of the coal masses were evaluated from borehole
televiewer images.

,e rock mass elastic modulus was calculated using the
relationship between RQD and the elastic modulus ratio
[37], as shown in equation (7), where Em is the elastic
modulus of the rock mass and Er is the elastic modulus of the
rock sample.

Em

Er

� 100.0186RQ D−1.91
. (8)

,e rock mass strength was calculated using the relation
between the UCS ratio σcm/σc and the deformation modulus
ratio Em/Er [38]. ,e value of q is 0.63 [39]:

σcm

σc

�
Em

Er

 

q

. (9)

To represent the coal by using an assembly of triangular
blocks, the properties of the blocks and contacts were
calibrated against the coal properties listed in Table 2. ,is
was achieved by simulating UCS tests in a numerical model
created using the Trigon logic. ,e size of the rock sample is
2m (in width)× 4m (in height) [38] (Figure 1). ,e bottom
of the numerical model was fixed and a displacement rate of
0.02m/s was applied at the top. ,e calibrated properties of
the UDEC model are illustrated in Table 3.

,e UCS and elastic modulus data derived by numerical
simulation are consistent with laboratory tests (within an
error of 7%). Hence, the reasonable availability of the
micromechanical parameters of the coal mass and the rock
mass was verified.

3.3. Rock Bolt Parameters. ,e “cable” structural element in
UDEC was adopted to simulate the rock bolts. ,e pa-
rameters of the “cable” element are presented in Table 4. A
detailed description of the support elements in UDEC is
provided by the Itasca Consulting Group Inc. For resin-
grouted rock bolts, two key properties governing the anchor
characteristics are the stiffness (Kbond) and the cohesive
strength (Sbond) of the grout. A practical estimation of Kbond
was provided in the UDEC manual [36] as

Kbond �
2πG

10 ln(1 + 2t/D)
, (10)
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Table 1: Intact rock properties and scaled rock mass properties of coal from the Wangzhuang Coal Mine.

Coal measures
Intact rock

RQD (%)
Rock mass

Er (GPa) br (MPa) Em (GPa) bcm (MPa) btm (MPa)
Coal 2.6 10.8 75 0.79 5.1 0.51

Table 2: Calibrated mechanical parameters of blocks and joints of the coal.

Density (kg/m3) Young’s modulus
(GPa)

Cohesion
(MPa)

Friction
(°)

Tensile strength
(MPa)

Block 1400 0.79
1.6 (ε� 0)

1.1 (ε� 0.04)
0.6 (ε� 0.15)

27 0.9

Joint
Normal stiffness

(GPa/m)
Tangential stiffness

(GPa/m)
Cohesion
(MPa)

Friction
(°)

Tensile strength
(MPa)

113 45.2 1.3 18 0.4
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Figure 1: Results of UCS testing: (a) numerical simulation of uniaxial compression and (b) stress-strain curve of coal.

Table 3: Calibrated microproperties in the UDEC Trigon model to represent the coal.

Coal measures
Young’s modulus (GPa) Compressive strength (MPa)

Target Calibrated Error (%) Target Calibrated Error (%)
Coal 0.79 0.73 7 5.1 5.1 0

Table 4: Properties of support elements in UDEC.

Contact properties Value
Elastic modulus (GPa) 200
Tensile yield strength (kN) 390
Stiffness of the grout (N/m/m) 2e9
Cohesive capacity of the grout (N/m) 4e5
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where G: the grout shear modulus; D: the bolt diameter, and
t: the annulus thickness. Zipf [40] provided practical values
of Sbond for simulating resin-grouted rock bolts installed in
varying Coal Measures. A value of 400 kN/m of Sbond was
adopted in this study.

4. Fracture Evolution and Energy Dissipating
Rule of the Anchorage Body

4.1. Simulation Method and the Model Building.
According to the physical and the mechanical characters of
the in situ anchorage body, the UDEC Trigon simulation
method was used to conduct research on the fracture
evolution and energy dissipating rule of the anchorage body
(Figure 2) ,e supporting resistance of the rock bolts to the
surrounding rock is far from the in situ stress, so that the
influence of the rock bolt supporting effect on the sur-
rounding rock cannot be effectively displayed, and hence,
the effect of in situ stress is ignored in the simulation. In the
model, for the zone and the interface, the strain-softening
model and the coulomb slip model were used, respectively.
,e model was a rectangle with the width–height ratio of 1 :
2. ,e dimension was 2m in width and 4m in height. At the
middle of the model bottom boundary, a rock bolt with a
length of 2.4m was installed. At the top of the model, a
loading velocity of 0.02m/s was applied. ,e bottom
boundary of the model was fixed. During the loading process
of the model, the FISH function was used to monitor the
stress in the anchorage body, the quantity of shearing
fractures, the length of shearing fractures, the quantity of
tensile fractures, and the length of tensile fractures. ,e
energy module in UDEC was used to monitor parameters
such as the applied work by the boundary forces, the applied
work by friction, and the applied work by plasticity. Based on
whether it was anchored and the difference of the rock bolt
pretension forces, three simulation schemes were estab-
lished: (1) no rock bolt; (2) rock bolts with low pretension
forces; and (3) rock bolts with high pretension forces. Table 5
shows the specific parameters of each scheme. In the field,
the pretensioned torque that was applied on rock bolts
commonly ranged from 300 to 400Nm. ,e corresponding
pretension forces ranged from 40 kN to 50 kN [41].
,erefore, in this study, in the simulation scheme, the low
pretension force was 40 kN.

For rock bolts, the other parameters were equal except
that the pretension force was different.

Attention should be paid that when energy was moni-
tored, the command of “SET energy on” should be used to
activate the energy monitoring module. In addition, the
mass-scaling option was shut down. Because in this study,
the nonsticky boundary was used and the dynamic calcu-
lating analysis was not involved, the damping was set as
“Damping auto.” ,e modeling processes were described as:
(a) establishing the model and applying the calibrated pa-
rameters on the model; (b) according to the simulated
scheme, conducting loading simulation on the anchorage
body; and (c) finally, according to the monitored data,
analyzing the energy dissipating rule of the anchorage body.
Figure 2 shows the schematic diagram of the model.

4.2. Deformational Failure Character and Energy Dissipating
Rule of the Anchorage Body. Figure 3 shows that when there
was no rock bolt, there were massive continuous fractures
distributed in the anchorage body. In particular, at the upper
right of the anchorage body, there were coalescence of shear
and tensile fractures. In the anchorage body with low pre-
tensioned rock bolt installed, fractures developed in the body
were lower than that shown in Figure 3(a), indicating that
pretension has an impact on the fracture distribution.
,ereby, the number of cracks was also reduced compared to
that of no rock bolt. In the anchorage body with high pre-
tensioned rock bolts installed, most fractures were shear and a
substantial decrease in the total fractures can be observed. It is
noted that there were only a small number of discontinuous
tensile fractures at the corner of the top and the bottom.
,erefore, high pretensioned rock bolts can effectively reduce
the quantity of the continuous tensile fractures in the an-
chorage body. Also, the condition of the anchorage body can
be improved, which was beneficial for ensuring the integrity
and stabilization of the anchorage body.

Figure 4 shows the processing results of the monitored
data. ,ese nine figures were classified into groups along the
vertical direction according to the simulation scheme. From
the left to the right, they were anchorage body without the
rock bolt, anchorage body with low pretensioned rock bolts,
and anchorage body with high pretensioned rock bolts.
Along the horizontal direction, they were classified into
groups, according to the anchorage body strength, fracture
developing, and energy variation. ,e damaging extent of
the anchorage body was determined by the ratio of damage
length of the contact surface (including both shear cracks
and tensile cracks) to the total length [37]. From the top to
bottom, they were stress-strain curves, fracture-strain
curves, and energy-strain curves. ,e fracture-strain curves
include shearing fractures, tensile fractures, total damaging
extent, shearing damaging extent, and tensile damaging
extent. ,e energy-strain curves include the applied work by
the boundary, the elastic strain energy, applied work by
friction, applied work by plasticity, and released energy.

First, analysis was conducted on Figure 4 along the
vertical direction. According to the tendency of the fracture
curve and the energy curve, and the relationship between
them and the stress curve, the whole failure process of the
anchorage body was divided into three stages: fracture
initiating stage (Phase I), rapid developing stage of fractures
(Phase II), and the post-peak stage (Phase III).

,e fracture initiating stage (Phase I) started from zero
to around 80% of the peak strength. In this stage, the
fractures and the damaging extent were at a relatively low
level. ,e anchorage body was in the elastic strain stage. ,e
externally imported energy was almost all transferred to the
elastic strain energy, which was stored in the anchorage
body. In this stage, there was very minor energy dissipation
induced by the anchorage body failure.

,e rapid developing stage of fractures (Phase II) started
from around 80% of the peak strength to the peak strength.
In this stage, the shearing fractures developed rapidly,
leading to the damage of the anchorage body. However, the
tensile fractures were still at a relatively low level. ,erefore,
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Figure 2: Model overview and dimensions.

Table 5: Numerical simulation scheme.

Whether there are rock bolts Rock bolt pretension force Displacement rate
Scheme I No — 0.02m/s
Scheme II Yes (torqued rock bolts) Low (40 kN) 0.02m/s
Scheme III Yes (tensile rock bolts) High (90 kN) 0.02m/s

Tensile cracks
Shear cracks

(a)

Tensile cracks
Shear cracks

(b)

Tensile cracks
Shear cracks

(c)

Figure 3: Failure of anchorage body: (a) no rock bolt; (b) a rock bolt with low pretension; (c) a rock bolt with high pretension.

6 Advances in Civil Engineering



in this stage, the developing and propagation of shearing
fractures were the principal factors leading to the failure of
the anchorage body. In this stage, a small amount of energy
was dissipated through applying work with fracture friction
and applying work with plastic deformation. However, more
energy was still stored in the anchorage body in the form of
the elastic strain energy. Furthermore, around the peak
strength, it reached the peak of the elastic strain energy.

,e post-peak stage (Phase III) indicated the section that
was after the peak. In this stage, the development of the
shearing fractures in the anchorage body became stable.
However, at this time, the tensile fractures in the low level in
previous two stages showed increasing tendency in this
stage. Not only the quantity but also the extent of damage
resulted by tension increased. In this stage, a quantity of
energy was dissipated through applying work via fracture
friction and applying work via plastic deformation. ,e
energy released by acoustic emission also increased rapidly.
,e anchorage body gradually entered the plastic strain. ,e
internal elastic strain energy decreased from the peak. All
dissipated energy became stable after a period of time. ,is
was probably the result of the continuous dissipation of the
energy, which lead to further developing of the fractures in
the anchorage body and the shearing deformation along the
sliding plane [42].

To monitor the degree of damage to the anchorage body,
the total fracture length as well as the shear and tensile
fracture lengths during uniaxial compression were measured.
,e degree of damage (D) can be calculated as follows [36]:

D �
LS + LT

LC

× 100%, (11)

where LC is the total fracture length, and LS and LT are the
total shear and tensile fracture lengths, respectively.

,en, analysis was conducted on Figure 4 along the
horizontal direction. ,e evolution characters of the stress,
fracture, and energy in the anchorage body under different
simulation schemes were compared and analyzed. Table 6
shows the specific data comparison of the stress and frac-
tures in the anchorage body. ,e variation rate in the table
was obtained by comparing with the data in Group 1.

With regard to the aspect of stress, the pretensioned rock
bolts not only improve the elastic modulus of the anchorage
body to improve its peak strength but also improve the post-
peak character of the anchorage body (Figures 4(a)–4(c)).
,en, the decreasing of the anchorage body strength can be
reduced. ,e peak strength of the anchorage body with high
pretensioned rock bolts installed reached 5.8MPa, improving
by 13.7% compared with the coal mass that was not installed
with the rock bolts.When there was no rock bolt installed, after
the coal mass reached the peak, the stress curve decreased
rapidly, with the strength decreasing from 5.1MPa to 2.3MPa
(Figure 4(a)). After the pretensioned rock bolts were installed,
the post-peak stresses were all above 4MPa.

With regard to the aspect of fracture and damage, pre-
tensioned rock bolts can effectively decrease the whole extent of
damage of the anchorage body. After the lowpretensioned rock
bolts and high pretensioned rock bolts were installed, the whole

extent of damage of the anchorage body decreased by 8.6% and
16.6%. Besides, the quantity of the shearing fractures, the
quantity of tensile fractures, and the tensile damaging extent
showed a tendency to decrease. However, when the low
pretensioned rock bolts were installed, the fracture evolution
situation was different from the other two groups. Compared
with the coal body without the rock bolts, the damage starting
point of the anchorage body with low pretension bolts has not
changed, and the tensile cracks and tensile damage increase
rapidly and greatly between the strain of 0.5%–0.6%.Moreover,
the ultimate tensile fractures and the extent of tensile damage
were higher compared with the coal mass that was not installed
with the rock bolts (Figures 4(d) and 4(e)). ,e increasing rate
reached 25.8% and 34%, respectively. ,is was probably be-
cause the pretension applied on the rock bolt was relatively low.
At the initial loading stage, the active reinforcing effect of the
rock bolts was not apparent. ,erefore, at the initial loading
stage, the microfailure of the anchorage body occurred (with
the strain ranging between 0.5% and 0.6%). Furthermore,
tensile failure occurred. ,is led to an increase in the ultimate
fractures and the extent of tensile damage.When the strain was
0.6%, the rock bolts started developing the active reinforcement
effect. ,e tensile fractures became stable when the strain
ranged from 0.6% to 0.76% (the corresponding strain for the
peak strength). Based on the above analysis, the low preten-
sioned rock bolts cannot develop the active reinforcement
effect at the initial reinforcing stage, which leads to an increase
of tensile damage of the anchor body.

For energy, when plotting Figures 4(g)–4(i), energy dissi-
pated by acoustic emission was plotted individually. ,e ten-
dency of the acoustic emission energy curve was basically
consistent with the tendency of the acoustic emission count
curve.,is was the important appearance of the anchorage body
failure [31]. Figure 5 shows the specific data of each energy
component after the simulation was finished. From the devel-
opment tendency of the elastic strain energy curve, it can be seen
that the whole process of the anchorage body failure was
composed of energy charging and releasing. ,erefore, the
fracture initiating stage (Phase I) and the rapid developing stage
of fractures (Phase II) were combined and called as the energy
charging stage. ,e post-peak stage (Phase III) was called as the
energy releasing stage. After the rock bolts were installed in coal
strata, with the increasing of the pretension, the peak energy in
the energy charging stage increased and the position of peak
energymoved behind. Furthermore, under the situation of equal
strain, the residual elastic strain energy is increased. At the peak
position of the elastic strain energy, it entered the energy-re-
leasing stage and massive energy was released. Energy was
mainly dissipated through the developing of fractures and
friction. ,en, the energy was dissipated through the plastic
applied work of the anchorage body. ,e dissipated energy by
acoustic emission was minimal.,e acoustic emission energy in
three groups accounted for 5.7%, 14.4%, and 16.9% of the re-
leased energy in each group. With an increase in the pretension,
the dissipated energy through the fracture developing, friction,
and the plastic applied work of the anchorage body showed a
decreasing tendency. ,e acoustic emission energy and the
residual elastic strain energy increased (Figure 5). ,is was
mainly because when the rock bolt developed an active
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Figure 4: Strength, fracture, and energy evolution of the anchorage body under uniaxial compression: (a) stress-strain curve (no rock bolt);
(b) stress-strain curve (low pretensioned rock bolt); (c) stress-strain curve (high pretensioned rock bolt); (d) crack and damage curve (no
rock bolt); (e) crack and damage curve (low pretensioned rock bolt); (f ) crack and damage curve (high pretensioned rock bolt); (g) energy
curve (no rock bolt); (h) energy curve (low pretensioned rock bolt); and (i) energy curve (high pretensioned rock bolt).

Table 6: Comparison of the stress and fractures in the anchorage body.

Group 1 Group 2 Group 3 Rate of change

Peak strength 5.1MPa 5.4MPa 5.8MPa 5.9%
13.7%

Quantity of the shearing fractures 1068 887 800 –16.9%
–25.1%

Quantity of tensile fractures 116 146 95 25.8%
–18.1%

Total damaging extent 52.4% 47.9% 43.7% –8.6%
–16.6%

Shearing damaging extent 47.7% 41.6% 39.4% –12.8%
–17.4%

Tensile damaging extent 4.7% 6.3% 4.3% 34.0%
–8.5%
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reinforcing effect, it changed the physical and mechanical
characters of the anchorage body.,is improved the parameters
such as the elastic modulus of the anchorage body. Also, this
improved the ability of the anchorage body in resisting the
developing of fractures and plastic deformation. Under the low
pretensioned situation, in the energy charging stage, fracture
developing and energy dissipating via friction occurred
(Figure 4(h)).,is was because in the initial reinforcement stage,
the rock bolt reinforcement effect was poor. ,is led to the
initiating and developing of tensile fractures.,is was consistent
with the fracture evolution curve (Figure 4(e)). Improving the
rock bolt pretension can effectively improve this situation
(Figure 4(i)). At the initial reinforcement stage, it developed the
active reinforcement effect, ensuring the stability of the an-
chorage body.

4.3. Strengthening of the High-Performance Anchorage Body
Strength. ,e rock bolt surrounding rock mass strength
strengthening theory assumed that installing the high pre-
tensioned rock bolts can effectively improve the mechanical
parameters of the anchorage body. Also, the strength of the
anchorage body can be improved. ,e plastic area, radius of
the fractured zone, and the surface displacement can ef-
fectively be reduced. ,e stability of the surrounding rock
mass can be maintained [1, 43]. Based on the deformational
failure character of the anchorage body and the energy
dissipating rule in section 4.2, this section explained the
strength strengthening theory from the perspective of en-
ergy. Figure 6 shows the comparison between the peak
strength, residual elastic strain energy, and the damaging
extent of the anchorage body with different pretension forces
after the simulation was finished.

,e residual strain energy was the residual energy in
the anchorage body after the simulation was finished.
Figure 6 shows that applying high pretension forces can
improve the residual strain energy of the anchorage body.
,is was because installation of high pretensioned rock

bolts improved the mechanical parameters of the an-
chorage body. Meanwhile, the development of the frac-
tures in the anchorage body was restricted. ,en, the
energy was dissipated by using two main approaches:
fracture developing friction and plastic deformation. ,e
residual strain energy had a positive relationship with the
peak strength and a negative relationship with the dam-
aging degree. ,erefore, it can be assumed that the high-
performance anchorage body constructed with high
pretension has a high strength anchorage body with a low
extent of damage. ,is was consistent with the rock bolt
surrounding the rock mass strength strengthening theory.
,erefore, constructing the high-performance anchorage
body can effectively reduce the surface displacement of the
surrounding rock masses.

5. In Situ Tests and Observations

5.1. Profile of Tensile Rock Bolts. Our research group de-
veloped a new rock bolt locking instrument, which changed
the traditional rock bolt locking method. ,is solved the
problem of low transferring efficiency in the torque and
pretension, which occurred in the traditional torqued pre-
tensioned rock bolts in essence.,is effectively improved the
rock bolt pretension and fully developed the active rein-
forcement effect of the rock bolts. ,e rock bolt locking
instrument was composed of barrel and wedge. ,e barrel
and wedge was a circular structure. At the middle of it, there
was a cone hole. As for the clamping, there were multiple
pieces. Its external surface radian dimension was matched
with the cone hole. Meanwhile, its internal surface radian
dimension was matched with the outside diameter of the
rock bolts. ,e clamping was installed between the internal
surface of the anchoring ring cone hole and the rock bolt
(Figures 7(a) and 7(b)). A specially manufactured hydraulic
jack was used to apply pretension. It can apply a pretension
force of 90 kN on threaded rock bolts (HRB 335) with a
diameter of 22mm without damaging, as shown in
Figure 7(d). It reached about 70% of the yielding capacity.

5.2. In Situ Observations. To verify the accuracy of the
numerical simulation, experiments were conducted in the
field. ,e location of the experiment was the transport
roadway of the working face 6208 in the Wangzhuang Coal
Mine in the city of Changzhi, Shanxi Province, China. ,e
Working face 6208 was located in the coal seam 3#, with an
average thickness of 6.9m. ,e transport roadway of 6208
was tunneled along the gob. ,e excavation was conducted
along the floor. Two sides of the roadway and the im-
mediate roof were coal (Figure 8(a)). ,e head entry of the
working face 6208 was excavated along the floor with a
cross section of 5.0m (in width) × 3.2m (in height), as
shown in Figure 8(b). In the working face 6208, the tra-
ditional torqued HRB 335 threaded rock bolts were used to
perform the roadway reinforcement. ,e rock bolt di-
ameter was 22mm and the length was 2400mm, with
300Nm applied to provide the pretension. During the
excavation period, the serious problem of surrounding the
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Figure 7:,e anchoring system components: (a) barrel and wedge; (b) separated barrel and wedge; (c) barrel and wedge installed in the rock
bolt; (d) barrel and wedge installation.
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rock mass deformation at two sides of the roadway oc-
curred, as shown in Figure 9. In this roadway, a length of
200m was selected as the test section. Tensile rock bolts
were installed. ,e rock bolt locking instrument was
matched with the particularly manufactured hydraulic Jack
to apply pretension on the HRB 335 threaded rock bolts
with a diameter of 22mm. In the test, a pretension of 90 kN
was applied without damaging the rock bolt. In the torqued
rock bolt section and the tensile rock bolt section, the
surface displacement observation stations were installed to
monitor the convergence of the two sides of the roadway
during the tunneling period. Figure 10 shows the con-
vergence of the two sides of the roadway in the torqued

rock bolt test section and the tensile rock bolt test section
during the tunneling period. With the tunneling face
advancing, the deformation of the roadway surrounding
the rock masses gradually increased. After the distance to
the tunneling face was 100m, the convergence of the two
sides of the roadway became stable. ,e maximum con-
vergence of the two sides of the roadway for the torqued
rock bolt test section was 527mm. As for the tensile rock
bolt test section, the maximum convergence of the two
sides of the roadway was 210mm. ,e maximum con-
vergence of the two sides of the roadway was reduced by
60%. ,erefore, the tensile anchorage body constructed
with tensile rock bolts can effectively reduce the
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deformation of the rock masses surrounding the roadway.
Furthermore, the roadway surrounding the rock masses
can be guaranteed to be stable.

6. Conclusions

In this study, the UDEC Trigon method was used to study
the influence of pretension on the anchorage body strength
and energy. ,e anchorage body model was composed of
triangle deformable blocks. According to the standard cal-
ibration procedures, rigid calibration and validation were
conducted on the input character of the anchorage body and
the rock bolts. ,en, through the UCS test, the anchorage
body, and the influence of pretension force was studied. ,e
following conclusions were acquired:

(1) High pretension rock bolts can reduce the extent of
fractures in the anchorage body, especially the tensile
fractures. ,e damage extent of the anchorage body
was reduced, with a reduction of 16.6% with 90 kN.

Meanwhile, the anchorage body strength can be
improved by 13.7%, which effectively improved the
stability of the anchorage body.

(2) According to the fracture development and energy
dissipation character, the whole failure process of the
anchorage body was composed of three stages:
fracture initiating stage (Phase I), rapid developing
stage of fractures (Phase II) and the post-peak stage
(Phase III).,e externally applied work was stored in
the internal area of the anchorage body in the form of
the elastic strain energy. Energy was dissipated
through three approaches: fracture friction, plastic
deformation, and acoustic emission. At the initial
reinforcing period, the active reinforcement effect of
the low pretensioned rock bolts was not apparent. At
the initial reinforcement period, tensile fractures
occurred. ,e energy was dissipated through ap-
plying work via fracture friction. With the increasing
pre-tension, rock bolts can restrict the fracture

Figure 9: Deformation of the roadway surrounding the rock masses.
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friction and plastic deformation. ,is means that
more elastic strain energy was stored in the an-
chorage body, forming the high-performance an-
chorage body.

(3) In the transport roadway of theWorking face 6208 in
the Wangzhuang Coal Mine in the city of Changzhi,
Shanxi Province, China, an in situ experiment was
conducted. ,e monitoring data showed that for the
torqued rock bolt section, the maximum conver-
gence of the two sides of the roadway was 527mm.
As for tensile rock bolts, the maximum convergence
of the two sides of the roadway was 210mm. ,e
maximum convergence of the two sides of the
roadway was reduced by 60%. ,erefore, through
constructing high-performance anchorage body, the
surface displacement of the surrounding rock mass
can be effectively reduced.
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In order to solve the problem of difficult support of the roadway with high stress and large-section broken surrounding rock, this
paper takes the subinclined shaft in Gaokeng mine of Jiangxi Province as the engineering background, analyzes the deformation
mechanism and support mode of the roadway under the influence of mining through field investigation and mechanical
derivation, and concludes that the stress concentration point of the roadway is in the middle point of roof and floor and themiddle
point of left and right sides.-rough the modeling analysis of FLAC3D numerical software and the comparison of various support
schemes, it is concluded that, after the combined support method of “anchor, net, and spray + grouting + full-section anchor
cable + floor anchor cable“ is adopted, the convergence of roof and floor is reduced by 508mm, and the convergence of two sides is
reduced by 663mm. And, it is applied in engineering practice. -e results show that the combined support scheme can effectively
control the stability of the surrounding rock.

1. Introduction

Although China’s coal mine mortality rate is decreasing year
by year, the number of deaths by 2017 is as high as 375, with
a million-ton mortality rate higher than that in developed
countries, as shown in Figure 1. With the increase of mining
depth and intensity of coal resources, mine roof accidents
are increasing, which seriously threaten the safety of coal
mining. In the past five years, there have been 9009 coal mine
deaths due to roof accidents in China, accounting for 38
percent. -erefore, strengthening the research of the coal
mine roadway support is the focus of coal mine safety.

According to statistics, the mining depth of many
mining areas in China has exceeded 600∼800m, and many
coal mines in China are expected to enter the mining depth
of 1000∼1500m in the next 20 years. In recent years, with the
improvement of heavy mining equipment and the promo-
tion of the large mining-height working face, the roadway
section increases from 10m2∼15m2 to 18m2∼20m2 and
even larger, and the large-section roadway becomes the
development trend of the modern mine. However, the large-

section roadway has the disadvantages of easy settlement,
easy instability, and difficult support. -ese factors affect the
safety of the roadway, so how to take protective measures has
always been a research topic of the industry. At present,
there are many research results in the research of roadway
safety control, such as Zhu et al. [1] through the on-site roof
exploration test, using numerical simulation to analyze the
failure process of the roadway roof, so as to elaborate the
failure mechanism of the roadway roof, put forward
bolt +wood combined support technology, and achieve
good support effect. Yang et al. [2] analyzed the stress
characteristics and crack evolution process of the roadway
under different supporting forms for the soft-rock roadway
and thus proposed the “bolt-mesh-spraying concrete + shell”
combined support scheme, which effectively controlled the
large deformation of the roadway. And, many scholars [3–6]
proposed various combined support methods for complex
geological conditions. Wang et al. [7] and Bai and Hou [8]
believe that stress is an important factor in roadway de-
formation, and the former thinks that the causes of roadway
safety are excessive pressure and stress concentration of the
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surrounding rock. -ey optimized the optimal setting po-
sition of the pressure relief groove on the existing basis and
effectively controlled the deformation of the surrounding
rock. -e latter thinks that the supporting technology of
controlling the stress of the deep surrounding rock should
start with controlling the stress and improving the strength
of the broken zone of the surrounding rock. However, in the
aspect of high stress and large-section roadway, the current
research results are still relatively scarce. Zhang et al. [9]
supported the concrete-filled steel tube in the high and deep
stress roadway. Ping et al. [10] and many scholars [11–15]
proposed that the main reason of the roadway broken ring is
the instability of the structure under high stress, so it is
particularly important to improve the stability and bearing
capacity of the supporting structure. -erefore, on the basis
of these methods, taking Gaokeng coal mine in China as the
background, the failure mechanism of the subinclined shaft
under the mining influence was analyzed in this paper, and
the “anchor, mesh, and spray + grouting + full-section an-
chor cable + floor anchor cable” supporting scheme was put
forward. -rough the numerical simulation and field ap-
plication, the results show that the combined support
method can effectively complete the safety control of the
large-section roadway.

2. Stress Analysis of the Roadway Surrounding
Rock under Mining Influence

In practice, the characters of the roadway are complex and
diverse, and the surrounding rock of the roadway is het-
erogeneous and discontinuous. -ere are many difficulties
in establishing the mathematical model. -erefore, it is
necessary to make some reasonable assumptions. Firstly,
the roadway is assumed to be a circular roadway, and then,
the surrounding rock is analyzed as a homogeneous and
continuous elastic body, and the model is shown in
Figure 2:

From elastic mechanics, the stress solution of the circular
hole is as follows:
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where σr is the radial stress, σθ is the hoop stress, σx is the
horizontal stress, σy is the normal stress, r is the tunnel
radius, R is the radial distance from point A to roadway
center, and θ is the angle between the OA direction and
horizontal line.

It can be concluded from formulas (1) and (2) that the
stress value has nothing to do with the mechanical pa-
rameters of the surrounding rock, but only with the hori-
zontal stress σX and vertical stress σy, and they are as follows:

σy � cH,

σx � λσy.
(3)

In the formula, c is the average bulk density of rockmass,
H is the burial depth, and λ is the lateral pressure coefficient.

When the roadway design is completed, its c, H, and r
have been determined, so the unknown quantities in
equation (2) are λ, R, and θ; when R� r is considered,
equation (2) can be expressed as follows:

σθ � cH(1 + λ) + 2cH(1 − λ)cos 2 θ. (4)

-e function graph of equation (5) is drawn by Matlab,
as shown in Figure 3.

It can be seen from Figure 3 that when it is about 0°,
90°, 180°, and 270°, the function has extreme points, that
is, the midpoint of the roof and floor of the roadway and
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the midpoint of the left and right sides, so the most
unfavorable position of the roadway is in the midpoint of
the roof and floor and the midpoint of the left and right
sides.

3. Numerical Simulation of Stability Analysis of
Bottom Dark Inclined Well under
Mining Influence

-is simulation is based on the engineering geological
conditions of the subinclined shaft in the Gaokeng Mine,
Jiangxi Province. -e subinclined shaft is arranged in the
coal seam 3 floor, and the roadway section is 4.2m× 3.9m.
-e anchor net ladder spray, arch shed, reticulated shell, and
other supporting methods are adopted, which are the main
coal transportation systems at the three levels and below.-e
roadway is arranged in the coal seam 3 floor and bottom
conglomerate layer from top to bottom, and the roadway is
arranged in the bottom conglomerate, as shown in Figure 4.

In order to determine the loose range of the surrounding
rock of the inclined shaft in the dark belt, the surrounding
rock detection test was carried out. It can be seen that, in the
surrounding rock of the inclined shaft roof in the dark belt,
the cracks at 5m–10m are more developed, the surrounding
rock is broken seriously, and there are obvious longitudinal
cracks at 5m. In the wall rock, the most developed part of the
crack is within 8m, and the other parts are relatively
complete.

-e roof and support of the roadway subsided as a whole.
-e roof fall occurred in many places from −140m to
−160m elevation and showed the form of sharp tops, which
indicated that the roof had a high horizontal stress state.
And, at the elevation of −160m and the area below, it can be
seen that there is an obvious fracture area in the part of the
roof surrounding rock with the depth of 500mm. When
drilling the anchor rod, the two sides bulge out into the
roadway, spray layer falls off, phenomenon of spalling oc-
curs, and damage is asymmetric.-e damage of the side near
the advancing direction of the working face is clearly serious.
-e most serious damage is found in the coal seam section

where the underground inclined shaft passes through the
bottom groove, and the spalling depth of the right-side slope
is more than 1400mm, as shown in Figure 5.-e floor heave
is obvious, and the extrusion converges at the bottom corner.

-e lithology classification and mechanical parameters
of this simulation model are shown in Table 1. -e specific
model is shown in Figure 6.

Cyclic excavation of coal seam 3 is carried out during the
calculation because the influence of coal seam excavation on
the subinclined shaft is a dynamic process. In order to
describe the cross mining process, considering the advance
abutment pressure in front of the work 5∼10m, so taking the
overlying coal seam working face and the bottom plate at the
horizontal distance of 40m and 10m, the stress and plastic
zone of the dark inclined shaft are analyzed.

It can be seen from Figures 7 and 8 that, during the whole
excavation process, the vertical stress changes of the two
sides are greater than the horizontal stress changes of the
roof and floor. In the process of advancing, the vertical stress
is mainly concentrated in the deep left side, and after the
working face is pushed, the vertical stress changes to be
concentrated in the deep right side. -e shear stress has also
changed greatly in the process of advancing. -e shear stress
of the bottom corner of the left side and the top corner of the
right side increases at the beginning of the advancing
process. After the working face is pushed, the shear stress of
the top corner of the left side and the bottom corner of the
right side increases, and the maximum value is larger than
before. -e change of the plastic zone reveals the process of
roadway failure and is closely related to the change of stress.
-e first failure area is at the bottom corner of the left side
and the top corner of the right side. With the advance of the
working face and shortening of the horizontal distance from
the dark inclined shaft, the two sides continue to damage.
-e top angle of the left side and the bottom angle of the
right side are also seriously damaged, which leads to the
increase of the hanging length of the roof and floor, and
finally, the roof and floor begin to be seriously damaged.

In the process of excavation, the displacementmeasuring
points are arranged at the midpoint of the roof and floor and
the midpoint of the two sides, and the monitoring results are

r
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Figure 2: -e computational mechanics model.
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calculated to obtain the deformation of the surrounding rock
of each excavation roadway. In the process of working face
advancing, the destruction of the two sides is prior to the
destruction of the roof and floor, so the deformation of the
two sides in the process of working face pushing close to the
subinclined shaft is greater than that of the roof and floor.
When the working face is pushed above the subinclined shaft
because the two sides have been destroyed, the roof and floor

begin to be seriously damaged due to the increase of the
hanging length. In order to investigate the circumferential
stress variation process around the inclined shaft in detail,
measuring points are arranged at 3m depth of the two sides
to monitor the vertical stress variation, and the monitoring
results are shown in Figure 9.

It can be seen from Figure 10 that the vertical stress of the
two sides is greatly affected bymining and changes rapidly. It

Table 1: Mechanics calculation parameters of strata.

Name Bulk modulus
B (GPa)

Shear modulus
S (GPa)

Cohesion
C (MPa)

Internal friction
angle Φ (°)

Tensile strength
Rt (MPa)

Density
c (g·cm−3)

Lamellar shale 6.79 4.47 2.65 31 1.20 2.50
Sweeping groove coal seam 4.15 1.36 1.10 19 0.60 1.40
-in shale 6.79 4.47 2.65 31 1.20 2.50
Coal seam 1 4.15 1.36 1.10 19 0.60 1.40
Grayish-black fine sandstone 21.00 10.23 4.25 39 1.85 2.64
Coal seam 2 4.15 1.36 1.10 19 0.60 1.40
Layered medium-fine sandstone 21.00 10.23 4.25 37 1.85 2.64
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Figure 7: -e stress state of the roadway after initial excavation. (a) Horizontal stress nephogram. (b) Vertical stress nephogram. (c) Shear
stress nephogram. (d) Distribution of the plastic area.
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Figure 8: -e stress state of the roadway. (a) Horizontal stress nephogram. (b) Vertical stress nephogram. (c) Shear stress nephogram.
(d) Distribution of the plastic area.
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Figure 9: Deformation of roof and floor and sides per mining step.
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begins to rise rapidly at 30m and reaches the peak of 16MPa
at 10m. -e horizontal stress of the roof and floor is less
affected, which has reached the peak of 14MPa and then
began to decline, and there is a rebound at 15m. -e biggest
difference is that the horizontal stress of the roof and floor
and the vertical stress of the two sides did not rise back to the
initial state after the working face was pushed. -e main
reason is that the surrounding rock enters the plastic zone
due to the influence of high stress, and the rock enters the
postpeak strength stage, which has lost its bearing capacity.

4. Study on Surrounding Rock Control
Technology of the Dark Inclined Shaft under
Mining Influence

4.1. Conceptual Design. -is numerical simulation mainly
analyzes the numerical calculation models of different
supportingmethods in the process of coal seam 3.-emodel
still uses the numerical calculation model established above.
For comparison, four schemes are determined in this
simulation, as shown in Table 2.

4.2. Numerical Simulation Result Analysis. It can be seen
from Figures 11–15 that, in the case of no support, the
roadway deformation is serious, the roadway roof and floor
convergence is 792mm, and the two sides’ convergence is
850mm. After using “anchor, net, and spray + grouting”
support, the roof and floor movement is reduced by 223mm,
and the two sides’ movement is reduced by 414mm. It can be
seen that the surrounding rock of the two sides of the
roadway is under certain control, but the control effect of
floor heave is not obvious. At this time, the floor heave of the
roadway is 334mm, which becomes the main part of the
roadway deformation. After adopting “anchor, net, and
spray + grouting + full-section anchor cable” support, the
displacement of the roof and floor is reduced by 427mm,
and the displacement of two sides is reduced by 642mm.-e

deformation of the surrounding rock of the roadway is
controlled effectively. After adopting supporting scheme 4,
the deformation was further controlled, in which the dis-
placement of the roof and floor was reduced by 508mm, the
displacement of the two sides was reduced by 663mm, and
the surrounding rock of the roadway remained stable.
-erefore, it was reasonable to adopt the support method of
“anchor, net spray + grouting + full-section anchor cable-
+ floor anchor cable.”

5. Engineering Application

In the subinclined shaft with the elevation of
−205m–−240m, because it has entered the floor of coal
seam 3, the surrounding rock is relatively complete, but the
vertical distance from coal seam 3 is small, so it is still
necessary to strengthen the support. -e specific layout is
shown in Figure 16.

-e cross method is used to monitor the surface de-
formation of the roadway. In order to analyze the supporting
effects of three different supporting schemes, the observation
results are shown in Figures 17 and 18.

It can be seen from the displacementmonitoringmap that
the deformation of the dark inclined shaft changes greatly
between the 25th day of monitoring and the 50th day of
monitoring. At this time, the horizontal distance between the
working face and floor roadway is 40m to −10m, and the
working face has no effect on the stability of the surrounding
rock of the dark inclined shaft.-e deformation of station 2 is
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Figure 10: Circumferential stress distribution in 3 meters deep surrounding rock.

Table 2: -e table of support schemes.

Serial
number Support mode

Scheme 1 No support
Scheme 2 Bolt +metal mesh + shotcrete support
Scheme 3 Bolt + anchor cable +metal mesh + shotcrete support

Scheme 4 Bolt + anchor cable +metal mesh + shotcrete + floor-anchor
cable support
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less than the other two, which shows that grouting has a
significant effect on improving the stability of the roadway.
-e deformation rate of station 3 is faster, which is related to
the small vertical distance between the measuring point

position and overlying coal seam. However, because the
spacing between the anchor cables is encrypted in the support
scheme, the cumulative deformation is still close to that of
station 1. In short, according to the monitoring results, the
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Figure 11: -e nephograms of displacement (Scheme 1).
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Figure 12: -e nephograms of displacement (Scheme 2).
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Figure 13: -e nephograms of displacement (Scheme 3).
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Figure 15: -e displacement curve with each scheme. (a) No support. (b) Bolt-mesh shotcreting support. (c) Anchor mesh shotcre-
ting + anchor cable. (d) Anchor mesh shotcreting + anchor cable + bottom anchor cable.
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Figure 14: -e nephograms of displacement (Scheme 4).
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Figure 16: -e diagram of the section support.

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Monitoring days (d)

180

160

140

120

100

80

60

40

20

0

D
isp

la
ce

m
en

t (
m

m
)

Station 1
Station 2
Station 3

Figure 17: -e displacement monitor of the roof and floor.
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maximum displacement of the roof and floor is 168.5mm, the
displacement of left and right sides is 119.3mm, and the
deformation of the surrounding rock is within the allowable
range, which fully proves that the combined support tech-
nology of anchor, net, and spray + grouting + full-section
anchor cable is feasible and can maintain the long-term
stability of the floor dark inclined shaft. -e support for the
actual project is shown in Figure 19.

6. Conclusions

(1) -e failure of the roadway supporting structure and
the serious deformation of the roadway itself are due
to the high stress level of the surrounding rock in the
roadway, so floor heave, spalling, and tipping are
produced.

(2) Under the influence of disturbance in the process of
excavation, the dark inclined shaft begins to deform
at 60m away from the working face, and the de-
formation is the largest at 10m to −10m away from

the working face, and the influence is the deepest, but
the working face is pushed over 60m and out of the
influence range.

(3) Using the combined support method of “anchor,
mesh, and shotcreting + grouting + full-section an-
chor cable,” the maximum displacement of the top
and bottom plate is 168.5mm, which is reduced by
64%, and the displacement of the left and right side is
119.3mm, which is about 78% less, which shows that
this support method plays a good role
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*e mining of coal seam has a significant influence on the stability of the roadway near it, especially under the condition of high
ground stress. To study the control mechanism of the surrounding rock under the influence of high ground stress, a general idea
for the partition control of the rebuilding bearing arch (RBA) was proposed in this paper. Based on the basic mechanical
performance test of the bearing arch, this paper built a mechanical model of the RBA based on Protodyakonov’s pressure arch
theory, analyzed the influence of the strength of the bearing arch on the surrounding rock failure, and obtained the ultimate
thickness of the bearing arch failure under high ground stress. *e results show that the RBA’s damage is closely related to the
overburden load and RBA’s thickness. *e tensile stress and shear stress of RBA increase linearly with the overburden load
increase and increase sharply with the load-bearing arch’s thickness, showing a nonlinear relationship. To maintain the sur-
rounding rock’s stability, it is necessary to ensure that the RBA’s thickness is within a specific range. *e results are applied to the
Wantian coal mine. *e theoretically determined load-bearing thickness is 10m, which can effectively control the surrounding
rock deformation and significantly reduce the roadway’s repair rate.

1. Introduction

*e problem of surrounding rock control of roadways under
the influence of high ground stress has always been prob-
lematic in underground mine engineering. Especially in
multi-coal mining, the roadways near the coal seams are
affected by high ground stress, and the problem of nonlinear
considerable deformation control is particularly prominent
[1, 2]. Under the influence of high ground stress, the sur-
rounding rock’s stress environment has deteriorated, and the
surrounding rock is easy to show a nonlinear and uneven
massive deformation phenomenon. *e roadway support
structure’s stability is reduced, and the repair rate is signifi-
cantly increased [3, 4]. It is not easy to control the continuous
deformation of roadway surrounding rock only by

strengthening conventional support. Improving the structure
and mechanical properties of the surrounding rock is the
fundamental way to control roadway deformation sur-
rounding rock [5]. Rebuilding the bearing arch through
grouting can effectively improve the bearing capacity of the
surrounding rock of the roadway, leave a pressure relief space
for high ground stress, and decompose and alleviate the
impact of mining stress. For roadways affected by high
ground stress, proper grouting to save material costs while
ensuring the grouting effect and improving the surrounding
rock’s self-carrying capacity has become an urgent problem in
controlling the roadway’s surrounding rock [6, 7]. *erefore,
it has important theoretical significance and engineering
practical value to study the control mechanism of RBA of the
surrounding rock affected by high ground stress.
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Some scholars have done some sufficient research work
on the surrounding rock control theory and the high-
pressure roadway technology in recent years. Meng et al.
[8, 9] studied the displacement, plastic zone, and distri-
bution law of principal stress difference with different
support schemes under the influence of mining distur-
bance on the bottom extraction roadway and proposed a
U-shaped steel reinforced support scheme. Wang et al.
[10] found that the width of excavation damaged zone
around roadways under dynamic pressure was larger than
that under static pressure, and they proposed that the bolt
length should be larger than the width of excavation
damaged zone. Tian and Gao [11] established a mechanical
model of adjacent rock strength, mining stress, and
supporting resistance based on an elastic-plastic theory of
mechanics, and they obtained an analytical solution for
stress and displacement distribution of elastic and plastic
regions in surrounding rock of dynamic pressure roadway.
Yan and He [12] proposed a new cable truss support
system for coal roadways affected by dynamic pressure,
established a theoretical formula for the pretightening
force required for the truss cables, and deduced the lowest
anchoring force between the roof surrounding rock and
the cable bolt. Wang et al. [13] put forward a dynamic
pressure roadway supporting scheme under the sur-
rounding rock condition and stress environment and
proved that the length of small aperture cable hole has a
more significant impact on anchoring effect. Zhang et al.
[14] analyzed the asymmetry characteristics of sur-
rounding rock structure and stress distribution in dynamic
pressure roadway and proposed an asymmetrical support
scheme. Yang et al. [15] examined the technology of di-
rectional fracturing blasting for pressure relief of dynamic
pressure roadway. Zuo et al. [16, 17] theoretically derived
the Hoek–Brown rock failure criterion based on the linear
elastic fracture theory and established the analogous hy-
perbola movement model of overlying strata. Wu et al.
[18, 19] proposed an improved support scheme for the
roadway in steeply inclined geological formations. Zhang
et al. [20] studied the change laws of the maximum
principal stress and the minimum one for the floor
roadway surrounding rock when mining the upper
working face, and they built the mechanical model of
roadway stress based on the nonconstant pressure force
state and the cracks revolution mechanisms of floor
roadway surrounding rock. Xie et al. [21, 22] deduced the
equation of maximum shear stress in the deep beam
structure based on the stress superposition criterion.
Zhang et al. [23–25] investigated the lower coal seam entry
failure mechanism’s characteristics under the remnant
pillar by means of numerical simulations and in situ
observations. Yu et al. [5, 26–29] established the me-
chanical model of overlap arch bearing body in allusion to
the united supporting characteristics of anchor, spray net,
and cable bolt of deep wall rock, which are composed of
the main compression arch (bolt supporting) and the
second compression arch (intensive cable bolt support-
ing), and deduced neutral point theory of bolt and force
transferring mechanism of cable bolt, strength equations

of the bearing body of primary supporting and second
supporting. Huang et al. [30] proposed the concept of
strong mining and large deformation of roadway from
mechanical essence and engineering application, estab-
lished the quantitative evaluation method of intense
mining and large deformation, and considered that the
large deformation of the surrounding rock structure of the
roadway includes the large deformation of the whole
movement caused by the large structure instability of the
overlying strata and the large deformation of the move-
ment of the fractured rock mass in the loosening circle.
Zhu et al. [31] established the roadway’s numerical model
by combining the results of exploration test, micro-
properties calibration, tension and shear test of rock bolt,
and bearing characteristics of timber. Yang et al. [32, 33]
proposed a support technology focusing on cutting off the
water, strengthening the rock’s small structure, and
transferring its immense structure.

However, due to the complexity and difference of the
geological environment and production conditions in deep
coal seam mining, the instability and control problems of
deep dynamic pressure mining roadways have not been
completely solved. *e deformation and failure mechanism
of the surrounding rock under the influence of high ground
stress needs to be further studied. [34, 35]. Based on Pro-
todyakonov’s pressure arch theory and field investigation
and analysis, this paper establishes a mechanical model for
reconstructing the bearing arch of the roadway’s sur-
rounding rock under high ground stress conditions. *e
ultimate thickness of failure provides a scientific basis for
controlling surrounding rock in this type of roadway.

2. Research Engineering Background

2.1. )e Condition of the Roadway Studied. *is paper is
based on the engineering background of the crossheading
1433 restoration project ofWantian coal mine, Panzhou city,
Guizhou Province, China. Its depth is about 820m. *e
surrounding rock of crossheading 1433 is dominated by
mudstone and siltstone, and overlying 10#, 12#, 15#, 17#,
and 18# coal seam. *e crossheading is affected by high
ground stress, causing large deformation and severe damage.
After many repairs, the effect gets worse with the repair. *e
damage of the crossheading supporting structure is shown in
Figure 1.

*e roadway damage characteristics affected by high
ground stress are considerable damage depth, high damage
degree, and lacking integrity of surrounding rock. In recent
years, the original support adopts U29 U-steel support, the
row spacing is 700mm, and the cable bolt and iron channel
are used as reinforcement support. However, due to high
ground stress, U-steel’s damage in the roadway has become
more and more serious. *e maximum deformation of the
sidewalls reached 2.5m. *e severe floor heave section
reached 2.7m in 3 quarters, and the local roof subsidence
reached 1.0m, which seriously affected the normal pro-
duction of the mine. It could not meet the regular trans-
portation and ventilation requirements of the roadway. It
needs to be repaired 2-3 times every year.
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2.2. Stress Monitoring of Bolts and Cable Bolts. During the
mining period of 11502 working face in the upper part of
crossheading 1433, roof subsidence and floor heave occurred
in the surrounding rock of roadway. During the mining
period of the upper 11502 working face, the roof subsidence
and floor heave occurred in crossheading 1433 surrounding
rock. To monitor the change of bearing capacity of roadway
supporting structure (bolts and cable bolts) affected by
mining, SHH-60 hydraulic dynamometer was used to
monitor three bolts and two cable bolts at the sidewalls, arch,
and top. *e monitoring time was 42 days. *e stress
variation curve of bolts and cable bolts is shown in Figure 2.
It can be seen that, during the mining process of the working
face, the load-bearing capacity of the sidewalls and arch bolts
does not change much. During the monitoring period of
20–30 days, under the influence of heavy mining, the anchor
cable bolt’s bearing capacity increases, and the maximum
bearing capacity of the bolt is 66 kN. After the end of mining,
the cable bolt’s stress gradually decreases and tends to be
stable at 40–48 kN. Compared with the side bolt and arch
bolt, the roof bolt bearing capacity is more extensive, with a
maximum of 82 kN. After being affected by heavy mining,
the ultimate stability value is 72–75 kN.

*e anchorage depth of the cable bolt is 6.0m. At the
initial stage of monitoring, the cable bolt load at the top and
arch is 70 kN and 56 kN, respectively. When the distance is
about 30m from the stoppage line, the cable bolt’s bearing
capacity reaches 120 kN and 93 kN, respectively. During the
upper working face’s mining period, the cables’ bearing
capacity had not changed significantly.

Under the influence of high ground stress, the roof bolt’s
maximum bearing capacity is 82 kN, and the maximum
bearing capacity of the top cable bolt is 126 kN. *erefore, it
is difficult to restrain the continuous deformation of
roadway surrounding rock only by strengthening conven-
tional roadway support. It is imperative to improve the
structure and mechanical properties of surrounding rock.

3. General Idea of Partition Control of RBA

Taking the support system’s integrity as the basic idea, the
zoning control method from the whole to the local and from
the external field to the internal field is proposed. *e in-
tegrity of the roadway’s surrounding rock is restored by
grouting the surrounding rock in the roadway’s shallow part.
*en, the high preload is applied to the surrounding rock to

give full play to the role of active support, so that a bearing
arch “shell” with strong bearing capacity is formed in the
shallow part of the surrounding rock of the roadway. *e
broken surrounding rock outside the bearing arch is used to
decompose the upper mining stress, so that the mining stress
can be digested and absorbed for the first time in the
pressure relief area of the deep broken surrounding rock.
*e destructive force of the mining stress transferred to the
surrounding rock of the roadway is reduced. *e reinforced
bearing arch can effectively resist the destructive force
transmitted by the “digestion and absorption” of mining
stress, to control the stability of surrounding rock. In the
actual control process, the bearing arch’s mechanical
properties and the radius of the arch body are the key to the
success of the zoning control. In the actual coal mine en-
gineering, the grouting cannot be unlimited, which not only
causes material waste, but also reduces the buffer effect of the
broken zone, which provides a continuous path for the
propagation of mining stress and leads to roadway damage.

4. Control Mechanism of RBA

4.1. Mechanical Properties of RBA. *rough the uniaxial
compression test, uniaxial tensile test, and shear test, RBA’s
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Figure 1: *e damage of the crossheading supporting structure.
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mechanical parameters are obtained, which can be used to
calculate the ultimate arch thickness without breaking. *e
grouting material is high water quick-setting material di-
vided into material A and material B. *e ratio of material A
to material B is 1 :1. *e gangue is taken from the top of
crossheading 1433. *e lithology is siltstone, and the ratio of
water: Ash: gangue is 1.2 :1:1. *e uniaxial compressive
strength, tensile strength, and shear strength of RBA are
8.62MPa, 1.12MPa, and 2.08MPa. *e experimental pro-
cess is shown in Figure 3.

4.2. Mechanical Model of RBA. According to the field
measurement of roadway surrounding rock deformation,
the roadway surrounding fracture zone’s scope increases
rapidly due to high ground stress, which makes the roadway
support scope increase. RBA construction around the
roadway can reduce the roadway deformation and overlying
roof pressure, which plays an essential role in the mainte-
nance of roadway deformation. It is necessary to establish a
new mechanical model to determine the surrounding rock
pressure of the roadway. *e calculation of surrounding
rock pressure under the condition of loose body accords
with the basic assumption of Protodyakonov’s pressure arch
theory. *e surrounding rock pressure is calculated by
Protodyakonov’s pressure arch theory, as shown in Figure 4,
whereQ is the in situ stress, R is the radius of bearing arch, a1
is the maximum span of natural balance arch, b is the
maximum height of natural balance arch, and φ is internal
friction angle of the rock.

Loose rock mass itself can form a natural balance arch
structure, and the vertical pressure transmitted above the
working face is the weight of loose rock mass in the natural
balance arch. *e stability of the natural balance arch under
the influence of high ground stress is the core of the
roadway’s rock stability. *e overall performance of rock
mass in the natural balance arch needs to be improved.

According to Protodyakonov’s pressure arch theory, the
maximum span of a natural balanced arch is as follows:

a1 � R + R tan 45∘ −
φ
2

 . (1)

*e upper part of the RBA is a natural balance arch, and
its height increases with the increase of the RBA height. *e
maximum compressive stress qmax in the natural equilib-
rium arch can be obtained as follows:

qmax �
a1c

f
, (2)

where f is the firmness coefficient of the rock mass, and c is
the density of rock mass.

4.3. Tensile Failure Analysis of RBA

4.3.1. Establishment of Tensile Failure Mechanical Model of
RBA. *e stress model of the roadway is simplified as a
plane half-cylinder stress model. *e semicircular arch is
subjected to uniform load q, and both ends of the semi-
circular arch are constrained by simply supported beams, as

shown in Figure 5, where R is the radius of the arch, and h is
the thickness of the arch.

Considering that the arch’s failure mode is caused by the
semicircular arch’s tensile failure, the maximum bending
moment Mmax of the semicircular arch beam needs to be
solved. Because the beam’s shape and force take the y-axis as
the symmetry axis, the semicircular arch beam’s bending
moment also takes the y-axis as the symmetry axis. So, it is
only needed to solve half of the solution of the semicircle
arch.

If the bending moment of any angle α is Mα, as shown in
Figure 6, the calculation formula of bendingmomentMα can
be expressed as follows:

Mα � q
2

− qR
2 cos α − Mq, (3)

where Mq is the end bending moment of overlying strata
load q to α angle.

By comparing the change of unit stress gradient Δσn,t,
the impact risk and impact risk area can be evaluated.

*en, the expression of bending moment Mα is

Mα � −3qR
2

− qR
2 cos α + 4qR

2 cos
α
2

 , (4)

*e value range of α is [0, π/2].
As the bending moment of the semicircular arch, the

beam is symmetrically distributed with α� π/2, and the
variation relationship of bending moment in the arch is as
shown in Figure 7.

*e relationship between bendingmoment and the angle
of the semicircular arch is shown in Figure 8.

*erefore, when the angle of α is π/2, Mα reaches the
maximum value, then

Mq
2
max � 0.17qR

2
. (5)

*emaximum tensile stress σmax of the semicircular arch
beam can be calculated as follows:

σmax �
1.02qR

2

h
. (6)

(1) If the radius R of the semicircular arch is 14m, the
relationship between the stress of the beam and the
load of the overlying strata and the arch thickness is
shown in Figure 9

(2) If the arch thickness h of the semicircular arch is 6m,
the relationship between the arch’s stress and the
overlying strata’s load and the arch radius is shown
in Figure 10.
It can be seen from Figures 9 and 10 that the
maximum tensile stress of semicircular arch is re-
lated to the load of overburden rock, the thickness of
the arch, and the radius of semicircular arch. *e
maximum tensile stress increases with overburden
rock load and decreases sharply with the increase of
arch thickness, showing a nonlinear relationship.
*erefore, it is necessary to increase the thickness of
the semicircular arch to ensure that the semicircular
arch does not break.
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(3) *e thickness of RBA
*e grouting radius r of crossheading 1433 is 12m.
*e stable internal friction angle and tensile strength
of high water-cement are 45°and 1.12MPa, respec-
tively. Put them into equation (2), then
c≈ 2.2×104N/m3, f� 0.86. *e maximum load of
overburden rock is 0.434MPa, the dead weight of
semicircular arch is 0.264MPa, and the maximum
load of the semicircular arch beam is 0.698Mpa.

According to equation (6), the thickness of RBA must
meet the following equation’s requirements.

harch �

�����
1.02q

σmax



R � 9.57m. (7)

*e actual semicircular arch thickness of crossheading
1433 is 10m, which meets the requirements of tensile
strength.

4.3.2. Shear Failure Analysis of RBA.

(1) Calculation of maximum shear stress of RBA
It can be seen from the RBA stress model in Figure 4
that the shear force of the bearing arch is the largest
in the middle of the semicircular arch, as shown in
Figure 10. *e inner radius of the circular arch is a.
*e outer radius is b, and the edge of the outer radius
is affected by the uniformly distributed load q, as
shown in Figure 11.

(a) (b) (c)

Figure 3: Experimental process of mechanical properties of RBA. (a) Uniaxial compression test. (b) Uniaxial tensile test. (c) Shear test.
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Figure 4: Mechanical model of RBA.
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A

q

R

Mα

FAy = qR

α

Figure 6: Bending moment of a semicircular arch.
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*erefore, the maximum shear force Fsmax can be
obtained as follows:

Fsmax � 
(π/2)

0
q sin θRdθ � qR. (8)

When the maximum shear stress on the rectangular
section is 1.5 times of the average shear stress [36],
the maximum shear stress of the semicircular arch is
obtained as follows:

τmax �
1.5qR

h
. (9)

(2) Determination of shear strength of RBA

*e actual radius R of the semicircular arch is 12m,
the thickness h is 10m, and the maximum load on
the semicircular arch is 0.698MPa. According to
equation (9), the shear strength of the semicircular
arch must meet the following requirement:

τmax � 1.256MPa. (10)

*e shear strength of RBA is 2.08MPa, which meets
the requirement.

5. Engineering Practice Verification

*e RBA thickness of crossheading 1433 is determined to be
10m by theoretical mechanical analysis. *e field grouting
industrial test was carried out in the coal mine, and the
grouting material was high water material. *e engineering
practice shows that the actual compressive, tensile, and shear
strength of the high water material and the roadway’s
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surrounding rock cement can be calculated to meet the
engineering needs. *e reconstructed bearing arch can ef-
fectively control the surrounding rock deformation. *e
stability of surrounding rock before and after engineering
practice is prominent, and the deformation of roadway
surrounding rock is effectively controlled. *e deformation
of roadway monitored on-site is shown in Figures 12 and 13.
During the monitoring period, the maximum subsidence of
roadway roof is 135mm, and the maximum value of
roadway floor heave is 160mm. *e deformation of both
sides is small, and the cumulative displacement is 30mm.
*e deformation of surrounding rock in-field measurement
is significantly reduced, especially floor heave. *e defor-
mation of surrounding rock is effectively controlled, and the

repair rate is significantly reduced. *is proves that the RBA
model established in this paper is reliable.

6. Conclusion

(1) Given the difficulties of surrounding rock control of
roadway with considerable failure depth and high
damage degree under the influence of high ground
stress, the RBA zoning control method from the
whole to the local and from the external field to the
internal field is proposed.

(2) *e mechanical model of surrounding rock pressure
of “RBA-roadway” is constructed, and the expression
of the minimum arch thickness of the bearing arch is
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Figure 12: Photos of the project site after the completion of support. (a–c) Internal conditions after grouting. (d–f) Surface after grouting.
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Figure 13: Monitoring data of roadway surface displacement after grouting.
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obtained by theoretical calculation. Based on the
basic mechanical parameters experiment of bearing
arch, the strength of bearing arch is checked.

(3) *e results show that the failure of the reconstructed
bearing arch is closely related to the overburden load
and the thickness of the bearing arch; all the tensile
stress and shear stress of the bearing arch increase
linearly with the increase of the overburden load and
decrease sharply with the increase of the bearing arch
thickness, showing a nonlinear relationship.

(4) When the research results are applied to theWantian
coal mine, the deformation of roadway surrounding
rock is reduced, and the repair rate is significantly
reduced.
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