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Abstract: The surrounding rock control technology of mining roadways in large inclination seams
with a weak structural plane in the roof is one of the most challenging fields in underground roadway
support. In view of the serious deformation of the surrounding rock of the transportation roadway in
the 1201 working face of a mine, the deformation and failure characteristics and instability mechanism
of the surrounding rock of the roadway are analysed. The self-stability mechanical model of the roof
block structure of the roadway with a large inclination under the support effect is established, and the
support concept of “high pre-stressed asymmetric” and the combined support method of bolts, wire
mesh, and cables are proposed. The rationality of the supporting scheme is verified by numerical
simulation. The results show that: compared with bolt and wire mesh support, the maximum
shear displacement of the roof’s weak layer under the combined support of bolt, wire meshes, and
cable before and after mining is reduced by 86.78% and 83%, respectively, and the maximum total
displacement of surrounding rock surface is reduced by 49.22% and 37.1%, respectively. The field
monitoring results show that the combined support scheme can effectively control the deformation
of the surrounding rock.

Keywords: weak structural plane; large inclination seam; instability mechanism; high pre-stressed
asymmetric; combined support

1. Introduction

It is generally believed that a coal seam with inclination angle between 35–55◦ can
be called the coal seam with large inclination [1]. The stability of mining roadways in a
steeply dipping coal seam is an important precondition to ensure the safe and efficient
mining of this kind of coal seam. Compared with a roadway in the nearly horizontal
and gently inclined coal seam [2–4], this kind of roadway is obviously affected by mining
dynamic pressure and asymmetric load, the stress distribution of surrounding rock is very
complex, and the deformation difference of roof, floor, and two sides is very significant,
often showing obvious asymmetric distribution characteristics [5,6]. Especially when the
roof contains weak structural plane, the asymmetric deformation of roadway is more
prominent [7]. If we do not fully understand the fracture evolution law and instability
mechanism of surrounding rock of this kind of roadway, blindly designing support pa-
rameters and support forms, it is very easy to cause instability and damage of this kind
of roadway, which will bring great hidden danger to coal mine production and personnel
safety, and cause immeasurable economic losses to the country. Therefore, it is of great
significance to study the stability control system and technology of surrounding rock of
roadway in the large inclination seam with a weak structural plane in the roof to ensure
the safe and efficient production of the mine.
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There are four main deformation and failure characteristics in the mining roadway of
steeply dipping coal seam: first, the distribution of deformation and plastic zone of roadway
are obviously asymmetric [8,9]. Second, a prominent floor heave in roadway [10,11]. Third,
the problem of roadway spalling is obvious [12,13]. Finally, large span roadway with
the thin roof is prone to shear sliding failure along the weak structural plane of strata,
which leads to shear failure of support system [14]. One reason is the non-uniformity
of load distribution, another is the non-coordination between the support system and
surrounding rock deformation. It is an important engineering problem to choose which
control technology to solve the surrounding rock deformation of roadway in the steep
seam.

With the continuous development of China’s roadway support technology, its support
mode gradually changes from the traditional passive support forms such as woodpile
support, concrete masonry support, and steel frame support to the active support forms
such as bolt shortcoming support, bolt mesh cable shortcoming support and bolt grouting
support, and the properties of support materials also change from low strength and low
elongation to high strength and high elongation [15–19]. Generally speaking, roadway sup-
port form and strength design are closely related to the surrounding rock mining conditions
and instability mode. Due to the influence of the dip angle effect, the surrounding rock
structure of steeply dipping coal seam roadway often shows asymmetric and unbalanced
instability characteristics, so its control is difficult. At present, scholars from the mining
method [20], roadway section shape [21], and support form [22] have carried out studies
on the surrounding rock control technology of roadway in steeply dipping coal seam,
and the surrounding rock control theory and system of roadway in steeply dipping coal
seam roadway have gradually formed, such as asymmetric support [23], reinforcement
and support of key parts [24,25], coupling support [26], advanced grouting modified rock
support [27,28], and good engineering application results are obtained. However, due
to the complexity of geological conditions, the support means and methods have strong
geological dependence and do not have universal practical value. The supporting scheme
design is highly consistent with its instability mode. The mechanism of surrounding rock
instability mode of roadway in large inclination seam considering the sliding effect of roof
weak structural plane is quite different from that without considering weak structural
plane, so the supporting design is not the same.

In this paper, firstly, the deformation and failure characteristics of roadway surround-
ing rock under the conditions of no weak structural plane and with the weak structural
plane are compared and analysed. Then, based on the instability characteristics of roof
surrounding rock, the mechanical model of roof stability under bolt (cable) combined
support is established, the mechanical criterion of roof stability under support is deduced,
and the mechanical basis of “high pre-stress asymmetric” support concept is discussed.
Finally, based on the support concept, the specific support parameters and forms of the
1201 transportation roadway are designed, and the influence of different support forms
on the shear slip state and surrounding rock response of coal-clay weak structural plane
undermining is compared, which verifies the reliability of the design scheme.

2. Deformation and Failure Characteristics and Instability Mechanism of Surrounding
Rock of Roadway in Steep Seam
2.1. Background

The 1201 working face of a mine is located in the No. 2 coal seam, and the average
thickness of the coal seam is 6.8 m. The average dip angle is 45◦, the average burial depth
is 400 m. The direct roof consists of clay stone, K3 sandstone (thickness 2 m) and coarse
sandstone, and the main roof is mainly K3 sandstone (thickness 5 m), among them, clay
rock is the stratum with soft lithology. The direct roof is clay stone with soft lithology,
and the coal seam floor is pelitic siltstone with low strength and easy to soften with water.
Generally speaking, the rock property of coal seam and roof and floor of 1201 working face
is weak, which belongs to typical three soft thick coal seam with large inclination. There
is a weak structural plane between the coal seam and the clay stone, which easily leads
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to the failure of roof separation and sliding. The 1201 transport roadway is located in the
coal seam of the working face, the roadway section is a straight-wall semicircular arch, and
the roadway width is 4.3 m; the wall height is 2 m. The field monitoring results show that
there are many problems in the roadway, such as roof fall, spalling and floor heave, which
cannot ensure the normal mining of the working face. The comprehensive histogram of
No. 2 coal seam is shown in Figure 1.
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Figure 1. Comprehensive histogram of No. 2 coal seam.

2.2. Establish the Numerical Calculation Model

In order to analyse the deformation and failure characteristics of surrounding rock of
mining roadway in the steeply inclination coal seam, taking the transportation roadway
of 1201 working face as the engineering background combined with the comprehensive
histogram of No. 2 coal seam (Figure 1), a numerical calculation model is established. The
diagram is shown in Figure 2, the model length, width, and height are 180 m × 90 m ×
120 m, respectively, among which, the length of the working face is 55 m, the dip angle
of the coal seam is 45◦, and the total height of one mining. There are fixed displacement
constraints around and at the bottom of the model, and stress boundary conditions at the
top. As the average buried depth of the roadway is about 400 m, the vertical pressure
applied on the upper boundary of the model should be 10.0 MPa according to the average
unit weight of 25 kN/m3. According to the on-site stress test results, the lateral pressure
coefficient is 1.5, the strength of coal seam and rock strata are set to meet Mohr–Coulomb
criterion. The transportation roadway is located in the coal seam and is driven along the
middle of the coal seam. In order to eliminate the boundary effect, there are 55 m and 60 m
wide coal pillars on the left and right sides of the working face, respectively. In addition,
in order to improve the calculation accuracy, the coal seam, direct roof, and direct bottom
grids are identified. The numerical model is shown in Figure 3.
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Table 1 shows the physical and mechanical parameters of each stratum in this simula-
tion. In order to simulate the mining process, the model adopts the step-by-step excavation
mode, the excavation is from y = 15 m, the excavation step is 10 m, a total of 6 times of
excavation, so the total advance of the working face is 60 m. It should be noted that this
section mainly analyses the deformation and failure characteristics of surrounding rock
during roadway excavation. In order to simulate the influence of sliding effect of the weak
structural plane of the roof on instability mechanism of roadway with large inclination,
the interface between roof coal and clay stone of transportation roadway in 1201 working
face is set as contact unit for research. The shear stiffness and normal stiffness of the weak
structural plane are 2.0 GPa, and the friction angle and cohesion are 15◦ and 0.1 MPa,
respectively, which is compared with that of the roof without weak structural plane.
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Table 1. Physical and mechanical parameters of coal and rock strata.

Stratum
Name

Density
(kg/m3)

Elastic
Modulus

(GPa)

Poison’s
Ratio

Cohesion
(MPa)

Internal
Friction

Angle (◦)

Tensile
Strength

(MPa)

Overlying
rock 2500 3.0 0.21 2.3 34 2.6

Medium
sandstone 2680 3.9 0.18 3.3 35 2.9

Siltstone 2690 2.2 0.22 1.2 33 1.4
coal seam 1400 0.79 0.31 0.2 25 0.3

pelitic siltstone 2090 1.2 0.27 0.8 28 0.5
Clay stone 1800 0.9 0.29 0.6 26 0.6

Coarse
sandstone 2400 1.4 0.22 1.2 31 1.2

K3 sandstone 2200 1.0 0.23 2.1 32 1.8
Medium fine

sandstone 2560 2.1 0.31 2.2 33 2.1

2.3. Analysis of Simulation Results

Figures 4–6 shows the total displacement nephogram of surrounding rock, conver-
gence deformation nephogram of the roadway surface, and plastic zone nephogram of
roadway roof without a weak structural plane and with weak structural plane, respectively.
Figure 7 shows the shear displacement nephogram of the weak structural plane. It can be
seen from Figure 4 to Figure 7:
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Figure 4. Cloud diagram of total displacement of surrounding rock: (a) no weak structural plane; (b) with weak struc-
tural plane.
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Figure 7. Cloud diagram of shear displacement of weak structural plane.

When there is no weak structural plane in the roof, the whole roadway presents
obvious asymmetric and introverted deformation characteristics, which shows the dis-
placement of floor is larger than that of roof and the left side displacement is larger than
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that of right side. The deformation of the roof is larger in the left spandrel than in the
right spandrel, the maximum displacement between the left spandrel is 398 mm. The
maximum displacement of the floor, left side, and the right side are 403 mm, 398 mm, and
306 mm, respectively. The reasons for the deformation of roadway are as follows: after the
excavation of roadway in the steeply dipping coal seam, the surrounding rock moves to
the free face in the roadway, but the left side and left spandrels of the roadway are located
at the mining site, and the force required to move to the roadway is composed of two parts:
the far-field on-site stress and the force decomposed by the self-weight of the coal seam
along with its tendency. The right side of the roadway and the right spandrels are located
on the non-mining side, and the force needed to move into the roadway is composed of
the difference between the far-field stress and the force decomposed by the dead weight of
the coal seam along with its tendency. Therefore, the force on the left side of the roadway
centre is larger, which leads to larger deformation of the left side of the roadway and the
left spandrels.

When the roof contains a weak structural plane, the deformation of surrounding
rock presents obvious asymmetric distribution characteristics, the displacement of roof
is the largest. The deformation of the left side of the roadway always shows a trend
that the top side is larger than the bottom side. The maximum displacement of the left
side reaches 505 mm. The deformation of roof shows that the right spandrels are larger
than the left spandrels, and the maximum displacement between the right spandrel is
586 mm. The maximum displacement of floor and the right side is 439 mm and 403 mm,
respectively. Compared with no weak structural plane, the deformation of the roadway
surrounding rock increases significantly. Considering the influence of weak structural
plane, the reason why the right spandrels is larger than the left spandrels in roadway
deformation is explained as follows: after the excavation of large inclined seam roadway,
the surrounding rock moves to the free face in the roadway, but the weak structural plane
slides along the rock layer under the shear-force of coal–clay stone’s two weak layers, which
leads to the separation of the weak structural plane. Because the right spandrels are close
to the weak structural plane, the stress concentration degree is large, which aggravates the
deformation of the right spandrels.

The plastic zone of the roadway surrounding rock also presents obvious asymmetric
distribution characteristics. When there is no weak structural plane in the roof, the plastic
zone of the roadway roof runs through to the clay stone, and the plastic zone of the floor
runs through to the pelitic siltstone. The plastic zone in the upper left corner and the lower
right corner of the roadway has a larger range, and the failure depth is 8.8 m and 7.4 m.
When the roof contains a weak structural plane, the plastic zone of the roadway roof runs
through to K3 sandstone, the plastic zone of the floor runs through to siltstone, and the
depths of the plastic zone in the upper left corner and the lower right corner of the roadway
are 10.0 m and 8.2 m. Compared with no weak structural plane, the range of plastic zone
of roadway increases obviously, which is mainly because the additional shear stress caused
by the slip effect of the weak structural plane can aggravate the stress concentration degree
of the roadway and accelerate the gradual transfer of plastic zone to the depth of roadway.

The maximum shear displacement of the weak structural plane is located to the right
of the roadway central axis, and the maximum displacement reaches 405 mm.

2.4. Analysis on Failure Characteristics of Roadway in Steep Coal Seam

According to the results of numerical simulation, the failure characteristics of a large
inclined seam roadway with a weak structural plane in the roof can be summarized as
follows:

The distribution of deformation and plastic zone of roadway is obviously non-equilibrium.
Due to the influence of the additional shear stress caused by the inclination of the overlying
strata, the serious areas of roadway deformation and fracture are mostly concentrated in
the roadway roof, which is a very high-risk area of roadway roof fall.
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The floor heave is serious. Under the influence of the unsymmetrical extrusion load,
the bottom bulge of the flow is obvious.

The problem of roadway rib spalling is obvious. The deformation of the two sides
presents obvious asymmetry, and the failure degree of the upper side is much higher than
that of the lower side along the coal seam dip direction, and the instability mode is mainly
shear failure.

The weak structural plane of the roof is prone to shear slip.

3. Mechanical Mechanism of Stability of Roadway Roof with Large Inclination under
Support Failure
3.1. Establishment of Mechanical Model

Due to the existence of a weak clay stone layer in the roof of the 1201 working face,
the plastic zone is easy to gradually expand along with the weak layer to the rock layer,
and form a rectangular block-like loose structure in the roof. To ensure the stability of the
structure and reduce its shear slip deformation is an important precondition to ensure the
safe mining of steeply dipping coal seam roadway.

Figure 8 shows the mechanical model and simplified process of the roof structure
of the roadway with a large inclination under the effect of support. The structure is
mainly composed of the coal seam above the roadway and clay stone. Figure 8a shows the
supporting diagram after the roadway excavation. P1 and P2 in the Figure are the lateral
forces parallel to the inclination of the rock. The contact force between the block structure
and the overlying strata is P3, and the block weight is G. The shear force on both sides of
the square block is Fs1 and Fs2. The support force of bolt in Figure 8a can be equivalent
to the form in Figure 8b, in which the support strength of two spandrels of roadway can
be equivalent to T1 and T2, respectively, α and β are the dip angles between T1 and T2
with the block structure of roof. In order to simplify the roadway roof coal seam into the
square block for analysis, Figure 8b can be transformed into Figure 8c, and P3 can be further
simplified as resultant force P3 downward along the block structure centre of roof. The
stable mechanical model of the roadway roof structure with a large inclination under final
support is shown in Figure 8d.
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Figure 8. Simplified process of structure stable mechanical model of roadway roof with large inclination under support:
(a) roadway excavation; (b) simplify the support force of bolt; (c) simplify the roadway roof coal seam into the square block;
(d) simplify the overlying strata P3.

According to the above mechanical model, the following conditions must be met if
the roof structure of the roadway is to be stable for a long time: (1) the block structure
of roof meets the force equilibrium conditions along with the coal seam dip (x-axis) and
vertical to the coal seam dip (Y-axis). (2) Because the left boundary of the block structure
is located at the side of the mining face, it is easier to be destroyed under the influence of
mining, which makes the top block structure rotate along any point B of the right boundary.
Therefore, the structure should also meet the moment balance condition, where r and r1
are the height of the boundary on both sides of the block structure and the distance from
point B of the rotation centre to the upper end of the boundary. Figure 9 shows the moment
balance diagram of the roof block structure.
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As shown in Figure 9, the block structure of roof needs to meet the stress balance
conditions in x-axis and y-axis, so the stress balance Equation is established as follows:

T1 sin α + T2 sin β + (Fs1 + Fs2) cos θ − Q cos θ = 0 (1)

T1 cos α − T2 cos β − (Fs1 + Fs2) sin θ + Q sin θ + P2 − P1 = 0 (2)

Simultaneous Equations (1) and (2) are available:

Fs1 + Fs2 =
Q cos θ − T1 sin α − T2 sin β

2 cos θ
− P1 − P2 − T1 cos α + T2 cos β − Q sin θ

2 sin θ
(3)

To simplify the calculation, let Fs1 = Fs2, then:

Fs2 =
Q cos θ − T1 sin α − T2 sin β

4 cos θ
− P1 − P2 − T1 cos α + T2 cos β − Q sin θ

4 sin θ
(4)

where, α, β meet 0◦ < α, β ≤ 90◦ conditions; Q is the resultant force of P3 and G, Q = P3 + G;
G = l2(k − 1)rρg cos θ; l2 is the distance between bolt rows; k is the number of roof bolts; ρ
is the average density of rock mass; and g is the acceleration of gravity, 9.8 m/s2.

In addition to Equations (1) and (2), the block structure of roof should also meet the
condition of moment balance. Point B is taken as the centre of rotation to establish the
moment balance equation as follows:

T1L1 + T2L2 − QL3 − P1L4 + P2L4 + Fs2L5 = 0 (5)

where L1, L2, L3, L4, and L5 are the vertical distances between T1, T2, Q, P1, Fs2 and the
point B, respectively, and the value of which can be determined by the following equation:

L1 =

√√√√[( L tan θ

2
+ r1

)2
+

(
L
2

)2
]
· sin

[
90 − θ + α − arctan

(
L

2r1 + L tan θ

)]
− L sin α

4 cos θ
(6)

L2 =

√√√√[( L tan θ

2
+ r1

)2
+

(
L
2

)2
]
· sin

[
90 − θ + α − arctan

(
L

2r1 + L tan θ

)]
+

L sin β

4 cos θ
(7)

L3 =
L
2

(8)

L4 =
(

r1 −
r
2

)
cos θ (9)

L5 = L (10)

Substituting Equations (4) and (6)–(10) into Equation (5), we can get:

T1 ·
{√[(

L tan θ
2 + r1

)2
+
(

L
2

)2
]
· sin

[
90 − θ + α − arctan

(
L

2r1+L tan θ

)]
− L sin α

4 cos θ

}

+T2

{√[(
L tan θ

2 + r1

)2
+
(

L
2

)2
]
· sin

[
β + θ − arctan

(
2r1+L tan θ

L

)]
+ L sin β

4 cos θ

}
+L
(

Q cos θ−T1 sin α−T2 sin β
4 cos θ − P1−P2−T1 cos α+T2 cos β−Q sin θ

4 sin θ

)
−(P2 − P1)

(
r1 − r

2
)

cos θ + L
2 [l2(k − 1)rρg cos θ + P3] = 0

(11)

Equation (11) is the mechanical criterion for the stability of the roof block structure
of the roadway with a large inclination under the support action. It can be seen from
the equation that under the condition of a certain block structure size and external load,
its stability is not only related to the position of B point of the rotation centre and the
self-weight Q of the rock stratum but also related to the bolt support parameters (T1, T2, α,
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β). Therefore, it is very important to study the influence of bolt support parameters on the
stability of roof block structure for optimizing the design of support scheme.

3.2. Influence of Support Strength on Self-Stability of Roof Structure

Combined with the engineering geological conditions of the 1201 working face, the
initial calculation parameters of Equation (11) are set as follows: the roof block structure
width L is about 7 m, the bolt spacing is 800 mm, the number of roof bolts k is 7, and the
average density of rock mass ρ is 2500 kg/m3, the acceleration of gravity g is 9.8 m/s2,
the thickness of block r is 1.8 m, and the dip angle of rock stratum θ is 45◦. To simplify
the calculation, take r1 = r, and the left boundary of block structure is considered as the
mining side, under the influence of dynamic pressure, it is easy to separate the top block
structure from the coal body and move towards the rock stratum, at this time, the shear
force Fs2 can be approximately regarded as 0, which can be obtained by substituting the
above parameters into Equation (11):

T1[sin(α + 11.55◦)− 0.389 sin α] + T2[sin(β − 11.55◦) + 0.389 sin β] = 3.86P3 + 82.5 (12)

It can be seen from Equation (12) that the bolt support parameters are closely related
to the layer indirect contact force P3. When P3 = 0, it means that the roof block structure
is completely separated from the overlying strata, and the corresponding support force
should be the minimum value to maintain the stability of the roof block structure. In order
to study the relationship between the indirect contact force P3 and the bolt support strength,
the bolt installation angle α and β are assumed 70◦ and 35◦, respectively. Substituting α
and β into Equation (12), we can get the variation law of T1 and T2 with P3, as shown in
Figure 10.
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It can be seen from Figure 10 that the contact force between strata has an important
influence on the roof support strength of roadway in large inclined seam, and its influence
mode is mainly reflected in three aspects:

(1) When the support strength of one side arch position is fixed, the support strength
of the corresponding other side arch position increases linearly with the increase of
indirect contact force of strata.

(2) When the layer indirect contact force is fixed, the support strength on both sides of the
left and right arch has a negative correlation, that is, when P3 is fixed, T1 gradually
decreases with the increase of T2, which indicates the reliability of using asymmetric
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support method to solve the instability of roof block structure in large inclined seam
roadway from the mechanical point of view.

(3) With the gradual increase of T1 and T2, the indirect contact force P3 gradually in-
creases, and the squeezing force of weak structural plane increases, that is, the shear
resistance is enhanced. This indicates the feasibility of using a high-strength support
system to solve the shear sliding failure of the weak structural plane in the roof of a
large inclined roadway from the perspective of mechanics.

4. Control Technology of “High Pre-Stress Asymmetry” in Roadway of Large
Inclined Seam
4.1. Design of Surrounding Rock Support Scheme for Roadway in Steep Coal Seam

According to the numerical simulation results, the key points to control the deforma-
tion and failure of this kind of roadway are as follows: First, control the shear failure of
weak structural plane of roadway roof along the direction of rock dip. Secondly, the support
strength of the right spandrels of the roadway is strengthened to reduce the influence of the
additional stress caused by the shear slip of the weak structural plane on the deformation
of the right spandrels. Thirdly, the high-strength cable is used to bolt the surrounding rock
in the stable rock, so that the side and roof are in the state of high-strength compressive
stress, so as to prevent the roadway linkage overall instability caused by local tensile shear
failure.

According to the characteristics of roadway instability and the rock structure in the
steep coal seam, the concept of “high pre-stressed asymmetric” support is put forward. The
“asymmetry” is mainly reflected in the asymmetry of support form and support strength.
The asymmetry of support form is mainly determined by the structural characteristics
of the surrounding rock. Because the design of cable parameters focuses on anchoring
the whole structure of surrounding rock in stable rock, the length design should match
the structural characteristics of surrounding rock. The asymmetry of support strength is
mainly related to the convergence deformation state of surrounding rock. According to the
simulation results, considering the condition of weak structural plane slip, the deformation,
and failure degree of the middle part of the right spandrels is higher, which should be the
key reinforcement area. The specific support parameters of the roadway are designed as
follows: ϕ

(1) Arch support parameters: The type of the arch bolt is BHR500, the specification is Φ22
mm × L2.8 m left-hand screw steel bolt, and its layout is asymmetric with the centre
line of the roadway as the axis, in which three bolts are arranged on the left arch side,
and the row spacing is 1.0 m × 8 m, the pre-load is 80 kN, four bolts are arranged
at the right arch side, two bolts at the arch shoulder, and the row spacing is 0.8 m
× 8 m, the initial pre-load is 90 kN, and the support is strengthened. The material
of arch cable is 1 × 19 strands of high strength and low relaxation pre-stressed steel
strand, 22 mm in diameter, of which the length of left spandrels cable is 9.3 m and the
row spacing is 1.2 m × 1.6 m, inclined 15◦ for installation, the pre-load is 300 kN, the
length of cables at the vault and right spandrels is 6.3 m, and the spacing between
rows is 2.0 m × 6 m, the initial pre-load is 350 kN, and three K2335 and two Z2360
resin anchorage agents are used for lengthening anchorage.

(2) Support parameters of the side: the design of the side bolt is symmetrical distribution,
and its specification is the same as that of the roof, three bolts in each row, and the
spacing between rows is 0.8 m × 8 m, and the pre-load is 80 kN. One and two cables
are arranged on the left side and the right side, respectively, with the length of 6.3 m,
the row spacing of 1.6 m and the pre-load of 300 kN.

(3) Floor support parameters: the length of floor bolt is 2.8 m, the installation position is
0.3 m away from the roadway side, and the pre-load is 80 kN. In addition, the anchor
rod in this design adopts end anchorage, and the anchorage length is 1.2 m, and the
specific support form of roadway section is shown in Figure 11.
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4.2. Establishment of Numerical Calculation Model for Supporting Scheme

The parameters and boundary conditions of the surrounding rock in this simulation
are shown in Section 2.2. In addition, cable element is used to express bolt and cable, beam
element and shell element are used to express trapezoidal beam, bolt and wire meshes,
respectively. Because the steel grade of bolt in this design is BHR500, the elastic modulus of
the corresponding anchor rod in the simulation is 2.436 GPa, the yield load is 190 kN, and
the elongation is 27.5%. In addition, yield load of 1 × 19 strands of high strength and low
relaxation pre-stressed steel strand cable is 483 kN, the elongation is 7%, and the tensile
modulus is about 200 GPa. The parameter assignment of the bolt, wire meshes and cable
in this simulation is shown in Table 2. It should be noted that in order to effectively play
the role of pre-stressing, the connection mode between bolt, cable, and surrounding rock is
modified in this simulation, and the rigid connection between them is realized.

Table 2. Parameters of bolt and cable in numerical simulation.

Cross
Sectional

Area (mm2)

Diameter
(mm)

Elastic
Modulus

(GPa)

Yield
Force (kN)

Elongation
(%)

Pre-Load
(kN)

bolt 380.13 22 2.436 190 27.5 80–90 kN
cable 380.13 22 200 483 7 300–350 kN

In this simulation, Bolt and wire meshes support (scheme I) and bolt, wire meshes
and cable combined support (scheme II) are set to simulate and study the shear slip and
surrounding rock response of coal-clay weak structural plane under different support
schemes before and after mining. It should be noted that scheme II is a scheme I without
cable and other supporting parameters are consistent. The numerical model is shown in
Figure 12.
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4.3. Influence of Support Scheme on Shear Deformation of Weak Structural Plane in Roadway Roof

Based on the numerical simulation results, the variation curve of the advanced abut-
ment pressure of the working face with the advancing distance of the working face is
drawn, as shown in Figure 13. It can be seen from the Figure that the influence range of
the advanced abutment pressure of the coal seam is about 20–25 m in front of the working
face, and the peak abutment pressure is about 9–11 m in front of the working face, and
reflect the influence of mining intensity on the mechanical state of surrounding rock, this
simulation selects the roadway section of 10 m in front of the working face after mining
50 m for analysis. The shear displacement nephogram of weak structural plane of roof
coal-clay stone under different support schemes before and after mining in 1201 working
face is shown in Figure 14.
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Figure 14. Cloud diagram of shear displacement of weak structure plane of coal-clay stone under different support schemes:
(a) nephogram of shear displacement of weak structural plane before mining; (b) nephogram of shear displacement of weak
structural plane after mining.

4.4. Influence of Support Scheme on Plastic Zone of Roadway Surrounding Rock

It can be seen from the Figure that the combined support scheme of bolt, wire meshes,
and cable has a significant effect on controlling the shear slip of weak structural face of
roadway roof, regardless of whether the working face is mined or not. Before mining,
compared with the bolt and wire meshes support, the maximum shear displacement of the
coal–clay stone weak structure plane is only 2.3 mm, which is reduced by 86.78%, while
the maximum shear displacement is 4.3 mm; 83% lower after the face is recovered. The
above analysis shows that the combined support of bolt, wire meshes and cable before and
after mining can effectively control the shear slip failure of weak structural surface, and
then verify the reliability of the combined support scheme of bolt, wire meshes and cable
designed with the concept of “high pre-stress asymmetry”.

Figure 15 shows the plastic distribution of surrounding rock under different support
schemes before and after mining. It can be seen from the Figure that whether face mining
is considered or not, the supporting effect has a significant influence on the distribution of
plastic zone of roadway in the big dip seam. Plastic zone of the roadway under bolt and
wire meshes support and combined support of bolt, wire meshes and cable is decreasing
gradually, and the reduction range is closely related to mining strength. Before and after
mining, under the bolt and wire meshes support and combined support of bolt, wire
meshes and cable, the plastic zone of the roof of the roadway basically disappeared, which
indicates that the two support schemes have a better control effect on the roof. However,
the plastic zone of roadway top and floor under bolt and wire meshes support is larger
than that of combined support of bolt, wire meshes and cable, and it is beyond the bolting
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range of bolt, which indicates that the design of the support scheme cannot meet the
overall stability requirements of the roadway. Besides the bottom plate, the plastic zone
under the combined support of bolt, wire meshes, and cable is basically within the bolting
range of bolt. It shows that the high pre-stress effect of cable can effectively control the
expansion of the surrounding rock plastic zone in the anchorage part, reduce the loose
range of surrounding rock and improve the overall support effect of the roadway.
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In addition, the plastic zone of the bottom plate under the combined support of bolt,
wire meshes and cable gradually expands along the direction of the rock stratum tendency,
and its scope increases gradually. It shows that the mining strength has a significant
influence on the floor of the roadway under the support condition, and the bottom drum
phenomenon is prominent. Therefore, the floor pipe control should be strengthened in time
and the optimization scheme can be adjusted in real-time to meet the mining requirements.

4.5. Influence of Support Scheme on Surrounding Rock Deformation of Roadway

Figure 16 shows the total displacement nephogram of roadway surrounding rock
under different support schemes before and after mining. It can be seen from the Figure that
no matter whether the working face mining is considered or not, compared with no support,
bolt and wire meshes support, and combined support of bolt, wire meshes, and cable can
greatly reduce the overall deformation of roadway surrounding rock and reduce the risk
of roadway instability, especially in the aspect of roof control, the control effect of the two
schemes is better, However, the overall effect of combined support of bolt, wire meshes and
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cable support is more prominent. In addition, the deformation of the roadway under bolt
and wire meshes support presents significant differentiation characteristics. Before mining,
the maximum deformation of the left side, right side, and floor of roadway are, respectively
118 mm, 159 mm, and 144 mm higher than that of the roof. After mining, this phenomenon
is more prominent, which easily causes serious non-coordination between the support
structure and surrounding rock deformation, and then the roadway is damaged first due
to local large deformation. Then, the whole structural instability is induced. Before mining,
the deformation of surrounding rock under the combined support of bolt, mesh, and cable
is at a low level, and the maximum deformation of wall, roof, and the floor is basically
controlled within 130 mm, and the deformation difference of each part is small, which
reflects the characteristics of coordinated deformation of surrounding rock and support,
and is conducive to the long-term stability of surrounding rock structure. After mining,
although the deformation of the wall and floor increases slightly, it is less than 230 mm,
and the deformation is within the controllable range. Therefore, from the perspective of
roadway deformation, the combined support scheme of bolt, wire meshes, and cable based
on the concept of “high pre-stressed asymmetric” support can effectively solve the problem
of large shear deformation of mining roadway in the large inclined seam.
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Figure 16. Nephogram of total displacement of surrounding rock under different support schemes: (a) nephogram of total
displacement before mining; (b) nephogram of total displacement after mining.
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5. Field Application
5.1. Monitoring Programme

The support scheme is applied to the site, GMY-400 bolt (cable) load sensor is used
to monitor the axial force of bolt and cable, and the monitoring position is 200 m in front
of the working face. The cross-point method is used to monitor the roadway surface
displacement, and the monitoring position is 250 m and 300 m in front of the working face.
NL4200 multi-point displacement meter is used to monitor the deep displacement of the
roadway, and the monitoring position is 350 m in front of the working face. The data is
recorded manually. Figures 17 and 18 show the monitoring locations.
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5.2. Analysis of Monitoring Results

(1) Analysis of the monitoring results of the axial force of the bolt and cable

Figure 19 shows the curve of axial force of bolt and cable changing with time before
mining. It can be seen that the axial force of the bolt rod and bolt cable gradually increases
with the increase of time, but some anchors show the characteristics of gradual decrease.
For example, after about 100 days of roadway excavation, the axial force of the right
spandrels bolt and cable reached 100.07 kN and 370.12 kN, respectively, which increased by
11.1% and 5.7% compared with the initial pre-load, while the axial force of the left spandrels
bolt and left side bolt decreased, especially the axial force of left spandrels bolt decreased
most significantly, with the maximum decrease of 15.1%, It shows that the bolt failure may
occur in this part of the bolt, and the reinforcement support measures must be taken to
ensure the original support strength. In addition, when the monitoring point is excavated
for 100 days, the bolt axial force is basically stable in the range of 90–100 kN, which is about
47.37–52.63% of the ultimate breaking load, and the cable axial force is basically stable in
the range of 320–360 kN, which is about 66.25–74.53% of the ultimate breaking load. The
results show that the axial force of bolt and cable still retains a large amount of abundant
space, which can guarantee the long-term stability of the roadway under the influence of
mining. Furthermore, the reliability of the support scheme is verified from the stress of
bolt and cable.
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Figure 19. Monitoring results of bolt rod and cable axial force: (a) monitoring curve of bolt axial force; (b) monitoring curve
of cable axial force.

(2) Analysis on monitoring results of roadway surface displacement

During the period from roadway excavation to stopping, the real-time monitoring of
roadway surface displacement at No. 1 and No. 2 measuring stations is carried out, and
the monitoring results are shown in Figure 20. It can be seen from the Figure that under
the influence of roadway excavation disturbance and mining, the roadway deformation of
the two stations has experienced about three stages: the stage of a significant increase in
deformation, the stage of stable deformation, and the stage of mining influence. In the range
of 0–40 days after excavation, the surrounding rock is basically in the stage of a significant
increase in deformation. Affected by the excavation disturbance, the deformation of the
roadway increases significantly in this stage, but the growth rate gradually decreases.
With the continuous increase of roadway deformation, the squeezing force of supporting
structure on the surface of surrounding rock increases gradually. When the stress of the
surrounding rock reaches the state of stress balance, the roadway begins to enter the stage
of stable deformation, which lasts about 90 days. Until the roadway is in the range of
mining influence, its deformation begins to increase significantly. In the monitoring time,
the maximum displacement of the floor is 101.8 mm, the maximum displacement of the
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roof is 90.2 mm, and the maximum displacements of the left side and the right side are
69 mm and 88.7 mm, respectively, indicating that the support scheme can effectively control
the harmful deformation of surrounding rock.
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Figure 20. Variation of deformation of surrounding rock of roadway with monitoring time: (a) No. 1 monitoring section;
(b) No. 2 monitoring section.

(3) Analysis of monitoring results of roadway deep displacement

Figure 21 shows the curve of displacement of deep surrounding rock of roadway with
time. According to the monitoring results, the change of deep displacement of roadway
with time can be divided into three stages: the stage of significant increase of deformation,
the stage of stable deformation, and the stage of mining influence, which is similar to the
surface displacement of the roadway. For example, for the roadway roof, the displacement
at 2 m is significantly greater than that at 4 m–8 m, which is mainly because the measuring
point at 2 m is located in the coal seam, while the measuring point at 4–6 m is located in
K3 sandstone layer, and the measuring point at 8 m is located in the coarse sand layer of
the roof, while the strength of the coal body is weak under the pressure shear coupling
load, The strength weakening is more obvious under high-strength mining, so the roadway
is easy to move along the roof to the free face after excavation, while the strength of the
other two strata is higher than that of the coal, and its deformation is smaller as a whole. In
general, under the influence of mining, the maximum displacement is only 70.9 mm, which
indicates that the design support scheme can effectively control the deep displacement of
surrounding rock and weaken the influence of asymmetric load on the deformation of the
deep surrounding rock.



Minerals 2021, 11, 881 21 of 23
Minerals 2021, 11, x  21 of 23 
 

 

  

(a) (b) 

 

(c) 

Figure 21. Variation curve of displacement of deep surrounding rock of roadway with monitoring time: (a) deep displace-
ment of mining side wall; (b) deep displacement of roof; (c) deep displacement of right side. 

6. Conclusions 
(1) When the indirect contact force is constant, the minimum support force of the left 

and right spandrels is negatively correlated to meet the self-stability of the roof block 
structure. With the increase of the supporting force of the left and right spandrels, 
the indirect contact force of the strata increases gradually, that is, the squeezing force 
of the weak plane of the strata increases, and the shear resistance increases. 

(2) Compared with bolt and wire meshes support, the maximum shear displacement of 
roof weak layer under combined support of bolt, wire meshes, and cable before and 
after mining is reduced by 86.78% and 83%, respectively, the maximum total dis-
placement of surrounding rock surface is reduced by 49.22% and 37.1%, respectively. 

(3) The results of field monitoring show that the maximum displacement of the roadway 
surface under mining influence is 101.8 mm and that of the deep base point is 70.9 
mm. The axial force of bolt is about 47.37% to 52.63% of the ultimate breaking load 
before mining, and the bolt cable axial force is 66.25% to 74.53% of the ultimate break-
ing load. Moreover, there is enough space for change to adapt to the influence of 
mining dynamic pressure. The reliability of the support scheme is verified. 

0 30 60 90 120 150
0

10

20

30

40

50
 2 m
 4 m 
 6 m 
 8 m

D
isp

la
ce

m
en

t（
m

m
）

Observation days (d)
0 30 60 90 120 150

0

20

40

60

80
 2 m
 4 m 
 6 m 
 8 m

D
isp

la
ce

m
en

t（
m

m
）

Observation days (d)

0 30 60 90 120 150
0

20

40

60

80
 2 m
 4 m 
 6 m 
 8 m

D
isp

la
ce

m
en

t（
m

m
）

Observation days (d)

Figure 21. Variation curve of displacement of deep surrounding rock of roadway with monitoring time: (a) deep displace-
ment of mining side wall; (b) deep displacement of roof; (c) deep displacement of right side.

6. Conclusions

(1) When the indirect contact force is constant, the minimum support force of the left
and right spandrels is negatively correlated to meet the self-stability of the roof block
structure. With the increase of the supporting force of the left and right spandrels, the
indirect contact force of the strata increases gradually, that is, the squeezing force of
the weak plane of the strata increases, and the shear resistance increases.

(2) Compared with bolt and wire meshes support, the maximum shear displacement of
roof weak layer under combined support of bolt, wire meshes, and cable before and
after mining is reduced by 86.78% and 83%, respectively, the maximum total displace-
ment of surrounding rock surface is reduced by 49.22% and 37.1%, respectively.

(3) The results of field monitoring show that the maximum displacement of the roadway
surface under mining influence is 101.8 mm and that of the deep base point is 70.9 mm.
The axial force of bolt is about 47.37% to 52.63% of the ultimate breaking load before
mining, and the bolt cable axial force is 66.25% to 74.53% of the ultimate breaking
load. Moreover, there is enough space for change to adapt to the influence of mining
dynamic pressure. The reliability of the support scheme is verified.
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