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Abstract: The stability of the gas extraction roadway is very important for the safe mining of coal and
gas. The compression arch formed by the combined action of the prestressed bolt (cable) support and
surrounding rock has been widely used in the engineering practice of the gas extraction roadway. It is
of great engineering application value to analyze the influence of prestressed bolt (cable) parameters
on the compression arch. In this paper, combined with the engineering practice of the deep roadway
in Huainan and Huaibei mining area of Anhui Province, the mechanical parameters of surrounding
rock are measured via field coring and the laboratory. The numerical simulation software FLAC3D

is used to analyze the typical position of fractured mudstone, mudstone, sandy mudstone and
muddy sandstone under the bolt pre-tightening force of F = 50 kN, 70 kN and 100 kN; the bolt
spacing of a × b = 400 mm × 400 mm, 500 mm × 500 mm and 600 mm × 600 mm; the bolt length
of L = 1500 mm, 2000 mm, 2600 mm and 3000 mm; and the distribution characteristics of additional
compressive stress on the surface of the side. The influence of the different lithology and bolt
parameters on the thickness and strength of the compression arch was analyzed, and on this basis,
prestressed anchor cables with a pre-tightening force of F = 80 kN, 100 kN and 120 kN and length
of L = 3000 mm, 4000 mm and 6000 mm were applied, and their influence on the thickness and
strength of the compression arch was analyzed. The results show that the bolt pre-tightening force (F)
and the bolt length (L) have a significant effect on the thickness of the compression arch, while the
surrounding rock lithology, the bolt spacing (a × b), the anchor cable pre-tightening force (F) and
the anchor cable length (L) have no obvious effect on the thickness of the compression arch. The
surrounding rock lithology, the bolt pre-tightening force (F), the bolt length (L), the bolt spacing
(a × b), the anchor cable pre-tightening force (F) and the anchor cable length (L) have a significant
effect on the strength of the compression arch.

Keywords: gas safe mining; gas extraction roadway; prestressed bolt (cable); thickness of the compression
arch; strength of the compression arch

1. Introduction

Deep coal seams have a large amount of gas [1]. Through the excavation of gas
extraction roadways [2], arranging coal seam drilling and gas extraction devices in the
roadway for gas extraction is widely used in engineering [3–5]. However, due to the
complex and changeable deep geological conditions and significant ground stress, it is
difficult for conventional support to maintain the stability of the roadway [6–10]. The bolt
(cable) can adapt well to bending and shear failure and can also absorb the dynamic load
energy in the rock [11–13]. Therefore, it has a great engineering application background
for us to select reasonable support parameters for the prestressed bolt (cable) to maintain
the stability of the gas extraction roadway [14–16]. Conventional support theories such as
the suspension theory, composite beam theory, and surrounding rock reinforcement theory
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are no longer applicable [17–19]; the targeted support theory has not yet been formed. The
selection of support parameters is often based on experience, and it is difficult to achieve
the desired effect [20–22]. Wu, Li et al. [23] proposed to arrange prestressed anchors within
a certain range of roadway surrounding rock to form a compression arch to ensure the
stability of roadway surrounding rock and the smooth extraction of gas. The numerical
simulation method was used to analyze the thickness and strength of the compression arch
of prestressed anchors in deep coal and rock, and the reasonable parameters of prestressed
anchors were determined. However, the limitation is that only one lithology and prestressed
anchor are analyzed, while in practical engineering, it is often multiple lithology [24,25],
and prestressed anchor cables are applied to increase the thickness and strength of the
compression arch. Based on the analysis of the influence of different lithology and different
bolt parameters on the thickness and strength of the compression arch [26,27], this paper
further analyzes the influence of the prestressed anchor cable on the thickness and strength
of the compression arch and provides a theoretical basis for the determination of reasonable
bolt (cable) parameters in the gas extraction roadway.

2. Determination of Mechanical Parameters

By taking cores from different parts of the site, a total of three groups with four
specimens in each group, the specimens were processed into standard specimens with
a diameter of d = 50 mm and a height of H = 100 mm. The laboratory tests the internal
friction angle, cohesive force, Poisson’s ratio, elastic modulus and other relevant mechanical
parameters of the surrounding rock of the roadway. Compress the standard coal and rock
specimen with an MTS press and then measure the maximum principal plastic strain and
minimum principal plastic strain at different unloading positions after the peak of rock
strength. The cohesion (c) and internal friction angle (ϕ) of the surrounding rock after
different lithology peaks are calculated by Formulas (1) and (2).

c =
−
c + k1e

−εps
k2 (1)

ϕ =
−
ϕ + k3e

−εps
k4 (2)

where
−
c is the residual bond strength;

−
ϕ is the residual internal friction angle; k1, k2, k3, and

k4 are the correlation coefficients; and εps is the plastic coefficient.
The elastic modulus (E) and Poisson’s ratio (v) of coal rock were measured with a

rock triaxial shear composite testing machine, and the bulk modulus and shear modulus of
surrounding rock were calculated by Formulas (3) and (4).

K = E/3(1 − 2v) (3)

G = E/2(1 + v) (4)

where K is the bulk modulus of the surrounding rock, G is the shear modulus of the
surrounding rock, E is the elastic modulus of the surrounding rock measured in the
laboratory, and v is the Poisson’s ratio of the surrounding rock measured in the laboratory.

The mechanical parameters of the surrounding rock are shown in Table 1.

Table 1. Mechanical parameters of surrounding rock.

Lithology Cohesion, c (MPa)
Internal
Friction

Angle, ϕ (◦)

Bulk
Modulus, K (GPa)

Shear
Modulus, G (GPa)

Poisson’s
Ratio, v

Fractured Mudstone 0.7 18 1.42 0.35 0.36
Mudstone 1.0 22 1.44 0.38 0.35

Sandy Mudstone 1.5 28 1.47 0.45 0.33
Muddy Sandstone 2.0 32 1.50 0.56 0.30
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3. Numerical Model Building

Combined with the engineering practice of deep roadway in the Huainan and Huaibei
mining area of Anhui Province, taking the common straight-wall semi-circular arch road-
way in the project as an example, FLAC3D software was used for numerical simulation. The
roadway section size was taken as the roadway width × straight wall height = 4.8 m × 1.4 m.
The strain-softening model was used as the constitutive model, and the Mohr–Coulomb
criterion was selected as the yield criterion. The zone gridpoint fix command was used to
impose constraints on the bottom and both sides of the model to limit the displacement.
The calculation model is shown in Figure 1. The original mesh model radial cylinder and
radial tunnel were selected, and the ratio parameter was set to 1.1. The influence range after
the excavation of the roadway is generally 5–6 times the radius of the roadway. Therefore,
the plane size of the mesh model is length × width = 60 m × 60 m, and the mesh model is
shown in Figure 2. The lithology of surrounding rock is fractured mudstone, mudstone,
sandy mudstone and muddy sandstone. Change the bolt pre-tightening force to F = 50 kN,
70 kN and 100 kN; the bolt spacing to a × b = 400 mm × 400 mm, 500 mm × 500 mm
and 600 mm × 600 mm; and the bolt length to L = 1500 mm, 2000 mm, 2600 mm and
3000 mm. Then, analyze the typical position of different lithology surrounding rock side
and the distribution of additional compressive stress field on the surface of side, and further
analyze the influence of prestressed anchor (cable) on the thickness and strength of the
compression arch.
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4. Calculation Results and Analysis
4.1. The Influence of Different Bolt Pre-Tightening Forces on the Additional Stress Distribution of
Surrounding Rock

Combined with the engineering practice of the Anhui Lianghuai mining area and the
tensile strength of the pre-tightening bolt, the pre-tightening force of F = 50 kN, 70 kN and
100 kN can ensure the normal function of the prestressed bolt.

For the supporting conditions of a bolt pre-tightening force of F = 50 kN, bolt spacing
of a × b = 400 mm × 400 mm and bolt length of L = 1.5 m, the additional stress distribution
curves of the surrounding rock at typical positions and surfaces of different lithologies are
shown in Figures 3 and 4.
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Figure 4. F = 50 kN, a × b = 400 mm × 400 mm and L = 1.5 m. Distribution diagram of additional
stress in surrounding rock. (a) Roadway surface of fractured mudstone. (b) Roadway surface of
mudstone. (c) Roadway surface of sandy mudstone. (d) Roadway surface of muddy sandstone.

For the supporting conditions of a bolt pre-tightening force of F = 70 kN, bolt spacing
of a × b = 400 mm × 400 mm and bolt length of L = 1.5 m, the additional stress distribution
curves of the surrounding rock at typical positions and surfaces of different lithologies are
shown in Figures 5 and 6.
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For the supporting conditions of a bolt pre-tightening force of F = 100 kN, bolt spacing
of a × b = 400 mm × 400 mm and bolt length of L = 1.5 m, the additional stress distribution
curves of the surrounding rock at typical positions and surfaces of different lithologies are
shown in Figures 7 and 8.
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The above results show the following:

(1) When the bolt pre-tightening force increases from 50 kN to 100 kN, the additional
stress of the surrounding rock fluctuates within a certain range of the roadway sur-
face. As the surface distance of the roadway side increases, the additional stress
decreases rapidly.

(2) The additional stress on the surface of the roadway side increases with the increase
of the bolt pre-tightening force, and the additional stress distribution of different
lithologies is not obvious. when the bolt pre-tightening force increases from 50 kN
to 100 kN, the additional stress of fractured mudstone, mudstone, sandy mudstone
and muddy sandstone increases from the ranges 0.05–0.06 MPa, 0.048–0.049 MPa,
0.049–0.05 MPa and 0.0508–0.051 MPa to the ranges 0.094–0.098 MPa, 0.095–0.098 MPa,
0.098–0.10 MPa and 0.099–0.10 MPa, respectively. The lithology of sandy mudstone
and muddy sandstone is better, and the fluctuation range of additional stress on the
surface of the side is smaller.

(3) The additional stress at the typical position of the roadway side increases with
the increase of the bolt pre-tightening force. When the bolt pre-tightening force
of F = 50 kN increased to 100 kN, the average additional stress of fractured mud-
stone, mudstone, sandy mudstone and muddy sandstone increased from 0.062 MPa,
0.062 MPa, 0.062 MPa and 0.062 MPa to 0.12 MPa, 0.12 MPa, 0.12 MPa and 0.12 MPa,
respectively. The additional stress at the place where the roadway side is close to the
arch baseline is large.
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4.2. The Influence of Different Bolt Length on the Additional Stress Distribution of
Surrounding Rock

For the supporting conditions of a bolt pre-tightening force of F = 100 kN, bolt spacing
of a × b = 400 mm × 400 mm and bolt length of L = 2.0 m, the additional stress distribution
curves of surrounding rock at typical positions and surfaces of different lithologies are
shown in Figures 9 and 10.
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For the the supporting conditions of a bolt pre-tightening force of F = 100 kN, bolt 
spacing of a × b = 400 mm × 400 mm and bolt length of L = 2.6 m, the additional stress 
distribution curves of the surrounding rock at typical positions and surfaces of different 
lithologies are shown in Figures 11 and 12. 

Figure 9. F = 100 kN, a × b = 400 mm × 400 mm and L = 2.0 m. Distribution diagram of additional
stress in surrounding rock. (a) Typical location of fractured mudstone. (b) Typical location of
mudstone. (c) Typical location of sandy mudstone. (d) Typical location of muddy sandstone.
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Figure 9. F = 100 kN, a × b = 400 mm × 400 mm and L = 2.0 m. Distribution diagram of additional 
stress in surrounding rock. (a) Typical location of fractured mudstone. (b) Typical location of 
mudstone. (c) Typical location of sandy mudstone. (d) Typical location of muddy sandstone. 
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Figure 10. F = 100 kN, a × b = 400 mm × 400 mm and L = 2.0 m. Distribution diagram of additional 
stress in surrounding rock. (a) Roadway surface of fractured mudstone. (b) Roadway surface of 
mudstone. (c) Roadway surface of sandy mudstone. (d) Roadway surface of muddy sandstone. 

For the the supporting conditions of a bolt pre-tightening force of F = 100 kN, bolt 
spacing of a × b = 400 mm × 400 mm and bolt length of L = 2.6 m, the additional stress 
distribution curves of the surrounding rock at typical positions and surfaces of different 
lithologies are shown in Figures 11 and 12. 

Figure 10. F = 100 kN, a × b = 400 mm × 400 mm and L = 2.0 m. Distribution diagram of additional
stress in surrounding rock. (a) Roadway surface of fractured mudstone. (b) Roadway surface of
mudstone. (c) Roadway surface of sandy mudstone. (d) Roadway surface of muddy sandstone.

For the the supporting conditions of a bolt pre-tightening force of F = 100 kN, bolt
spacing of a × b = 400 mm × 400 mm and bolt length of L = 2.6 m, the additional stress
distribution curves of the surrounding rock at typical positions and surfaces of different
lithologies are shown in Figures 11 and 12.
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Figure 11. F = 100 kN, a × b = 400 mm × 400 mm and L = 2.6 m. Distribution diagram of additional
stress in surrounding rock. (a) Typical location of fractured mudstone. (b) Typical location of
mudstone. (c) Typical location of sandy mudstone. (d) Typical location of muddy sandstone.
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Figure 12. F = 100 kN, a × b = 400 mm × 400 mm and L = 2.6 m. Distribution diagram of additional
stress in surrounding rock. (a) Roadway surface of fractured mudstone. (b) Roadway surface of
mudstone. (c) Roadway surface of sandy mudstone. (d) Roadway surface of muddy sandstone.

For the supporting conditions of a bolt pre-tightening force of F = 100 kN, bolt spacing
of a × b = 400 mm × 400 mm and bolt length of L = 3.0 m, the additional stress distribution
curves of the surrounding rock at typical positions and surfaces of different lithologies are
shown in Figures 13 and 14.
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Figure 13. F = 100 kN, a × b = 400 mm × 400 mm and L = 3.0 m. Distribution diagram of additional
stress in surrounding rock. (a) Typical location of fractured mudstone. (b) Typical location of
mudstone. (c) Typical location of sandy mudstone. (d) Typical location of muddy sandstone.
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Figure 13. F = 100 kN, a × b = 400 mm × 400 mm and L = 3.0 m. Distribution diagram of additional 
stress in surrounding rock. (a) Typical location of fractured mudstone. (b) Typical location of 
mudstone. (c) Typical location of sandy mudstone. (d) Typical location of muddy sandstone. 
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Figure 14. F = 100 kN, a × b = 400 mm × 400 mm and L = 3.0 m. Distribution diagram of additional
stress in surrounding rock. (a) Roadway surface of fractured mudstone. (b) Roadway surface of
mudstone. (c) Roadway surface of sandy mudstone. (d) Roadway surface of muddy sandstone.

The above results show the following:

(1) When the bolt length increases from 1.5 m to 3.0 m, the additional stress of the
surrounding rock fluctuates within a certain range of the roadway surface. As the
surface distance of the roadway side increases, the additional stress decreases rapidly.

(2) The additional stress on the surface of the roadway side increases with the increase
of the bolt length, and the additional stress distribution of different lithologies is not
obvious. When the length of the bolt increases from 1.5 m to 3.0 m, the additional
stress of the fractured mudstone, mudstone, sandy mudstone and muddy sandstone
increases from the ranges of 0.096–0.101 MPa, 0.096–0.100 MPa, 0.098–0.101 MPa and
0.099–0.101 MPa to the ranges of 0.126–0.141 MPa, 0.127–0.141 MPa, 0.128–0.140 MPa
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and 0.139–0.140 MPa, respectively. The lithology of sandy mudstone and muddy
sandstone is better, and the fluctuation range of additional stress on the surface of the
side is smaller.

(3) The additional stress at the typical position of the roadway side decreases with
the increase of the bolt spacing. When the bolt spacing (a × b) increases from
400 mm × 400 mm to 600 mm × 600 mm, the average additional stress of frac-
tured mudstone, mudstone, sandy mudstone and muddy sandstone decreases from
0.17 MPa, 0.17 MPa, 0.17 MPa and 0.17 MPa to 0.14 MPa, 0.14 MPa, 0.14 MPa and
0.14 MPa, respectively. The additional stress at the place where the roadway side is
close to the arch baseline is large.

4.3. The Influence of Different Bolt Spacing on the Additional Stress Distribution of
Surrounding Rock

For the supporting conditions of a bolt pre-tightening force of F = 100 kN, bolt spacing
of a × b = 500 mm × 500 mm and bolt length of L = 2.6 m, the additional stress distribution
curves of the surrounding rock at typical positions and surfaces of different lithologies are
shown in Figures 15 and 16.
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Figure 15. F = 100 kN, a × b = 500 mm × 500 mm and L = 2.6 m. Distribution diagram of additional 
stress in surrounding rock. (a) Typical location of fractured mudstone. (b) Typical location of 
mudstone. (c) Typical location of sandy mudstone. (d) Typical location of muddy sandstone. 
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Figure 15. F = 100 kN, a × b = 500 mm × 500 mm and L = 2.6 m. Distribution diagram of additional
stress in surrounding rock. (a) Typical location of fractured mudstone. (b) Typical location of
mudstone. (c) Typical location of sandy mudstone. (d) Typical location of muddy sandstone.
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Figure 15. F = 100 kN, a × b = 500 mm × 500 mm and L = 2.6 m. Distribution diagram of additional 
stress in surrounding rock. (a) Typical location of fractured mudstone. (b) Typical location of 
mudstone. (c) Typical location of sandy mudstone. (d) Typical location of muddy sandstone. 
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Figure 16. F = 100 kN, a × b = 500 mm × 500 mm and L = 2.6 m. Distribution diagram of additional
stress in surrounding rock. (a) Roadway surface of fractured mudstone. (b) Roadway surface of
mudstone. (c) Roadway surface of sandy mudstone. (d) Roadway surface of muddy sandstone.

For the supporting conditions of a bolt pre-tightening force of F = 100 kN, bolt spacing
of a × b = 600 mm × 600 mm and bolt length of L = 2.6 m, the additional stress distribution
curves of the surrounding rock at typical positions and surfaces of different lithologies are
shown in Figures 17 and 18.
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mudstone. (c) Typical location of sandy mudstone. (d) Typical location of muddy sandstone.
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The above results show the following:

(1) When the bolt row spacing increases from 400 mm × 400 mm to 600 mm × 600 mm,
the additional stress of the surrounding rock fluctuates within a certain range of the
roadway surface. As the surface distance of the roadway side increases, the additional
stress decreases rapidly.

(2) The additional stress on the surface of the roadway side decreases with the increase
of the bolt spacing, and the additional stress distribution of different lithologies
is not obvious. When the bolt row spacing increases from 400 mm × 400 mm to
600 mm × 600 mm, the additional stress of the fractured mudstone, mudstone, sandy
mudstone and muddy sandstone decreases from the ranges of 0.128–0.138 MPa,
0.124–0.139 MPa, 0.124–0.138 MPa and 0.123–0.136 MPa to the ranges of
0.098–0.105 MPa, 0.099–0.105 MPa, 0.099–0.104 MPa and 0.100–0.103 MPa, respec-
tively. The lithology of sandy mudstone and muddy sandstone is better, and the
fluctuation range of additional stress on the surface of the side is smaller.

(3) When the bolt row spacing is a × b = 400 mm × 400 mm, the average additional
stress of fractured mudstone, mudstone, sandy mudstone and muddy sandstone is
0.17 MPa, 0.17 MPa, 0.17 MPa and 0.17 MPa. When the bolt row spacing is a × b =
600 mm × 600 mm, the average additional stress is 0.14 MPa, 0.14 MPa, 0.14 MPa and
0.14 MPa. The additional stress at the place where the roadway side is close to the
arch baseline is large.

4.4. Calculation of Compression Arch Thickness of Prestressed Anchors under Different Lithologies

The additional stress field compression arch formed by the bolt and anchor cable with
a certain pre-tightening force has the following characteristics: The pre-tightening force
of the bolt and anchor cable is usually expressed in a cone shape, which extends from the
end of the prestressed bolt and anchor cable and distributes itself to the inside of the rock
around the roadway. Under the reasonable row spacing, the additional stress field formed
by the prestressed anchor and anchor cable begins to superimpose at the end of the anchor
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and anchor cable, forming a compression arch with a certain thickness. The additional
stress formed near the end of the anchor and anchor cable is the largest.

The relationship between the thickness of the compression arch of the bolt (cable) and
the length and spacing of the bolt (cable) is shown in (5).

m = L1 −
a

2α
(5)

where m is the thickness of compression arch, L1 is the effective length of prestressed anchor
(cable), a is the row spacing and α is the angle of the prestressed anchor (cable).

The arch thickness of the compression arch is shown in Table 2 for the support of
only bolts.

Table 2. The thickness of the compression arch formed only under bolt support.

Bolt Support Parameters Fractured
Mudstone (m)

Mudstone
(m)

Sandy
Mudstone (m)

Muddy
Sandstone (m)

F = 50 kN, a × b = 400 mm × 400 mm and L = 1.5 m 0.73 0.73 0.73 0.73
F = 70 kN, a × b = 400 mm × 400 mm and L = 1.5 m 0.80 0.80 0.80 0.80

F = 100 kN, a × b = 400 mm × 400 mm and L = 1.5 m 0.85 0.85 0.85 0.85
F = 100 kN, a × b = 400 mm × 400 mm and L = 2.0 m 1.22 1.22 1.22 1.22
F = 100 kN, a × b = 400 mm × 400 mm and L = 2.6 m 1.60 1.60 1.60 1.60

F = 100 kN and a × b = 400 mm × 400 mm and L = 3.0 m 1.84 1.84 1.84 1.84
F = 100 kN, a × b = 500 mm × 500 mm and L = 2.6 m 1.59 1.59 1.59 1.59
F = 100 kN, a × b = 600 mm × 600 mm and L = 2.6 m 1.59 1.59 1.59 1.59

Table 3 shows the arch thickness of the compression under the supporting conditions
of bolt parameters F = 100 kN, a × b = 400 × 400 mm and L = 3.0 m after changing the
supporting parameters of the anchor cable.

Table 3. The thickness of the compression arch formed by adding an anchor cable.

Anchor Cable Support
Parameters

Fractured
Mudstone (m)

Mudstone
(m)

Sandy
Mudstone (m)

Muddy
Sandstone (m)

F = 80 kN, a × b = 400 mm × 400 mm and L = 3.0 m 1.83 1.85 1.83 1.86
F = 100 kN, a × b = 400 mm × 400 mm and L = 3.0 m 1.87 1.87 1.89 1.86
F = 120 kN, a × b = 400 mm × 400 mm and L = 3.0 m 1.88 1.89 1.89 1.87
F = 100 kN, a × b = 400 mm × 400 mm and L = 4.0 m 1.88 1.89 1.88 1.87
F = 100 kN, a × b = 400 mm × 400 mm and L = 6.0 m 1.86 1.87 1.88 1.88

The above results show the following:

(1) When the bolt spacing is a × b = 400 mm × 400 mm, and the bolt length is L = 1.5 m,
by changing the size of the bolt pre-tightening force, when the pre-tightening force (F)
increases from 50 kN to 100 kN, the thickness of the compression arch formed by the
four lithologies increases from 0.73 m to 0.85 m, which is a small increase.

(2) When the bolt pre-tightening force is F = 100 kN, and the bolt spacing is a × b =
400 mm × 400 mm, by changing the bolt length, when the bolt length (L) increases
from 1.5 m to 3.0 m, the thickness of the compression arch formed by the four litholo-
gies increases from 0.85 m to 1.84 m. Compared with changing the bolt pre-tightening
force, changing the bolt length has a better effect on increasing the thickness of the
compression arch.

(3) By changing the bolt spacing, the anchor cable pre-tightening force and the anchor
cable length, the changes in the thickness of the compression arch formed by the four
lithologies is not obvious.
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4.5. Calculation of Compression Arch Strength of Prestressed Anchors under Different Lithologies

After installing high-strength prestressed bolts in the deep soft surrounding rock
roadway, a triangular stress field will be formed around the head and end of bolts under
the pre-tightening anchoring agent and tray. Through the role of the stress field at both
ends, the mechanical properties of the rock layer are improved, and its bearing capacity
is improved. In the process of roadway excavation, the parameters of bolt (cable) are
reasonably selected, and the pre-tightening force is applied to make the rock of roadway
form a compression arch with high bearing capacity to maintain the stability of the roadway.

The increased strength of the compression arch is calculated by Formula (6).

∆σ = 2c
cos ϕ

1 − sinϕ
(6)

According to the change of cohesion and internal friction angle of surrounding rock,
the percentage of different bolt (cable) support parameters to improve the strength of sur-
rounding rock compression arch is obtained. The calculation results are shown in Tables 4–7
only under the bolt support, and the calculation results are shown in Tables 8 and 9 under
the joint support of the bolt and the anchor cable.

4.5.1. The Percentage Increase of Compressive Arch Strength of Roadway Surrounding
Rock Only under Bolt Support

(1) At the arch baseline position

Table 4. The percentage increase in the strength of the compression arch of roadway surrounding
rock at the arch baseline location under bolt support.

Bolt Support Parameters Fractured
Mudstone Mudstone Sandy

Mudstone
Muddy

Sandstone

F = 50 kN, a × b = 400 mm × 400 mm and L = 1.5 m 7% 4% 3% 3%
F = 70 kN, a × b = 400 mm × 400 mm and L = 1.5 m 9% 7% 5% 4%

F = 100 kN, a × b = 400 mm × 400 mm and L = 1.5 m 12% 9% 7% 5%
F = 100 kN, a × b = 400 mm × 400 mm and L = 2.0 m 15% 11% 8% 7%
F = 100 kN, a × b = 400 mm × 400 mm and L = 2.6 m 17% 13% 9% 8%
F = 100 kN, a × b = 400 mm × 400 mm and L = 3.0 m 20% 15% 11% 9%
F = 100 kN, a × b = 500 mm × 500 mm and L = 2.6 m 16% 12% 9% 7%
F = 100 kN, a × b = 600 mm × 600 mm and L = 2.6 m 14% 10% 8% 6%

(2) At 400 mm from the arch baseline location

Table 5. The percentage increase in the strength of the compression arch of roadway surrounding
rock at 400 mm from the arch baseline location under bolt support.

Bolt Support Parameters Fractured
Mudstone Mudstone Sandy

Mudstone
Muddy

Sandstone

F = 50 kN, a × b = 400 mm × 400 mm and L = 1.5 m 7% 5% 4% 3%
F = 70 kN, a × b = 400 mm × 400 mm and L = 1.5 m 9% 6% 5% 4%

F = 100 kN, a × b = 400 mm × 400 mm and L = 1.5 m 12% 9% 7% 5%
F = 100 kN, a × b = 400 mm × 400 mm and L = 2.0 m 15% 11% 8% 7%
F = 100 kN, a × b = 400 mm × 400 mm and L = 2.6 m 17% 13% 9% 8%
F = 100 kN, a × b = 400 mm × 400 mm and L = 3.0 m 20% 15% 11% 9%

(3) At 800 mm from the arch baseline location
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Table 6. The percentage increase in the strength of the compression arch of roadway surrounding
rock at 800 mm from the arch baseline location under bolt support.

Bolt Support Parameters Fractured
Mudstone Mudstone Sandy

Mudstone
Muddy

Sandstone

F = 50 kN, a × b = 400 mm × 400 mm and L = 1.5 m 6% 5% 3% 3%
F = 70 kN, a × b = 400 mm × 400 mm and L = 1.5 m 8% 6% 4% 3%

F = 100 kN, a × b = 400 mm × 400 mm and L = 1.5 m 11% 8% 6% 4%
F = 100 kN, a × b = 400 mm × 400 mm and L = 2.0 m 14% 10% 7% 6%
F = 100 kN, a × b = 400 mm × 400 mm and L = 2.6 m 16% 12% 8% 7%
F = 100 kN, a × b = 400 mm × 400 mm and L = 3.0 m 19% 14% 10% 8%

(4) At 1200 mm from the arch baseline location

Table 7. The percentage increase in the strength of the compression arch of roadway surrounding
rock at 1200 mm from the arch baseline location under bolt support.

Bolt Support Parameters Fractured
Mudstone Mudstone Sandy

Mudstone
Muddy

Sandstone

F = 50 kN, a × b = 400 mm × 400 mm and L = 1.5 m 5% 4% 2% 2%
F = 70 kN, a × b = 400 mm × 400 mm and L = 1.5 m 6% 5% 3% 2%

F = 100 kN, a × b = 400 mm × 400 mm and L = 1.5 m 8% 6% 5% 4%
F = 100 kN, a × b = 400 mm × 400 mm and L = 2.0 m 11% 8% 6% 5%
F = 100 kN, a × b = 400 mm × 400 mm and L = 2.6 m 12% 9% 7% 5%
F = 100 kN, a × b = 400 mm × 400 mm and L = 3.0 m 15% 11% 8% 7%

The above results show the following:

(1) Under different bolt parameters’ support, the percentage increase of the strength
of the compression arch formed by sandy mudstone is between 3 and 11%, and
the percentage increase of the strength of the compression arch formed by muddy
sandstone is between 3 and 9%, which was a small increase; the percentage increase
of the strength of the compression arch formed by fractured mudstone is between 7
and 20%, and the percentage increase of strength of the compression arch formed by
mudstone is between 4 and 15%, so the increase is more obvious.

(2) When the bolt spacing is a × b = 400 mm × 400 mm, and the bolt length is L = 1.5 m, by
changing the bolt pre-tightening force, when the bolt pre-tightening force (F) increases
from 50 kN to 100 kN, the percentage increase of the strength of the compression arch
formed by fractured mudstone, mudstone, sandy mudstone and muddy sandstone
increases from 7%, 4%, 3% and 3% to 12%, 9%, 7% and 5%, which was a small increase.

(3) When the bolt pre-tightening force is F = 100 kN, and the bolt spacing is a × b =
400 mm × 400 mm, by changing the bolt length, when the bolt length (L) increases
from 1.5 m to 3.0 m, the percentage increase of the strength of the compression
arch formed by fractured mudstone, mudstone, sandy mudstone and muddy sand-
stone increases from 12%, 9%, 7% and 5% to 20%, 15%, 11% and 9%, which was a
large increase.

(4) Under the same bolt parameters support, the increase of the strength of the compres-
sion arch at different positions of the same roadway side is different. The closer to the
arch baseline, the more obvious the increase.

4.5.2. The Percentage Increase of Compressive Arch Strength of Roadway Surrounding
Rock by Adding Different Anchor Cable Parameters when the Bolt Parameters Are
F = 100 kN, a × b = 400 mm × 400 mm and L = 3.0 m

(1) At 400 mm from the arch baseline location
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Table 8. The percentage increase in the strength of the compression arch of roadway surrounding
rock at 400 mm from the arch baseline location under bolt and cable support.

Anchor Cable Support
Parameters

Fractured
Mudstone Mudstone Sandy

Mudstone
Muddy

Sandstone

F = 80 kN, a × b = 400 mm × 400 mm, L = 3.0 m 22% 16% 12% 10%
F = 100 kN, a × b = 400 mm × 400 mm, L = 3.0 m 23% 17% 13% 11%
F = 120 kN, a × b = 400 mm × 400 mm, L = 3.0 m 24% 18% 14% 12%
F = 100 kN, a × b = 400 mm × 400 mm, L = 4.0 m 26% 19% 15% 13%
F = 100 kN, a × b = 400 mm × 400 mm, L = 6.0 m 26% 19% 15% 13%

(2) At 800 mm from the arch baseline location

Table 9. The percentage increase in the strength of the compression arch of roadway surrounding
rock at 800 mm from the arch baseline location under bolt and cable support.

Anchor Cable Support
Parameters

Fractured
Mudstone Mudstone Sandy

Mudstone
Muddy

Sandstone

F = 80 kN, a × b = 400 mm × 400 mm, L = 3.0 m 25% 19% 14% 11%
F = 100 kN, a × b = 400 mm × 400 mm, L = 3.0 m 27% 20% 15% 12%
F = 120 kN, a × b = 400 mm × 400 mm, L = 3.0 m 28% 21% 16% 13%
F = 100 kN, a × b = 400 mm × 400 mm, L = 4.0 m 31% 23% 17% 14%
F = 100 kN, a × b = 400 mm × 400 mm, L = 6.0 m 32% 24% 18% 14%

The above results show the following:

(1) When the bolt pre-tightening force is F = 100 kN, the bolt length is L = 3.0 m and the
bolt spacing is a × b = 400 mm × 400 mm, by adding different anchor cable parameters
to bolster the bolt’s support, the percentage increase of the strength of the compression
arch formed by sandy mudstone is between 12 and 15%, and the percentage increase
of the strength of the compression arch formed by muddy sandstone is between 10
and 13%, which is a small increase; the percentage increase of the strength of the
compression arch formed by fractured mudstone is between 22 and 26%, and the
percentage increase of the strength of the compression arch formed by mudstone is
between 16 and19%, so the increase is more obvious.

(2) Under the support of the same bolt and anchor cable parameters, the better the
lithology, the smaller the percentage increase of the strength of the compression arch;
the worse the lithology, the more obvious the percentage increase of the strength of
the compression arch.

(3) By changing the anchor cable pre-tightening force and the anchor cable length, the
changes of the strength of the compression arch formed by the four lithologies become
more obvious.

5. Engineering Verification
5.1. Layout of Multi-Point Displacement Meter

In order to further verify the thickness of compression arch, this project used a pinhole
multi-point displacement meter to measure the fragmentation and displacement of the
roadway surrounding rock, arranged the anchor claw head at the location of the measure-
ment point and extended the displacement meter into the location of the measurement
point in the roadway and fixed it. When the surrounding rock deforms with time, it is
transmitted to the displacement recording sensor through the wire rope connected to the
anchor head, and the corresponding surrounding rock is judged by the amount of change
in the length of the wire rope. Multi-point displacement meters are arranged in the direc-
tion of the arch baseline of the roadway, and five measuring points, i.e., A, B, C, D and
E, are arranged at 0.8 m, 1.8 m, 2.0 m, 4.4 m and 7.5 m from the surface of the roadway,
respectively. Because the measuring point E is located in the original rock stress area, there
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is almost no deformation, so the displacement of this point can be ignored. By calculating
the displacement difference between other anchor claws, the broken state and approximate
range of the roadway are estimated. Among them, the KJ327-F intelligent mine-pressure
monitoring substation is selected for measurement, and data and records are collected
every 2 h. The diagram of the multi-point displacement meter arrangement is shown in
Figure 19. The numerical simulation shows that the displacement of the A, B, C, D and E
measuring points changes with the distance from the surface of the roadway, as shown in
Figure 20. The displacement of the arch baseline position of the roadway side is the same
in a certain area (1800 mm), about 130 mm.
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5.2. Field Measurement

Through the data acquisition of the multi-point displacement meter, the displacement
of A, B, C, D and E points is analyzed as shown in Table 10.

Table 10. Displacement of each measuring point.

Measuring Point A B C D E

Displacement (mm) 133 140 130 78 1

It can be seen from Table 10 that the actual displacement of the roadway is basi-
cally consistent with the numerical simulation results, thus verifying the reliability of the
numerical simulation.

6. Conclusions

The conclusions and main achievements of this paper can be summarized as follows:

(1) The lithology of surrounding rock and the row spacing between bolts have no sig-
nificant influence on the thickness of the compression arch, while the length of bolts
and pre-tightening force have significant influence on the thickness of the compres-
sion arch, and the increase of the compression arch thickness is helpful to improve
the stability of the roadway. When the bolt length is L = 1.5 m, bolt spacing is
a × b = 400 mm × 400 mm and bolt pre-tightening force increased from F = 50 kN
to F = 100 kN, the thickness of the compression arch formed by the four lithologies
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increased by 0.12 m. When the bolt pre-tightening force was F = 100 kN, the bolt
spacing was a × b = 400 mm × 400 mm and the bolt length of L = 1.5 m increased
to L = 3.0 m, the thickness of the compression arch formed by the four lithologies
increased by 0.99 m. When the bolt pre-tightening force was F = 100 kN, the bolt
length was L = 2.6 m and the bolt spacing of a × b = 400 mm × 400 mm increased
to a × b = 500 mm × 500 mm and a × b = 600 mm × 600 mm, the thickness of the
compression arch formed by the four lithologies was reduced by 0.01 m.

(2) The influence of the surrounding rock lithology, bolt pre-tightening force, bolt length
and row spacing on the strength of the compression arch is significant. At the arch
baseline position, when the bolt pre-tightening force increased from F = 50 kN to
F = 100 kN, the percentage increase of the compressive arch strength formed by four
kinds of lithologies increased from 7%, 4%, 3% and 3% to 12%, 9%, 7% and 5%. When
the bolt length increased from L = 1.5 m to L = 3.0 m, the percentage increase of the
compressive arch strength formed by four kinds of lithology increased from 12%,
9%, 7% and 5% to 20%, 15%, 11% and 9%. When the bolt spacing increased from
a × b = 400 mm × 400 mm to a × b = 600 mm × 600 mm, the percentage increase of
compressive arch strength formed by four kinds of lithology decreased from 17%,
13%, 9% and 8% to 14%, 10%, 8% and 6%.

(3) The pre-tightening force and length of the anchor cable have no obvious effect on
the thickness of the compression arch but have a significant effect on the strength
of the compression arch. On the basis of bolt pre-tightening force being F = 100 kN,
bolt length being L = 3.0 m and bolt spacing being a × b = 400 × 400 mm, the anchor
cable and bolt are added to support together. When the anchor cable pre-tightening
force increased from F = 80 kN to F = 120 kN, the thickness of the compression arch
formed by four kinds of lithologies increased from 1.83 m, 1.85 m, 1.83 m and 1.86 m
to 1.88 m, 1.89 m, 1.89 m and 1.87 m; and the percentage increase of the strength of the
compressive arch increased from 22%, 16%, 12% and 10% to 24%, 18%, 14% and 12%.
When the anchor cable length increased from L = 3.0 m to L = 6.0 m, the thickness of
the compression arch formed by the four kinds of lithologies changed from 1.87 m,
1.87 m,1.89 m and 1.86 m to 1.86 m, 1.87 m, 1.88 m and 1.88 m; and the percentage
increase of the strength of the compression arch increased from 23%, 17%, 13% and
11% to 26%, 19%, 15% and 13%.
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