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The extremely soft coal seam roadway has the problems of low surrounding rock strength and difficult support. Based on the
engineering background of the mining roadway in the extremely soft coal seam of the Quandian coal mine, this paper adopts
the research method combining numerical simulation and field measurement. The stress field, displacement field, support force,
and loading arch structure characteristics of roadway surrounding rock under bolt-mesh-cable support and existing shed-cable
support are compared, and the control principle of bolt-mesh-cable in extremely soft coal seam roadway is expounded. Our
study indicated that compared with nonsupport and shed-cable support, the pressure stress range of the surrounding rock in
extremely soft coal seam increases, and the stress gradient decreases when bolt-mesh-cable support is used. The roadway
displacement and displacement difference decrease. The components of the support achieve stress coordination. The thickness
of the loading arch formed in the surrounding rock is large, and the compressive stress in the arch is evenly distributed. The
bolt-mesh-cable significantly improves the stress environment and the stability of the roadway. The field practice shows that the
roadway deformation is small after the bolt-mesh-cable support is adopted, and the roadway section during excavation and

mining meets the requirements of safety production.

1. Introduction

As a kind of active support method with high strength and
low cost, bolt-mesh-cable support (BMC-S) has gradually
become the mainstream of mining roadway support in Chi-
nese coal mines because it can significantly improve the sta-
bility of surrounding rock. In recent years, with the
increasing intensity of coal mining, the proportion of
extremely soft coal mining is also growing. However, it is
generally believed that BMC-S is difficult to control the
deformation of the roadway and surrounding rock in
extremely soft coal seam [1-3] and cannot guarantee the
deformation of support and surrounding rock and the cou-
pling coordination between the supporting components
[4]. Therefore, most of the roadway support still adopts shed
or shed-cable support. In order to promote the application

of BMC-S in extremely soft coal roadways, the control prin-
ciple of BMC-S in extremely soft coal roadways needs to be
further studied.

Domestic and foreign scholars have conducted a lot of
research and exploration on the support theory and control
technology of soft coal roadway surrounding rock [5-8]. He
et al. [9] believed that the failure of soft rock roadway was
mainly caused by the uncoupling of mechanical properties of
support and surrounding rock and proposed the bolt-mesh-
cable coupling support technology to strengthen the support
of key parts of roadway surrounding rock, which realized the
coordinated deformation of support and surrounding rock.
Wang et al. [10] studied the stress of different parts of the
roadway in three soft coal seams with large dip angles, pointed
out that the roof of the roadway and the upper and middle
parts of the high rib were prone to deformation and failure,


https://orcid.org/0000-0002-7850-5151
https://orcid.org/0000-0002-6454-1792
https://orcid.org/0000-0003-1542-2583
https://orcid.org/0000-0003-0214-8626
https://orcid.org/0000-0003-4310-9033
https://orcid.org/0000-0002-1644-8577
https://orcid.org/0009-0009-1053-9361
https://orcid.org/0000-0001-7025-1153
https://orcid.org/0000-0002-6350-4703
https://orcid.org/0009-0007-8401-7609
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/9444486

and put forward the support concept of “strong rib fixing and
strong roof protection”; Jing et al. [11, 12] studied the forma-
tion mechanism of anchorage structure in tectonic soft coal
and calculated the bolt preload required to form stable anchor-
age structure in tectonic coal. Yu et al. [13] put forward the
concept of “weak structure” and the control technology of
high-strength prestressed anchor basic support, weak struc-
ture strengthening support for asymmetric deformation, and
long-term rheological characteristics of soft rock roadway.
By means of numerical calculation, Yu et al. [14, 15] analyzed
that the support failure of weak semicoal rock roadway can be
divided into several stages, such as joint fissure development,
rock fragmentation deformation, stress superposition, and
rheological and large deformation, and put forward the sup-
porting technology of “truss + bolt-mesh-cable.” Dan et al.
[16] thought that the side and corner are the key parts of the
soft broken surrounding rock roadway support. Strengthening
the support strength of the side and corner can enhance the
overall stability of the roadway and put forward the strong side
and strong angle bolt support control technology. Yun et al.
[17] aimed at the soft roof soft coal mining roadway after mul-
tiple repairs, believed that the stability of surrounding rock can
be improved by improving the bearing capacity of surround-
ing rock, and put forward the combined support scheme of
advanced pipe shed + grouting and permanent bolt-cable +
shotcrete; Lu et al. [18] simulated and studied the surrounding
rock activity law of soft coal roadway in the thick coal seam,
believed that the two sides were always the focus of support
control, and proposed the surrounding rock control principle
of strengthening the bottom side angle and the two sides sup-
port. Huang et al. [19] pointed out that the deformation and
failure forms of inclined soft coal roadway are mainly tensile
failure and shear failure and put forward the support design
method of optimizing roadway section and anchor mesh
support.

The above research results have achieved good results in
soft coal roadway support engineering but more focus on
general soft coal roadway surrounding rock control theory
and technology. There are relatively few studies on the con-
trol principle of BMC-S in extremely soft coal seam road-
ways with compressive strength of less than 5MPa [20,
21]. Based on the engineering background of 11000 working
face transportation roadways in the Quandian coal mine,
this paper uses UDEC software to study the stress field, dis-
placement field distribution characteristics, support stress
characteristics, and loading arch structure characteristics of
extremely soft coal seam roadway. The research reveals the
control principle of BMC-S in extremely soft coal seam
roadway, in order to provide a reference for the design of
coal roadway support under similar conditions.

2. Engineering Background

2.1. Occurrence Characteristics of Surrounding Rock. Quan-
dian coal mine is located between Yuzhou city and Xuchang
county in the eastern part of the Yuzhou mining area. The
11000 working faces are located in the northeast of 11 min-
ing areas in the east wing of the minefield. The main coal
seam is no. 2-1 coal seam with a depth of about 400 m.
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The thickness of the coal seam is 2.8 ~ 12.5m, with an aver-
age of 4.59 m. The dip angle is 27°, and the Pu coefficient is
only 0.15~0.2. There is no mining influence around. The
direct top of the coal seam is mainly sandy mudstone and
siltstone with a thickness of 1.5 ~ 5m. The direct bottom
is mainly sandy mudstone and siltstone with a thickness of
2.5 ~ 5m. The geological comprehensive histogram of the
working face is shown in Figure 1. The in situ stress test
results show that the underground stress field is dominated
by tectonic stress, and the maximum principal stress is in
the horizontal direction, which is 15.7 MPa.

2.2. Support Method and Deformation Characteristics of
Roadway. The transportation roadway of 11000 working
faces is excavated along the coal seam floor. The section is
a straight wall semicircular arch, with a net width of
5200 mm, a net height of 4000 mm, and a wall height of
1400 mm. The original support adopts “shed-cable” com-
bined support. The 36 U type shed is 5355 mm x 3700 mm,
the shed distance is 700 mm, the cable is ©18.9mm,
L8000 mm prestressed steel strand, and the spacing is 2000
mm x 1400 mm. The roadway support parameters are
shown in Figure 2(a).

Before the installation of equipment in 11000 working
faces, the deformation of the roadway was very serious,
and the floor heave and roof subsidence were serious. The
floor heave is greater than the roof subsidence, and the floor
heave reaches 600-800 mm locally, resulting in track devia-
tion. The approaching amount of the high side is greater
than that of the low side, and the maximum approaching
the amount of the two sides is up to 925 mm. The 36 U shed
arch beam is seriously deformed or even broken, and the
maximum deformation reaches 500 mm. The deformation
of the roadway and the failure characteristics of support
are shown in Figure 2(b).

3. Modelling

The discrete element software UDEC2D7.0 was used to
establish the plane strain model [22-24]. The size of the
model was 50 m x 50 m. The bottom boundary of the model
was a fixed boundary, the left and right boundaries were dis-
placement boundaries, and the top boundary was the stress
boundary. The top of the model was subjected to 10 MPa
vertical stress (equivalent to the self-weight stress of the
overlying 400 m rock layer). The lateral pressure coeflicient
was set to 1.5 according to the ground stress test results.
The roadway was located in the middle of the model and
was excavated along the roof of no. 2-1 coal seam. Since
the two sides of the roadway are extremely soft coal and
the mechanical strength is very low, the key to ensure the
stability of the roadway is the control effect of the two sides
[25]. Therefore, the research focus is set to the two sides. In
the model, two monitoring lines with a length of 20 m are set
along the middle of the two sides parallel to the coal seam
dip direction, and 10 measuring points are evenly arranged
in each line. The numerical calculation model and the layout
of the measuring lines are shown in Figure 3.



Geofluids

Rock formation Histogram | Height/m Lithology

Fine-sandstone 7.45 Dark gray, fracture development

Sandy mudstone — 4 Gray, fissured, broken core

No. 2-1 coal seam 47 Black, powdery, granular, soft and broken
Mudstone 34 Gray black, soft and fragile

Sandy mudstone 10.7 Dark gray, thick layered, dense and complete

FiGure 1: Comprehensive geological bar chart of working face.
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FIGURE 2: Existing support methods and deformation characteristics.

Roadway

Medium-grained sandstone

Fine-grained sandstone

Sandy mudstone

No. 2-1 coal

Mudstone

Sandy mudstone

Sandstone

F1GURE 3: Numerical calculation model.

The Mohr-Coulomb yield criterion is used in the calcu-
lation process. The physical and mechanical parameters of
coal and rock mass and joints in the model are shown in
Tables 1 and 2, respectively. The parameters of coal and rock
mass are obtained on the basis of rock mechanical parame-

ters obtained by laboratory mechanical tests and reduced
by the GSI rock mass classification method [26, 27].

The stress and deformation of the surrounding rock
under three support modes—no support, shed-cable suppor-
t—and BMC-S, are numerically simulated. Based on the
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TaBLE 1: Physical and mechanical parameters of coal and rock mass in the model.

Litholoeic characters Density(kg'm”~ Volume modulus  Shear modulus Angle of internal Cohesion Tensile strength
8 % (GPa) (GPa) friction (°) (MPa) (MPa)

Medium-grained 2500 10.2 7.0 30 6.6 1.9
sandstone

Fine-grained 2600 39.3 28.3 35 114 5.8
sandstone

Sandy mudstone 2530 1.3 0.7 29 5.5 2.8
No. 2-1 coal 1420 2.1 0.5 20 0.8 0.15
Mudstone 2520 2.7 1.6 28 5.1 2.6
Sandy mudstone 2580 45.3 31.2 33 9.7 52
Sandstone 2510 2.5 1.6 27 4.5 2.5

TABLE 2: Mechanical parameters of the structural plane in the model.

Structural plane Normal stiﬁflfness Tangential ﬁﬁiﬂness Anglfe qf intfrnal Cohesion Tensile strength
(GNm™) (GN-m™) friction (*) (MPa) (kPa)
i\gzgls‘;?l;gramed 362 145 18 15 1.2
Fine-grained sandstone 164 66 15 1.0 1.0
Sandy mudstone 126 50.3 12 0.5 1.0
No. 2-1 coal 12 4.8 10 0.4 0.6
Mudstone 89.8 359 12 0.4 0.8
Sandy mudstone 167 66.8 15 0.1 1.0
Sandstone 166 66 20 1.5 1.2

TABLE 3: Mechanical parameters of U-shaped shed.

Support material Model Cross sectional area/cm® Theoretical weight/kg/m Allowable stress/MPa Allowable bending moment/kN-m
U-shaped shed 36U 45.7 35.8 520 40

TaBLE 4: Mechanical parameters of bolt-mesh-cable.

Support material Diameter/mm Dimension/mm Yield strength/MPa Rupturing load/kN Pretightening force/kN
Bolt 22 2600 335 167 60
Cable 21.6 8000/4000 — 607 180
Mesh 4 3600 x 900 235 6 —

concept of BMC-S with high preload and high stiffness, the  principal stress field and shear stress field of the surrounding
physical and mechanical parameters of support materials  rock in an extremely soft coal roadway, so as to explain the
used in the model are shown in Tables 3 and 4. mechanism of BMC-S.

4. Interaction Characteristics of the 4.1.1. Maximum Principal Stress Field. Figure 4 is the maxi-

Surrounding Rock and Support mum main stress field distribution nephogram of the road-
way surrounding rock under different supporting methods.

4.1. Characteristics of Stress Field of the Surrounding Rock. In Figure 4, it can be seen that the main stress field of the
According to the Mohr-Coulomb strength criterion, when  surrounding rock is spread to the surrounding and shows
the strength of the surrounding rock is constant, the failure ~ nonuniformity. According to the stress state of the surround-
of the surrounding rock mainly depends on the maximum  ingrock, it can be divided into a tensile stress zone and a com-
principal stress and shear stress of the surrounding rock  pressive stress zone. Under different supporting methods, the
[28-30]. Therefore, this section focuses on the analysis of  distribution range of the tensile stress zone of the surrounding
the influence law of different supports on the maximum  rock is significantly different, as shown in Table 5.
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Maximum principal stress (MPa)

(a) Non-support

(b) Shed-cable

(c) Bolt-mesh-cable

FIGURE 4: Distribution nephogram of maximum principal stress of the surrounding rock under different supports.

TABLE 5: Distribution characteristics of tensile stress zone of the
surrounding rock under different supports.

Tensile stress zone/ Maximum tension

Supporting method m stress

Roof Floor Ribs Value/MPa Position
Nonsupport 2 4 3 0.8 Floor
Shed-cable 0.6 4 0.8 1 Floor
Bolt-mesh-cable 0 2 0 0.6 Floor

Table 5 shows that the tensile stress area of the sur-
rounding rock is 2 ~ 4m without support. After using
shed-cable support, the tensile stress area of the roof and
two sides is reduced to 0.8m, but the tensile stress area of
the floor changes little. After the BMC-S is adopted, the ten-
sile stress area of the roof and two sides is reduced to a very
small range, nearly 0, and the tensile stress area of the floor is
also reduced to 2 m, which is 50% less than that without the
support and shed-cable support. In addition, the maximum
tensile stress of the surrounding rock with different support
from large to small is shed-cable support, no support, and
BMC-S. The maximum tensile stress of the surrounding rock
under shed-cable support is 1 MPa. The maximum tensile
stresses of the surrounding rock without the support and
BMC-S are 0.8 MPa and 0.6 MPa, respectively, which are
20% and 40% less than that of shed-cable support. They are
all located in the basic bottom strata 1.5 m away from the bot-
tom edge. This shows that under the condition that no sup-
porting measures are taken on the floor of the roadway, the
BMC-S can still effectively eliminate the tensile stress in the
floor surrounding rock, and the shed-cable support will aggra-
vate the tensile failure of the floor surrounding rock.

In order to further quantify the stress distribution char-
acteristics of the surrounding rock under different support-
ing methods, the concept of stress gradient (Formula (1))
is introduced. A larger stress gradient will lead to tensile or
shear failure of coal and rock mass [31].

do
s

o

. (1)

In the formula, T, is stress gradient, MPa/m, o is stress
variation in unit length, MPa, s is unit length, m.

The maximum principal stress of the surrounding rock
is extracted from the survey line of two sides of the roadway,
and the stress gradient T, is calculated according to Formula
(1). Due to the coal seam having a certain dip angle, the high
side is more prone to structural instability than the low side.
Here, only the high side is selected for analysis. The results
are shown in Figure 5.

In Figure 5(a), it can be seen that although the stress of the
surrounding rock on the high side of the roadway increases
gradually with the increase of depth until it recovers to the orig-
inal rock stress; at the same depth, the stress level of the sur-
rounding rock supported by BMC-S is the highest, and the
stress level of the surrounding rock without support is the low-
est. In Figure 5(b), the stress gradient T, of the surrounding
rock without support is less than 1 MPa/m in the shallow part,
which increases rapidly to the peak value and then decreases
gradually with the increase of the depth of the surrounding
rock. The characteristics of a small stress gradient in the shallow
part of the surrounding rock are consistent with the serious
fragmentation of the shallow surrounding rock in this way.
After using shed cable and BMC-S, T, gradually decreases as
a negative exponential function and, finally, tends to 0. The
average value of T, surrounding rock under shed-cable support
is 1.25MPa/m and that under BMC-S is 0.98 MPa/m, which
decreases by 21.6%. It can be seen that the BMC-S cannot only
significantly improve the stress level of the surrounding rock
but also effectively reduce the principal stress gradient inside
the surrounding rock, so as to control the deformation of the
surrounding rock.

4.1.2. Shear Stress Field. The distribution characteristics of
the shear stress field of the surrounding rock under different
supporting methods are shown in Figure 6.

It can be seen in Figure 6 that without support, the roof and
floor of the roadway formed obvious shear stress concentration.
With the increase of the surrounding rock depth, the shear
stress increased first and then decreased. The maximum peak
point was located in the basic bottom rock at 8 m from the edge
of the floor, reaching 9 MPa. The changing trend of shear stress
on the two sides is generally consistent with the roof and floor,
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FIGURE 5: Variation characteristics of the maximum principal stress of the roadway surrounding rock with different supports.
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FIGURE 6: Distribution nephogram of shear stress of the surrounding rock under different supports.
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FIGURE 7: Variation characteristics of shear stress in the surrounding rock with different supports.

and the maximum peak point is located 7 m away from the sur-
face of the coal body on the high side, which is only 5.3 MPa.
This is mainly because the strength of the extremely soft coal
body on the side is low and the bearing capacity is poor. When
the stress concentration exceeds the strength of the coal body,
the shear failure of the coal body will occur, leading to the peak
shear stress further migrating to the deep surrounding rock or
the upper hard rock [32]. Under shed-cable support, the peak
shear stress of the roof and two sides shifts to the shallow sur-
rounding rock, and the depths are reduced to 2m and 4m,
respectively, which are 33% and 43% lower than those without
support, but the position of floor peak point does not change
significantly, and the peak value reaches 10.4 MPa, which is

1.4 MPa higher than that without support. After the BMC-S
was adopted, the peak shear stress of the roof and the two sides
shifted to the shallow surrounding rock again. The distance
from the roof to the roadway surface was less than 1m,
which was an average decrease of 64% compared with that
of the shed-cable support. The peak shear stress of the floor
also began to shift to the roadway surface, which was 3m
away from the edge of the floor and 63% less than that of
the shed-cable support. The peak shear stress was reduced
to 9.2MPa, and the concentration of shear stress was signif-
icantly reduced.

The distribution law of shear stress in high-side coal of
roadway is shown in Figure 7.
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65.42 67.14

Unit: kN-m

(a) U-shaped shed-bending moment distribution

Unit: kN

(b) Axial force distribution of cable

FIGURE 10: Mechanical characteristics of shed-cable support.

It can be seen that the various characteristics of high-side
stress are similar to the distribution characteristics of a
nephogram, that is, the moving distance of the peak shear
stress of coal body to the roadway surface under the BMC-
S is significantly greater than that under the shed-cable sup-
port, as shown in Figure 7(a). It can be seen in Figure 7(b)
that the average stress gradient T of the surrounding rock
with shed-cable support is 0.73 MPa/m and that with
BMC-S is 0.52 MPa/m, which is reduced by 28.8%, indicat-
ing that BMC-S can effectively reduce the shear stress gradi-
ent in the surrounding rock and reduce the possibility of
shear failure of the surrounding rock.

4.2. Displacement Field Characteristics of Surrounding Rock.
Affected by the large dip angle of the coal seam, the displace-
ment of the roadway often presents the characteristics of
asymmetry around, which is reflected in the serious defor-
mation of the surrounding rock in the middle and upper
part of the high side and the middle and lower part of the
low side, as shown in Figure 8.

It can be seen in Figure 8 that under the conditions of no
support and shed-cable support, the roof and floor conver-
gence of the roadway is 471 mm and 392 mm, respectively,
and the two sides’ convergence is 854mm and 506 mm,
respectively. The overall deformation of the surrounding
rock is serious. The maximum displacement of the roof
and floor and two sides is only 137 mm and 112 mm, which
is 65% and 78% lower than that of shed-cable support,
respectively. The severe deformation of the surrounding
rock is effectively inhibited.

When the coal-rock mass is deformed under force, the
displacement difference will be formed due to the different
displacement values at various positions inside the coal-
rock mass. Displacement difference is composed of elastic-
plastic deformation and structural plane (bedding, joints,
cracks, etc.) deformation of coal and rock mass [33, 34],
which can reflect the internal damage of coal and rock mass.

as
0s

: (2)

=

In the formula, T is the displacement difference, mm/m,
S is the displacement variation in unit length, mm, s is the
unit length, m. Here, the displacement difference T'g is used
as an index to measure the internal damage degree of sur-
rounding rock, and the displacement variation law of coal
body in the roadway high side is shown in Figure 9.

It can be seen from Figure 9 that no matter what kind of
support method, the displacement of the high-side coal body
decreases with the increase of the surrounding rock depth.
When there is no support, the surface displacement of the
high-side coal body reaches 336 mm, and the maximum inter-
nal displacement difference T ... reaches 95.4 mm/m, indicat-
ing that the surrounding rock is seriously damaged, and there is
obvious separation. In the shed-cable support, the displacement
of the coal surface is 142 mm, and the maximum displacement
difference T'g .., in the surrounding rock is 50.5 mm/m, which
is 61% and 47% less than that without support, respectively. The
surface displacement of the coal body is only 54.8 mm, which is
reduced by 63% compared with the shed-cable support. The
maximum displacement difference T .. of the surrounding
rock is only 14.8 mm/m, which occurs at the end of the anchor
end, which is reduced by 72%. It can be seen that the BMC-S
can effectively inhibit the interlayer dislocation and sliding of
the joint surface in the surrounding rock, reduce the damage
of the surrounding rock, and maintain the continuity and stabil-
ity of the coal body.

4.3. Stress Characteristics of Support. The key to give full play
to the supporting performance is to realize the coupling and
coordination of the force between the supporting compo-
nents [35, 36]. Under the support of the shed and cable,
the stress characteristics of 36 U shed and cable are shown
in Figure 10.

It can be seen in Figure 10 that the bending moment of
the two sides of the U-shaped shed is generally higher than
that of the arch, and the maximum bending moment occurs
on the high side, which is 67.14 kN m, exceeding the allow-
able bending moment of the shed, resulting in the displace-
ment of the shed leg to the inside, and serious distortion
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FiGURE 11: Stress characteristics of BMC-S.

FIGURE 12: Loading arch schematic.

deformation, which is consistent with the abovementioned
deformation characteristics. For the cable, the axial force is
generally low, and the maximum axial force is 104.1kN,
which occurs at the high-side shoulder socket. The average
axial force is 69.5kN, only reaching 11.2% of the breaking
load of the cable, and the load utilization rate is low. The
main reason is that in the shed-cable support, due to the
small shrinkage of the shed body and the poor effect of the
cooperative support with the cable, the initial support resis-
tance of the shed-cable support is small, and there is still a
certain gap between the shed body and the surrounding
rock, which cannot timely control the instantaneous and
strong deformation of the ultrasoft coal body in the shallow
part of the roof after the roadway is excavated. However, the
deep ultrasoft coal body is prone to shear failure. When the
failure range is further extended to the anchorage section of

the cable, the local coal body around the cable is broken,
resulting in the failure of the anchor space, and the support
performance of the cable cannot be fully developed.

Under the support of BMC-S, the stress characteristics of
the bolt, cable, and ladder beam are shown in Figure 11.

It can be seen in Figure 11 that the stress of the bolt at
the high shoulder socket is the largest, reaching 84.4kN,
and the average axial force of the bolt is 70.9kN, reaching
55.8% of the yield load. The stress of the cable at the top is
the largest, reaching 235.8kN, and the average axial force
reaches 196.2kN, reaching 32.9% of the breaking load. The
stress state of the cable is good. In Figure 11(c), the maxi-
mum axial force of the ladder beam occurs in the middle
and upper part of the high side. The maximum axial force
is 35.6 kN, and the average axial force is 29.3kN, which is
less than the allowable load of 52kN. It can be seen that
under the condition that the surrounding rock is an
extremely soft coal seam, the high pretightening force cable
and high stiffness protective surface components can coordi-
nate with each other, so that the cable support structure can
be in a good stress state, which ensures the role of cable sup-
port in the control of the surrounding rock [37].

4.4. Characteristics of Loading Arch. The goal of support is to
form a stable loading arch in the surrounding rock of the
roadway in the extremely soft coal seam. The greater the
thickness of the loading arch and the higher the stress levels
are, the stronger the stability of the surrounding rock is.
According to Pu’s theory, the mechanical model of the load-
ing arch is established [38], as shown in Figure 12.

The maximum supporting radius should meet the fol-
lowing:

Ry=max {r,1,}. (3)
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In the formula, R, is the maximum supporting radius, m; r,
is the maximum support width, m; r, is the maximum support
height, m; the values of r; and r, can be calculated as follows:

r; =htan (45 ° —2)
a+r, ’ (4)

f

In the formula, / is the height of the roadway, m, a is half of
the span, m, ¢ is the internal friction angle of coal, and f is the
hard coefficient of the roof.

The width of the 11000 transport roadways is 5.2m, the
height is 4m, ¢ =20 ¢, f = 2. Substituting Formulas (3) and
(4), the maximum supporting radius of the surrounding
rock is R, = 2.7 m. For the convenience of research, the sta-
bility index # is as follows:

r,=

n=—- (5)

In the formula, R is the effective thickness of the loading
arch; when # > 1, the surrounding rock is stable.

Since the support stress is much smaller than the original
rock stress in magnitude, in order to analyze the loading
arch structure characteristics formed by the support in the
surrounding rock more accurately, the original rock stress
is not considered in the simulation in this section. The sim-
ulation results are shown in Figure 13.

It can be seen in Figure 13 that when the shed cable is sup-
ported, the surrounding rock near the tail end of the cable and
the front end of the anchorage section produces two compres-
sive stress fields, and the end point of the cable is the center to
diffuse around. The maximum compressive stress is 24.6 kPa,
which appears in the roof anchorage section, and the maxi-
mum area radius is 4 m. With the distance from the anchorage

section, the compressive stress value decreases gradually, and a
large area of near-zero compressive stress area appears in the
middle of the free section. This is because the shed-cable sup-
port cannot give full play to the active support performance of
the cable, resulting in the isolated distribution of the compres-
sive stress field formed in the anchorage section and the inabil-
ity to connect with each other. Only a loading arch with a
thickness of only 0.6 m is formed in the shallow surrounding
rock near the shed side. The stability index of the surrounding
rock is calculated to be # = 0.2, which is far less than 1, indicat-
ing that the shed-cable support cannot play an effective sup-
porting role in the surrounding rock.

When the BMC-S is supported, the stress level of the com-
pressive stress field formed by the bolt and cable increases, and
the diffusion range increases. The compressive stress field
formed by each anchor and cable is closely linked to the sur-
rounding rock, forming a loading arch. The minimum sup-
porting thickness of the loading arch reaches 6 m, and the
surrounding rock stability index # = 2.2, greater than 1, which
is 11 times of the shed-cable support. The maximum compres-
sive stress in the arch reaches 86.25kPa, and the average com-
pressive stress reaches 46.5kPa. The supporting effect is
significantly improved. Among them, the loading arch formed
by the bolt has a small thickness of 3 m, close to the surface of
the surrounding rock, which can effectively increase the con-
fining pressure of the shallow extremely soft coal body and
improve the loading capacity of the coal body. The loading
arch formed by cable has a large thickness of 6 ~ 10 m, which
is closer to the deep or hard rock of the coal body. It can fully
mobilize the loading capacity of the deep intact surrounding
rock and improve the stability of an extremely soft coal body.
The load-loading arch formed by bolts and cables overlaps
with each other in the surrounding rock, forming a large active
support area, which significantly inhibits the deformation and
failure of the surrounding rock and the development of joint
fissures in the loading arch, and can also withstand the defor-
mation load of the rock mass outside the arch.
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FiGUre 14: BMC-S scheme.

5. Engineering Practice

5.1. Bolt-Mesh-Cable Support Scheme. Combined with the
above analysis, the support mode of 11000 working face
transport crossheading is adjusted to BMC-S combined sup-
port. The bolt adopts @22 mm, L2600 mm left-handed non-
longitudinal reinforcement spiral steel bolt, the spacing is
700 x 700 mm, and the preload torque is not less than
300Nm, with @12mm steel ladder beam. The cable is
®21.6 mm, L8000 mm (4000 mm), 1 X 19 steel strand, row

spacing is 1400mm x 1400 mm, preload is not less than
200 kN, with BHW-280-3.0 W steel belt. Using plastic mesh
+ Q235 steel mesh guard, support scheme is shown in
Figure 14.

5.2. Control Effect of the Surrounding Rock. During excava-
tion and mining, the displacement station was arranged in
the transport roadway of 11000 working faces, and the dis-
placement change of roadway was monitored and counted
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by cross point method. The curve of roadway displacement
change is shown in Figure 15.

It can be seen in Figure 15 that during the excavation,
the maximum displacement of the roof and floor of the
roadway is 89 mm, the maximum displacement of the two
sides is 70mm, and the mining period is 192mm and
187 mm, respectively. Compared with the original shed-
cable support, it is reduced by 931 mm and 794 mm, respec-
tively. The deformation of the surrounding rock is effectively
controlled during the excavation and mining, which verifies
the effectiveness of the BMC-S. The field control effect is
shown in Figure 16.

6. Conclusion

(1) Compared with shed-cable support, BMC-S can
effectively improve the stress environment of the
surrounding rock in the extremely soft coal seam,
increase the range of compressive stress zone, reduce
the stress gradient of surrounding rock, and reduce
the possibility of tension and shear failure

(2) The displacement difference of the shallow sur-
rounding rock is very small, which effectively
inhibits the interlayer dislocation and sliding of the
joint in the surrounding rock, reduces the damage
to the surrounding rock, and is conducive to main-
taining the continuity and stability of the coal

(3) The BMC-S has a good stress state. The coupling and
coordination between the high pretightening cable
and the high stiffness protective surface components
ensure the role of BMC-S in the surrounding rock
control of the extremely soft coal roadway

(4) BMC-S forms large and small load-loading arches in
the surrounding rock of the roadway in the
extremely soft coal seam. The two are superimposed
on each other in the surrounding rock to form a
large load-loading arch, which significantly inhibits
the deformation and failure of the surrounding rock
in the arch and the development of joint fissures, and
jointly withstands the deformation load of rock mass
outside the arch

(5) The engineering practice shows that after the BMC-S
technology is adopted, the maximum convergence of
the roof and floor is 89 mm, the maximum conver-
gence of two sides is 70 mm, and the mining periods
are 192mm and 187 mm, respectively. Compared
with the original shed-cable support, it is reduced
by 79% and 76%, respectively. The roadway section
meets the requirements of safety production
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