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ABSTRACT: Aiming at the problems of large deformation and difficult control of the mining roadway water drenching in a thick
coal seam, the principle of double-arch zoning cooperative surrounding rock control is studied by using the combined method of
theoretical analysis, numerical simulation, and industrial experiment. The water−rock interaction of the surrounding rock of water-
drenching roadway is proposed, taking into account the damage to the mechanical parameters of the surrounding rock caused by
soaking water. The water-mechanical-damage coupling model for surrounding rock of a coal seam roadway is constructed, and is
numerically solved by the code development using the FISH language. The principle of “high prestressed bolt−cable−mesh” zone
coordinated control is revealed, and the existence of a compressive stress arch is verified by FLAC3D software. The three support
schemes were compared and analyzed by numerical simulation software. We affirmed the bolt length of 2400 mm, spacing of 0.9 m,
row spacing of 1 m, cable length of 7300 mm, and arrangement 3−2−3 as the optimal support scheme and applied this scheme in
the Zhangcun Coal Mine. The results show that the maximum deformation of the roadway roof is 142 mm, and the ultimate
convergence of the two sides is 83 mm. The surrounding rock has been effectively controlled.

1. INTRODUCTION
China’s coal mines are mainly underground, with 12,000 km of
newly excavated roadways yearly.1,2 According to incomplete
statistics, more than 80% of the roadways are coal roadways.3,4

The number of deaths caused by coal mine roof accidents
accounts for 33.8% of all accident deaths in coal mines.5,6

Effectively controlling the surrounding rock is necessary to
guarantee the safe and high production of the mine.7 Coal
mining encounters complex geological environments. There-
fore, roadway-surrounding rock support in complex and
challenging conditions is one of the urgent problems in the
process of coal safety production.8,9 When the roadway is in a
water-drenching environment, the mechanical parameters of
the surrounding rock will be weakened under the action of
water leaching for a long time.10,11 The large deformation of
the surrounding rock makes support extremely difficult.12 It
increases the maintenance cost and volume of the roadway,
which seriously hinders the safe and efficient production of the
mine.13,14

At present, scholars at home and abroad have researched
and explored the problems of large deformation and complex
control of roadways under water-drenching conditions. The
research mainly includes simulating the damage mechanism of
a high-stress soft-rock roadway under drenching conditions
with FLAC3D software,15 simulating the mechanical properties
of a water-rich soft-rock roadway from the perspective of
fluid−solid coupling with GTS software,16 and simulating and
analyzing the damage characteristics of surrounding rock under
different section conditions of water-rich roadway.17 FLAC3D

software utilizes the finite difference method compared to
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other numerical simulation software. The software can
effectively solve significant deformation problems, and
deformation discontinuity is suitable for geotechnical deforma-
tion research. Kang18 believed that the drenching roadway
surrounding rock has explicit mechanical properties of soft
rock. Małkowski19 simulated the drenching roadway using the
finite element phase 2 program and obtained that the strength
and strain parameters of the rock gradually decrease with
increasing water content leading to increased deformation of
the surrounding rock. It is shown that the mechanical
properties of the rock surrounding the drenching tunnel are
similar to those of soft rock. Scholars at home and abroad have
done a lot of exploratory work on soft-rock and drenching
roadway support.20−22 For example, He23 proposed to control
the stability of a composite soft-rock roadway with constant
resistance large deformation mesh cable coupling support
technology. Tan24 proposed a cooperative deformation
mechanism between bolts and surrounding rock under high
pressure to control weakly cemented soft-rock roadways.
Zhang25 proposed a multilayered coupled support method of
bolts and ring braces to achieve deep high-stress soft-rock
roadway-surrounding rock control. Yang26 investigated the
mechanism and control method of laminar floor instability in
soft-rock roadways using a combination of numerical
simulation and mechanical analysis. Cai27 proposed a high-
strength and high-prestress “inverted trapezoid” cable−mesh−
beam support structure + straight wall cut arch roadway
section + full-section shotcrete coupled surrounding rock
control method. However, the above research only considers
the effect of the seepage field on support. The impact of the
combined effect of groundwater weakened coal rock
mechanical parameters, and the seepage pressure field on the
support was not considered.28 In addition, the control methods
and measures of the surrounding rock in water-drenching
roadway in thick coal seams have not been researched.

In this paper, we consider the effects of groundwater on the
mechanical damage of coal rock mass and the impact of pore
pressure on the effective stress, and build a coupled water-
mechanical-damage mathematical model. The secondary
development of the FLAC3D software is performed through
the FISH language, and the coupled model is solved
numerically. The principle of “high prestressed bolt, cable +
mesh” zoning cooperative control is revealed. The distribution

law of stress, displacement, and plastic zone of the roadway
surrounding rock under three support schemes is compara-
tively studied. The optimal solution and parameters were
obtained by numerical simulation, and relevant on-site
industrial tests were carried out.

2. MATHEMATICAL MODEL OF
WATER-MECHANICAL-DAMAGE COUPLING IN
SURROUNDING ROCK OF THICK COAL SEAM
WATER-DRENCHING ROADWAY
2.1. Basic Assumptions of the Model. The deformation

of the roadway surrounding rock under groundwater seepage
pressure leads to changes in the pore/fissure structure and
space in the surrounding rock, which affects the distribution of
the groundwater seepage field, as shown in Figure 1. The
following assumptions are based on the characteristics of
groundwater flowing in the surrounding rock: (1) The coal
rock mass is a porous medium. The equivalent continuous
medium model can simulate the porous continuous medium’s
surrounding rock. (2) The flow of groundwater in the
surrounding rock satisfies Darcy’s law and Biot’s equation.29,30

(3) The coupling of groundwater seepage, stress, and damage
fields will lead to the deformation and damage of the roadway
surrounding rock. The water-mechanical-damage coupled
mathematical model of the roadway surrounding rock mainly
includes controlling equations such as equilibrium, motion,
constitutive, and continuity.
2.2. Governing Equations of the Water-Mechanical-

Damage Coupling Model.
(1) Groundwater seepage field equation.
The mass balance equation of groundwater seepage is31

q q
ti i v, + =

(1)

where qi is the seepage velocity, m/s; qv is the fluid source
strength, L/s; ζ is the change in fluid volume per unit volume
of coal and rock.

Groundwater seepage conforms to Dacry’s law, assuming
that coal and rock are homogeneous and isotropic materials,
the equation is expressed as follows:32

q k p x gi f j j i,= [ ] (2)

Figure 1. Water−rock interaction of thick coal seam in water-drenching roadway.
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where qi is the seepage velocity, m/s; k is the permeability
coefficient of the medium, m2/Pa s; ρw is the fluid density, kg/
m3; xj is the velocity component of the medium, m/s; gj is the
gravitational acceleration component, m/s2.

Assuming that the surrounding rock is a porous medium, the
seepage constitutive equation of the surrounding rock is33

M
p
t

n
s

s
t s t t

1 1+ =
(3)

where M is the Biot modulus, N/m2; p is the pore pressure, Pa;
α is the Biot coefficient; ε is the strain induced by the stress
field; s is the saturation; n is the porosity.

Substitute eq 1 into eq 3 to obtain the continuity equation of
groundwater seepage:

M
p
t

n
s

s
t s

q q
t

1 1
( )i i v,+ = +

(4)

(2) Stress field coupling equation.
When the effective stress in the coal rock medium changes,

the volumetric strain also changes, resulting in a change in the
pore pressure within the fluid. On the contrary, the volume
strain also changes if the pore pressure changes. The
incremental basic form of the pore medium constitutive
equation is

p H ( , )ij ij ij ij ij+ = (5)

where ij is the effective stress increment; Δp is the pore
pressure increment; ξij is the Kronecher constant; Hij is a given
function; Δξij is the total strain increment.

(3) Damage field equation.

When the surrounding rock is in the soaking water
environment, the groundwater will have physical, chemical,
and mechanical effects on the surrounding rock. The mudstone
encounters water, mudding, disintegration, expansion, and
fragmentation will occur, and the mechanical properties will be
weakened, leading to large deformation of the surrounding
rock. The number of fractures in the surrounding rock
increases under groundwater infiltration, thereby providing
more transmission channels for water migration to produce
seepage phenomena. Pore pressure can cause a change in
effective stress, which significantly changes the fracture
opening. When the surrounding rock is soaked, the strength
decreases significantly, and this effect becomes more evident
with increased time.30 Therefore, the mechanics of the
roadway surrounding rock depends on the water content of
the roadway surrounding rock. There is a functional relation-
ship between pore pressure and water content, and the pore
pressure can be used to invert the water content of the
surrounding rock. The functional equation of pore water
pressure and water content is proposed in the literature:34,35

p1 ( /a)n mr
s r= +

[ + ] (6)

where θ is the volumetric moisture content; θr is the residual
volumetric moisture content; θs is the saturated volumetric
moisture content; p is the pore pressure, pa; m takes the value
1, and n takes the value 10.

Groundwater seepage mainly affects cohesion, internal
friction angle, and elastic modulus in the mechanical
parameters of surrounding rock. According to the mine
geological data, the anchor end is located in the mudstone.

Figure 2. Water-mechanical-damage coupling development flowchart.
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When the mudstone encounters water, the mudstone will
soften and swell to reduce the anchoring effect. Therefore,
combined with previous research, this paper introduces the
water softening coefficient to describe the water softening of
surrounding rock.36−42

E

c 0.4275 exp( 0.125 ) 0.57

0.0399 exp( 0.169 ) 0.96

0.5709 exp( 0.133 ) 0.42

l
m
oooooo

n
oooooo

= +

= +

= + (7)

where c is the cohesive force softening coefficient; φ is the
internal friction angle softening coefficient; E is the elastic
modulus weakening coefficient; η is the water content.
2.3. Numerical Realization of Water-Mechanical-

Damage Coupling Model Based on FLAC3D Software.
The mathematical model constructed according to section 2.2
is solved in FLAC3D software. Based on the control equation of
the water-mechanical-damage coupling model, a new flow-solid
coupling method is defined using the FISH language to realize
the softening of the roof of the drenching roadway, as shown in
Figure 2. The main implementation steps for performing the
solution in the software are as follows:

Step 1: First, the mechanical calculation of the model is
performed. Build the model, set the intrinsic and
boundary conditions. Restore the ground stress environ-
ment for hydrostatic solution.
Step 2: Set up fluid instants, fluid parameters, and
permeability boundary. The tunnel is excavated 5 m, and
1000 steps are calculated to simulate the surrounding
rock stress release and groundwater seepage.
Step 3: Import the self-designed FISH damage field
equation, traverse each model node and find the
specified grouping. Extraction of pore pressures for the
developed subgroups. The water content is calculated
according to eq 6. The values of c, φ, and E at different
water contents are obtained according to eq 7. Built-in
commands update the mechanical parameters of the

surrounding rock (gp.pos, zone.near.all, zone. prop), and
the process is shown in Figure 2.
Step 4: In opening the seepage calculation, mechanical
calculation, and solving the equilibrium.

3. SURROUNDING ROCK CONTROL PRINCIPLE OF
WATER-DRENCHING ROADWAY IN THICK COAL
SEAM

Due to the different load-bearing capacities of each zone of the
surrounding rock, the surrounding rock was divided into
unstable, nonstable, and stable layers from inside to outside.43

After excavating the roadway, the surrounding rock is divided
into a fracture, plastic, and elastic zone from inside to outside.
The plastic zone is the primary load-bearing zone of the
surrounding rock, and once large deformation occurs, the self-
bearing capacity of the surrounding rock decreases. Therefore,
the size of the radius R of the plastic zone is an essential factor
in determining the stability of the surrounding rock.

Based on the elastic-plastic mechanics, the radius R of the
plastic zone of the roadway is derived.44

R a
p c

P c

( cot )(1 sin )

coti

0
1 sin /2 sinÄ

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
=

+
+ (8)

where R is the radius of the plastic zone, m; P0 is the initial
primary rock stress, MPa; Pi is the support resistance, MPa; φ
is the angle of friction, deg; c is internal cohesion, MPa;
a K S= , the rectangular section roadway K takes 1.2;45S is

the cross-sectional area of the roadway, m2.
To effectively reduce the local stress concentration in the

surrounding rock and avoid considerable area plastic damage,
the double-arch zoning control method of “high prestressed
bolt, cable + mesh” is adopted, as shown in Figure 3a.
According to the literature,46 the support resistance of the
support structure is related to its own parameters and
arrangement method. The bolt support resistance is Pb as
follows:

Figure 3. Double arch cooperative partition control model of surrounding rock.
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p
Q

D Db
b

1 2
=

(9)

where Qb is the anchor force of anchor rod, KN; D1 is the
distance between bolts, m; D2 is the bolt row distance, m.

The cable support resistance is Pc as follows:

p
Q

D Dc
c

1 2
=

(10)

where Qc is the anchorage force of the cable, KN. D1′ is the
cable spacing, m. D2′ is the cable row distance, m.

The metal mesh support resistance for Psr is as follows:

( )
p

S

r

2

2 cos
sr

sr sr

sr
2

4
1

=
*

(11)

where τsr is the shear strength of metal mesh material, MPa; Ssr
is the cross-sectional area of the metal mesh in the axial
direction, m2; βsr is the shear angle of the metal mesh, (deg).

The relationship between the two support methods and the
radius of plastic zone is obtained according to eqs 8 to 11, as
shown in Figure 3b. In Figure 3b, when the surrounding rock is
in the drenching environment, the double-arch joint support
method is more effective in controlling the plastic zone of the
surrounding rock, thus controlling the stability of the
surrounding rock. The high prestressed bolt increases the
support strength of the surrounding rock and forms a pressure
arch with the mesh. Thereby, the stability of shallow
surrounding rock is improved, and the unstable layer of
surrounding rock is controlled. As mining time progresses, the
number of fissures in the shallow pressure arch will continue to
increase, resulting in a gradual decrease in the effective
compressive stress formed. The high prestressed cable fully

invokes the self-bearing capacity of the deep surrounding rock.
The cable and the deep surrounding rock form a pressure arch
support system with a more extensive influence range and
more robust bearing capacity. The support structure is
reasonably matched from time and space to ensure the
effective compressive stress superimposed in the deep and
shallow surrounding rock pressure arch. The double arches
carry the surrounding rock load together to achieve
cooperative zoning control and ensure the stability of the
surrounding rock.

4. NUMERICAL SIMULATION AND SUPPORT SCHEME
DESIGN
4.1. Mechanical Model and Structural Unit Settings.

Based on the engineering geological background of the 2606
transport roadway in the Zhangcun coal mine, a 3D model
with a size of 30 m × 15 m × 27 m (length × width × height)
is constructed. The roadway in the model is excavated along
the bottom floor of the No 3 coal seam, and the roadway
section is rectangular with a section size of 5.8 m × 4 m (width
× height). To simulate the seepage in the actual project, the
top of the 3D model is selected as the permeable boundary, the
bottom and the surrounding area are selected as the
impermeable boundary, and the roof of the roadway is set as
the permeable boundary to simulate the roof seepage. The
mechanical boundary conditions are set as follows: The
surrounding and bottom surfaces of the model are set as
displacement constraints. The upper boundary is free and
subjected to the uniform load acting on this boundary by the
overlying rock, as shown in Figure 4a. The Mohr-Coulomb
constitutive model which conforms to the Mohr-Coulomb
failure criterion is used in this statics simulation. The Moore-
Coulomb failure criterion is shown below:47−49

Figure 4. Numerical model and boundary conditions of surrounding rock support in the 2606 roadway.

Table 1. Mechanical Parameters of Coal and Rock Mass in 2606 Transport Roadway of Zhangcun Coal Mine

Rock
formation

Density/
g·cm−3

Bulk modulus/
GPa

Shear modulus/
GPa

Cohesion/
MPa

Internal friction
angle/deg

Tensile strength/
MPa

Permeability
coefficient/m·s−1 Porosity/%

sandstone 2.6 1.84 0.80 2.3 35 2.0 4 × 10−11 0.6
mudstone 2.5 1.79 0.97 1.9 30 1.6 1 × 10−11 0.4
coal 1.4 1.66 0.85 1.45 28 1.8 8 × 10−11 0.5
mudstone 2.6 1.84 0.80 2.3 30 2.0 2 × 10−10 0.4
sandstone 2.5 1.79 0.97 1.9 38 1.6 1 × 10−10 0.7
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f N C N2s
1 3= + (12)

where σ1 is the maximum principal stress; σ3 is the minimum
principal stress; c is material cohesion; and ϕ is the friction
angle;

The coal and rock mechanical parameters used in the
numerical simulations cover the literature,50 as shown in Table
1. The bolt and cable support structure is simulated by the
cable structural element of FLAC3D software, and the flexible
support of the mesh is simulated by the geogrid structure
element.51,52 Combined with the literature,53 the parameters of
the support structure are shown in Table 2. First, the
connection between the bolt, the cable structural element,
and the solid element is deleted. Then, a new connection with
the mesh structural element is established, and the new node is
rigidly constrained. The mesh structural unit and the solid unit
are automatically connected to realize the coordinated support
of double arch partitions, as shown in Figure 4b.
4.2. Analysis of the Control Effect of Different

Support Schemes on Surrounding Rock. According to
the principle of “high prestressed bolt, cable + mesh”, three
support schemes are proposed for simulation and comparison
through FLAC3D numerical simulation software. Scheme A is

bolt model Φ22-M24−2400 mm (spacing 0.9 m, row spacing 1
m), cable model Φ22 mm-7300 mm (3−2−3); Scheme B is
bolt model Φ22-M24−2200 mm (spacing 1.1 m, row spacing
0.9 m), cable model Φ22 mm-7300 mm (2−2); Scheme C is
bolt model Φ22-M24−2000 mm (spacing 0.7 m, row spacing
1.2 m), cable model Φ22 mm-7300 mm (3−3), as shown in
Figure 5.
4.3. Results and Discussion. 4.3.1. Evolution of Support

Stress Field. Figure 6 shows the evolution law of the support
stress field of the 2606 roadway under different support
schemes. In Figure 6a, the bolt and the shallow surrounding
rock form a shallow pressure arch with a maximum bearing
range of 2.4 m, and the cable and the deep surrounding rock
form a deep pressure arch, with a maximum influence range of
8.82 m. In Figure 6b, when the distance between the bolts
increases from 0.9 m to 1.1 m, there is an anchor void between
the bolts. Tensile stress occurs in the anchorage area, resulting
in tensile failure of the surrounding rock. When the bolt length
is reduced to 2.2 m, the influence range of the shallow pressure
arch is reduced by 8.3%. In Figure 6c, when the bolt spacing is
reduced from 0.9 m to 0.7 m, the effective compressive stress
penetration area between the bolts increases, and there is no
anchor void area. However, compared with Scheme A, the

Table 2. Numerical Simulation Calculation Parameters of Anchor Rod and Anchor Cable

Structure unit Elastic Modulus/GPa Diameter/mm Poisson’s ratio Grout stiffness/MPa Grout cohesion/MPa Density/kg·m−3

Bolt 210 22 0.9 1.0 7800
Cable 300 22 0.9 1.0 7850
Mesh 20 0.25

Figure 5. 2606 roadway support scheme design.

Figure 6. Evolution law of support stress field in 2606 roadway.
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bearing range of the shallow pressure arch is reduced by 16%,
and the bearing range of the deep pressure arch is reduced by
7.6%. To sum up, the length and arrangement of the support
structure will affect the bearing range of the pressure arch, of
which the length is the most important. When scheme A is
adopted, the bearing range of the pressure arch formed by the
support structure and the surrounding rock is the largest, and

there is no anchorage space between the support structures, so
scheme A is the optimal support scheme.

4.3.2. Evolution of Displacement Field. Figure 7 shows the
evolution law of the surrounding rock displacement field. To
observe the change in the excavating direction of the roadway,
the model is sliced. From Figure 7a, when scheme A is used for
support, the maximum value of the roof subsidence reaches 37

Figure 7. Evolution law of displacement field of surrounding rock in 2606 roadway.

Figure 8. Evolution law of surrounding rock plastic zone of 2606 roadway.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c05650
ACS Omega 2022, 7, 46682−46692

46688

https://pubs.acs.org/doi/10.1021/acsomega.2c05650?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05650?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05650?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05650?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05650?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05650?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05650?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05650?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05650?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


mm, and the maximum displacement of the two sides reaches
26 mm. From Figure 7b, when scheme B is used for support,
the subsidence of the surrounding rock roof is controlled at 42
mm, and the deformation of the two sides is controlled at 28
mm. Compared with scheme A, the subsidence of the roof is
increased by 13.5%, and the deformation of the two sides is
increased by 7.14%. From Figure 7c, when scheme C is used
for support, the maximum subsidence of the roof is 40.8 mm,
and the maximum deformation of the two sides is 27.7 mm.
Compared with scheme A, the subsidence of the roof is
increased by 9.3%, and the deformation of the two sides is
increased by 6.13%.
4.3.3. Evolution of surrounding rock plastic zone. Figure 8

illustrates the evolution law of the plastic zone of surrounding
rock under three support schemes. The FISH language was
used to extract the volume value of the surrounding rock
plastic zone under the three support schemes. In Figure 8a, the
support A scheme is adopted. At this time, the tensile failure
volume value is 39.26 m3, and the shear failure volume value is
710.19 m3. In Figure 8b, the support B scheme is adopted, the
roof of the surrounding rock has a tensile failure, and the
volume of tensile failure is 78.69 m3, an increase of 50.1%
compared with Figure 8a. The volume value of shear failure of
surrounding rock is 753.77 m3, which is increased by 5.78%
compared with Figure 8a. In Figure 8c, the support c scheme is
adopted, and the volume value of the surrounding rock with
tensile failure is 45.01 m3, which is 12.77% higher than that in
Figure 8a. The volume value of shear failure of the surrounding
rock is 760.5 m3, an increase of 6.61% compared with Figure
8a.

Figure 9 illustrates that 12 azimuth lines were arranged
around the surrounding rock to monitor the plastic zone, and
the distribution of the maximum and minimum damage range
of the plastic zone was obtained. In Figure 9a, when the
support A scheme is adopted, the maximum damage range of
the roof is 1.67 m, and the maximum damage range of the two
sides is 2.5 m. In Figure 9b, when the support scheme B is
applied, the damage range of the roof is 2.76 m, an increase of
37.3% compared with the A scheme, and the damage range of
the two sides is 3.01 m, an increase of 19.9% compared with
the A scheme. In Figure 9c, when the support C scheme is
applied, the damage range of the roof is 2.73 m, an increase of
36.6% compared with the A scheme, and the damage range of
the two sides is 2.72 m, an increase of 7.72% compared with
the A scheme.

5. ENGINEERING PRACTICE
5.1. Engineering Background. Zhangcun Coal Mine is

affiliated with Shanxi Lu’an Environmental Protection Energy
Development Co., Ltd., located in Changzhi City, Shanxi
Province. The buried depth of the coal seam is about 537 m,
the thickness of the coal seam is 5.33 m−6.19 m, and the
average thickness is 5.86 m. During the excavation of the 2606
roadway, the primitive gas content is 8.5−10.0 m3/t, and the
temperature is 15 °C ∼ 17 °C. 2606 Transport roadway is
located on the north side of the 26 belt roadway. The east
direction of the 2606 transport roadway is 300 m away from
the 2605 transport roadway, as shown in Figure 10. The 2606

roadway excavation design is arranged along the coal seam
floor, leaving 1.5−2 m thick top coal. The immediate roof of
the No 3 coal seam is mudstone with a thickness of 2.49 m.
The old roof is located in the upper part of the immediate roof.
The lithology is medium and fine-grained sandstone, about
7.83 m thick. The immediate floor is mudstone with a
thickness of 2.83 m, and the old floor is gray-white fine-grained
sandstone with a 5.04 m.
5.2. Deformation Monitoring of Roadway Surround-

ing Rock. The support scheme of A is applied to the site, the
bolt type is Φ22 mm−2400 mm, and the arrangement is 0.9 m
spacing and 1 m row spacing; The type of cable is Φ22 mm�
7300 mm, and the arrangement is 3−2−3; The mesh is
supported by the warp and weft mesh, as shown in Figure 11a.
The above support scheme is applied to the 2606 roadway of
Zhangcun Coal Mine, and the on-site construction layout is
shown in Figure 11b.

Figure 9. Distribution law of damage range in the plastic zone of 2606 roadway.

Figure 10. Location of 2606 transport roadway in Zhangcun coal
mine
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The roof separation monitor was installed in the study area,
and three monitoring points were arranged. By monitoring the
deep displacement of the roadway surrounding rock, the
stability of the surrounding rock is judged to evaluate the
support scheme.54 The roof separation monitor adopts a two-
point roof displacement measuring instrument, and the 1#−3#
monitoring section is equipped with roof separation monitor-
ing. In Figure 12a, points A and B of the roof separation
instrument are installed at a depth of 6 m, 2 m.55 The cross-
point method monitors the cross-section surface displacement,
and the time-dependent curve of the surface displacement of
the 1#−3# section is obtained, as shown in Figure 12b. The
deformation of monitoring points 1#−3# is as follows: the
deformation of the roof and the two sides increase faster in the
first 30d, and the deformation speed gradually slows down
around 30d and finally tends to be stable. The maximum
deformation of the roof is 142 mm, and the maximum
deformation of the two sides is 83 mm. The surrounding rock
is effectively controlled.

6. CONCLUSION
(1) In consideration of the effect of water softening on the
mechanical damage of surrounding rock, a water-mechanical-
damage coupling mathematical model is established. Based on
the FLAC3D three-dimensional fast Lagrangian numerical
simulation method, the FISH language is used for secondary
development to realize the numerical solution of the hydraulic-
mechanical-damage coupled mathematical model. There are
certain constraints in the model. Nonhomogeneous conditions
are not considered and will be added in future investigations.

(2) The principle of “high prestressed bolt, cable + mesh”
double-arch zoning cooperative control is revealed. The high
prestressed bolt increases the support strength of the
surrounding rock and forms a pressure arch with the mesh.
Thereby the stability of shallow surrounding rock is improved.
The cable and the deep surrounding rock form a pressure arch
support system with a more extensive influence range and
more robust bearing capacity. Ultimately, the surrounding rock
is realized as the double-arch zoning cooperative control.

Figure 11. Effect drawing of on-site support of 2606 transport roadway

Figure 12. Displacement monitoring of surrounding rock in the 2606 roadway.
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(3) The three support schemes were compared and analyzed
by numerical simulation software. We affirmed the bolt length
of 2400 mm, spacing of 0.9 m, row spacing of 1 m, cable length
of 7300 mm, and arrangement 3−2−3 as the optimal support
scheme and applied the scheme in the Zhangcun Coal Mine.
The results show that the subsidence of the roadway roof is
142 mm, and the ultimate convergence of the two sides is 83
mm. The water-drenching roadway has been effectively
controlled.
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