
Research Article
Modeling and Simulation of Deformation Mechanism of Soft Rock
Roadway considering the Mine Water

Yanlong Chen ,1 Qiang Li,2 Hai Pu,1,3 Peng Wu ,1 Liang Chen,1 Deyu Qian,4

Xuyang Shi ,4 Kai Zhang,1 and Xianbiao Mao2

1State Key Laboratory for Geomechanics and Deep Underground Engineering, China University of Mining and Technology,
Xuzhou 221116, China
2School of Mechanics and Civil Engineering, China University of Mining and Technology, Xuzhou 221116, China
3College of Mining Engineering and Geology, Xinjiang Institute of Engineering, Urumqi 830091, China
4School of Mines, China University of Mining and Technology, Xuzhou 221116, China

Correspondence should be addressed to Yanlong Chen; chenyanlong@cumt.edu.cn and Peng Wu; pengw@cumt.edu.cn

Received 25 May 2020; Revised 23 June 2020; Accepted 9 November 2020; Published 21 November 2020

Academic Editor: Fabien Magri

Copyright © 2020 Yanlong Chen et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The existence of coal mine water has an important influence on the instability of soft rock roadway in mining engineering.
Considering the effect of mine water, a case study on the fracture mechanism and control technology of soft rock roadway was
performed in this paper. The results showed that with the increase of moisture content, the uniaxial compressive strength of
mudstone nonlinearly decreased, while the tensile strength, Young’s modulus, cohesion, and friction angle tended to a linear
decrease approximately. Meanwhile, with the increase of the weakening coefficient, the axial force of the anchorage body
increased gradually, while the maximum shear stress decreased gradually. With the increase of moisture content, the failure
zone was further propagated into the deep surrounding rock, resulting in a larger stress relaxation around the roadway,
especially in the roof and floor. Finally, the supporting technology of the roadway was proposed, and then its support principle,
design process, and parameters were also analyzed in detail. The field monitoring data showed that the support technology can
control the surrounding rock deformation effectively and maintain the long-term stability of the roadway.

1. Introduction

Coal resources play an important role in the energy structure,
accounting for more than 70% of the total resources in China.
With the increasing intensity of coal mining and the exhaus-
tion of shallow coal resources, the coal mining depth gradu-
ally increases at a speed of 10m to 25m per year [1]. Under
the influence of high temperature, hyperosmosis, high in situ
stress, and dynamic pressure disturbance, internal fractures
of the rock masses develop and expand, eventually leading
to the deformation of the roadway [2, 3]. Therefore, the
failure mechanism of deep roadway is more complex than
that of shallow roadway, especially in the soft rock. Engineer-
ing data have indicated that deep soft rock roadway accounts

for about 28%-30% of the total roadways, nevertheless, the
repair rates are as high as 70% [4, 5]. Besides, the mainte-
nance cost for the overall safety of the roadway is extremely
expensive. Therefore, research on soft surrounding rock
roadway is one of the pressing issues at home and abroad.

Grasping the instability mechanism of soft rock roadway
is essential for the establishment of a support scheme in
underground engineering. Theoretical analysis, numerical
simulation, and engineering practice on the instability mech-
anism of soft rock roadway have been studied in the previous
studies. Xue et al. [6] analyzed the theory of stacked arch
bearing arch strength and applied this theory into the design
of roadway support. Wang et al. [7] claimed that the
unreasonable support scheme cannot effectively bear the
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deformation and loosening pressure, resulting in the large
deformation of deep roadway. Li et al. [8] applied PFC2D to
simulate the rock breakage modes under the confining pres-
sure in deep mining. Zhang et al. [9] used FLAC3D to study
the instability of gypsum mining goaf under the influence of
typical faults. Zhu et al. [10] explored the temporal and spatial
evolution of stress at the floor of the coal seam by FLAC3D.
Considering that the high horizontal in situ stress is the major
cause of roadway instability, Mark et al. [11] and Shen [12]
simulated the failure mechanism of soft rock roadway by
UDEC. Tang and Tang [13] simulated the floor heave pro-
cesses of a swelling rock tunnel under the high humidity
through simulation with RFPA. González-Nicieza et al. [14]
investigated the influence of the depth and cross-section of
the tunnel on the radial displacement by the convergence-
confinement method (CCM). In addition, the low compressive
and shear strength and the development of joints and cracks
have important influences on the large deformation of the soft
rock roadway [15, 16]. These studies have shown that the fail-
ure mechanism of soft rock roadway is not only related to the
geological condition, in situ stress state, and rock mass param-
eters but also closely related to roadway size and section shape.
In other words, the failure mechanism of soft rock roadway is
complex, and some special supporting methods are required
under different characteristics of the soft roadway [17, 18].

Recently, studies on the large deformation of soft rock
roadway have been carried out, and some achievements have
been obtained [19–21]. Based on the previous research and
application, basic control techniques of soft rock roadway
are summarized from the following four aspects: (1) the
active support method is mainly used to improve the shear
stiffness and tensile strength of the shallow surrounding rock
and resist the harmful deformation of the roadway, such as
bolt and cable [2, 22–24]. (2) The flexible passive support
structure can resist the residual deformation of surrounding
rock effectively, such as traditional U-steel, concrete-filled
steel tubular, building arch, and steel tube confined concrete
supports [25–28]. (3) Grouting reinforcement can improve
the bearing capacity of the shallow surrounding rock [16,
29–31]. (4) A certain thickness of the compressive layer is
reserved between the roadway surface and the passive
support structure to effectively release the deformation
energy of surrounding rock [4, 32–34]. Due to the complexity
of geological conditions of soft rock roadway, the large and
long-duration deformation in soft rock tunnel engineering
is difficult to be controlled by a single support method. In
the engineering practice, the combination support scheme
has been proved to be an effective solution for such a support
problem.

Due to the unique geological conditions, control
technologies of soft rock roadway may not be applicable in
different underground engineering. In this paper, the failure
mechanism and control technology were studied to effec-
tively control the large deformation of water-dripping soft
rock roadway. Firstly, evolution laws of mudstone parame-
ters with the moisture content were discussed comprehen-
sively by the laboratory test. Secondly, the influence of mine
water on the stress state of the anchorage body was
researched by introducing a weakening coefficient. Thirdly,

with the change of moisture content, the deformation and
plastic zone development process of surrounding rock were
analyzed by the numerical simulation with FLAC3D. Finally,
the new waterproof supporting method was proposed to
support the roadway.

2. Engineering Properties of the Soft Roadway

2.1. Engineering Setting. As shown in Figure 1(a), No. 4 coal
mine of Saier Group is located in the northwest of the Xin-
jiang Autonomous Region, China. The B1002 haulage road-
way of No.4 coal mine is excavated in the 10# coal seam,
with a total length of 1200m and an average burial depth of
320.66m. In addition, both the belt and rail transportation
functions are used in the haulage roadway, so there is a large
section for the haulage roadway. The detailed arrangement of
the haulage roadway is shown in Figure 1(b).

The cross-section of the haulage roadway is rectangular
and excavated in the 10# coal seam with the width and height
of 5000mm and 3600mm. The surrounding rock of the
haulage roadway is mainly composed of mudstone and pack
sand. The mudstone is mainly distributed on the surface of
the roadway surrounding rock, with the soft property and poor
cementing effect. The average distance from the roadway to the
pack sand in roof and pack sand in floor is 5.0m and 3.2m, and
pore water is rich in pore water. Figure 2 shows the lithological
column of the roadway. In addition, bolt-mesh-cable combined
support is mainly adopted in the primary support method of
the haulage roadway. Two kinds of bolt and cable are used:
(1) 2000mm with the pretightening force of 30kN; and (2)
5400mm with the pretightening force of 60kN. The cross-
section and support patterns are shown in Figure 3.

2.2. Mineral Composition Analysis. The average mineral com-
position of mudstone was obtained by an X-ray diffraction
spectrum, as shown in Figure 4. It can be seen that rock spec-
imens include abundant minerals such as quartz, kaolinite,
smectite, illite, and less feldspar, calcite. The clay mineral com-
position is up to 74.5%, indicating that mudstone specimens
belong to the swelling soft rock. When it encounters mine
water, great expansive force will be generated by the mud-
stone, resulting in accelerated damage to the roadway stability.

2.3. Deformation Characteristics of Soft Rock Roadway. After
roadway excavation, based on the investigation and monitor-
ing data of the haulage roadway in two months, the deforma-
tion and support structure failure characteristic of the roadway
are summarized as follows:

(1) Large deformation and high deformation speed. The
large deformation of surrounding rock appeared after
two months of the roadway excavation. The average
roof subsidence, floor heaves, and side walls conver-
gence were 450mm, 420mm, and 930mm, respec-
tively. In some areas, the accumulative deformation
was as large as 1.2-1.4 times compared with the above
results, and the maximum side walls convergence
reached 1400mm and the section shrinkage rate
reached 65%. In addition, due to the influence of
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packstone pore water on themudstone, the strength of
the rock mass decreased gradually with time, and the
deformation of the surrounding rock lasted for a long
period, resulting in extremely poor stability. The mon-
itoring data indicated that the general deformation
speed of surrounding rock was 5mm/d-8mm/d, while
some were up to12mm/d

(2) Support structure failure. Due to unreasonable sup-
port methods, the phenomena of roof collapse, mesh
tearing failure, and corrosion failure of bolt, as well as
weakening of surrounding rock, were easily occurred

under the effect of the high in situ stress and pack
sand pore water. With the influence of mine water,
corrosion failure of support structure was more
serious (Figure 5(a)), and the bolt (cable) support
strength decreased significantly. Next, the extrusion
and stagger displacement appeared in the roof,
resulting in the roof subsidence (Figure 5(b)). The
two sides moved towards the free surface, and then
metal mesh and trapezoidal beam were subject to
the tensile and shear failure (Figure 5(c)). Finally,
the roof collapse accident happened along the weak
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Figure 1: The detailed arrangement of the haulage roadway. (a) Location of the No.4 coal mine of Saier Group. (b) B1002 haulage roadway
layout in No.4 coal mine.
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interface with the serious caved side walls
(Figure 5(d)). The surrounding rock presented large
deformation characteristic

(3) The roadway deformation presented the time-
dependent characteristic. After being excavated, the
surrounding rock of the roadway always kept a high
deformation ratio over time. Deformation duration
lasted for about 4 months

2.4. The Influence of Moisture Content on Rock Mass. Based
on the field investigation, the mine water was the main cause
of the large deformation of surrounding rock [35]. Therefore,
it was necessary to research the influence of mine water on the
mudstone parameters by laboratory tests to obtain the insta-
bility mechanism of haulage roadway. In this test, moisture
contents were adjusted to a predetermined value by a spraying
method. The tensile (σt) and compressive strengths (σc)
evolution law with the moisture content (ρ) were shown in
Figure 6. It is seen that the compressive strength decreases
nonlinearly with the increase of moisture content. As shown
in Table 1, ρ increases from 1.43% to 3.33%-5.56%, and σc
decreases by 13.45%-68.42%, respectively. In addition, the
relationship between tensile strength and moisture content is
linear approximately. For instance, ρ increases from 1.43%
to 3.33% or from 3.33% to 5.56%, and ρ decreases by 57.14%

and 83.33%, respectively. Figure 7 shows the influences of
moisture content on the Young’s modulus (E), cohesion (c),
and friction angle (φ) of mudstone. It should be noted that
the Young’s modulus can be determined by taking the slope
of 40%-60% of the stress-strain curve. It is seen that parame-
ters (E, c, and φ) decrease linearly with the increase of
moisture content. For example, ρ increases from 2.42% to
4.54%, the Young’s modulus decreases by 59.62%, cohesion
decreases by 37.5%, and friction angle decreases by 12%.
Therefore, the mine water has an important effect on the
mudstone parameter attenuation, and the influence of mine
water should be considered in the instability mechanism and
support method optimization of surrounding rock. The rela-
tionships between moisture content and mechanical parame-
ters of mudstone are shown in the following equation.

σc = −0:5199ρ2 + 0:7101ρ + 18:1225 R2 = 0:9113
� �

,

σt = −0:3289ρ + 1:7750 R2 = 0:9798
� �

,

E = −0:2948ρ + 1:8191 R2 = 0:9401
� �

,

c = −0:5247ρ + 3:9443 R2 = 0:9282
� �

,

φ = −1:2863ρ + 27:8713 R2 = 0:9856
� �

:

8>>>>>>>>><
>>>>>>>>>:

ð1Þ

NoColumn Lithology Thickness (m) Lithological characters

1 Siltstone

Mudstone

3 9# coal mine 1.2

4 Packsand 6.5

5 Mudstone 5.0

6

7 6.4

Sandy mudstone

6.0

2

9

8

3.7

3.2

3.6

10.4Packsand

10# coal mine

Mudstone

Gray, gently slope bedding,
containing plants fossils,

broken.

Black gray, gently slope
bedding, containing plants

fossils, moderate weathering.

Gray, gently slope bedding,
containing plants fossils,

broken.

Grey, gently slope bedding,
containing plants fossils,

broken.

Anthracite coal, banded
structure, fractured

Anthracite coal, banded
structure, fractured

Gray, main containing quartz
and felpar, good integrity.

Gray, main containing quartz
and felpar, good integrity.

Gray green, horizontal
bedding, thin sandstone

interbed.

Figure 2: Strata histogram and lithological characters.
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3. The Support Mechanical Characteristics of a
Bolt under Water–Dripping Condition

Based on the results of laboratory tests in Section 2.4, the
existence of mine water reduces the rock masses mechanical
properties effectively and weakens the bearing capacity of
surrounding rock. Since bolt support can effectively change
the stress state of surrounding rock and enhance the
strength and stability of the anchorage rock mass, it has
been widely used in different kinds of soft rock engineering
in China [2, 31]. However, mine water not only corrodes the
bolt body but also weakens the anchorage strength at the
grout-bolt or grout-rock mass interface. As a result, the bolt
support effect is greatly reduced, and the instability risk of
surrounding rock is enhanced. Therefore, it was necessary
to research the stress evolution process of the rock bolt
under different water-dripping conditions.

3.1. Mechanical Model Establishment. The mechanical calcu-
lation model of the grout bolt drilled into rock mass is shown
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in Figure 8. The outer radius of the bolt and grout is repre-
sented as ra and ri, respectively. The total bolt length and
anchorage length are L and Lz , respectively. F is the initial
pretightening force applied to the rock bolt, and τðzÞ is the

shear stress along the anchorage failure interface. It should
be noted that the possible failure interface may be located
at (1) the grout-bolt interface, (2) grout-rock mass interface,
and (3) internal grout, as shown in Figure 8. Due to the

(a) (b)

(c) (d)

Figure 5: The deformation and support structure failure characteristic of surrounding rock. (a) Water-dripping corrosion of supporting
structure; (b) roof subsidence; (c) mesh tearing and trapezoidal beam failure; (d) roof collapse.
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relatively high strength of grout, grout-bolt interface and
grout-rock mass interface are considered as the possible
decoupling places. Therefore, the decoupling radius is writ-
ten as follows:

r j =
ra Failure location at the grout‐bolt interface,
ri Failure location at the grout‐rock mass interface:

(

ð2Þ

According to the elastic theory, the relationship between
the shear stress and shear displacement can be expressed as
the following equation [2].

τ zð Þ = kju zð Þ, ð3Þ

where kj represents interface shear stiffness without consid-
ering the effect of mine water; the subscripts “j” represents
“a” for the grout-bolt interface and “i” for the grout-rock

Table 1: Mudstone parameters under different moisture contents.
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angle (°)
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mass interface, respectively. uðzÞ is the relative displacement
between the anchorage body and surrounding rock.

When the rock encounters the mine water, mechanical
properties of rock are weakened at the interface. Hence, the
weakening coefficient (λ) is introduced to define the weaken-
ing degree of rock mass, as shown in the following equation.

λ =
kj − km

kj
, ð4Þ

where λ is called weakening coefficient and satisfies 0 ≤ λ < 1.
If λ = 0, then the rock mass is not affected by the water
dripping. If λ→ 1, then rock mass is seriously affected by
water and the bolt loses its anchoring action. km is the weak-
ened interface shear stiffness by water. Then, the shear stress
at the interface is obtained by substituting Equation (4) into
Equation (3).

τ zð Þ = 1 − λð Þkju zð Þ: ð5Þ

Deformation coordination conditions should be satisfied
by the anchorage body and surrounding rock. Figure 9 shows
the microunit stress analysis model of the anchoring body.
Hence, according to the Hook’s law, the relationship between
the relative displacements of the anchoring body uðzÞ and the
pretightening force of the bolt FðzÞ is expressed by the
following equation [31].

F zð Þ
πr2j

= du zð Þ
dz Ej, ð6Þ

where Ej is the equivalent elastic modulus of the anchoring
body; Ej = Eb is valid for the failure location at the grout-

bolt interface or Ej = ½Egðr2i − r2aÞ + Ebr
2
a�/r2i for the failure

location at the grout-rock mass interface. Eg and Eb is the
elastic modulus of the grout and bolt, respectively.

Based on the stress equilibrium condition of the microel-
ement body, the relationship between shear stress of the
anchorage body and pretightening force along direction is
expressed by the following equation.

dF zð Þ
dz = 2πr jτ zð Þ: ð7Þ

By integrating the Equations (5) and (7) into Equation
(6), Equation (8) is obtained as follows:

d2u zð Þ
dz2 −

2 1 − λð Þkj
r jEj

u zð Þ = 0: ð8Þ

According to the solution of Equation (8), the boundary
conditions FðLÞ = 0 and FðL − LzÞ = F, the axial force and
shear stress of the anchorage body along the z direction
under the effect of the water dripping are obtained as follows:

F zð Þ = F

1 − e2Lz
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 1−λð Þkj/r jEj

p e

ffiffiffiffiffiffiffiffiffiffi
2 1−λð Þkj
r jE j

q
−L+Lz+zð Þ − e

ffiffiffiffiffiffiffiffiffiffi
2 1−λð Þk j
r jE j

q
L+Lz−zð Þ

" #
,

τ zð Þ = 1
π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − λð Þkj
2r3j Ej

s
F zð Þ:

8>>>>><
>>>>>:

ð9Þ

3.2. Parameters Analysis. To research the influence of the
weakening coefficient on the axial force and shear stress of
anchorage body under different failure interfaces, different
weakening coefficients (0, 0.2, 0.4, 0.6, and 0.8) were selected.
The geometric and mechanical parameters of grout-bolt and
bolt are shown in Table 2.

Figure 10 presents the influence of different weakening
coefficients on the axial force and shear stress of the anchor-
age body. It indicates that the weakening coefficient has an
extremely important effect on the axial force and shear stress
distribution of the anchorage body whether the failure
location at the grout-bolt interface or the grout-rock mass
interface. With the increase of the weakening coefficient,
the axial force of the anchorage body increases gradually
from the anchorage initial point to the end of the bolt under
the same pretightening force, while the maximum shear
stress decreases gradually. In addition, when the weakening
coefficient is small, the shear stress is mainly concentrated
near the anchorage initial point. With the increase of the
weakening coefficient, the distribution of shear stress trans-
forms from the anchorage initial point to the whole length
of the bolt gradually. The above analysis shows that the mine
water not only affects the anchoring action of the bolt to the
surrounding rock but also causes the redistribution of bolt
axial stress.

u(z) u(z)+du(z)

F(z)+dF(z)F(z)
2ri

𝜏(z)

dz

𝜏(z)

Figure 9: Microunit stress analysis of the anchoring body.

Table 2: The geometric and mechanical parameters of grout-bolt
and bolt.

Bolt parameters
Grout

parameters
Other parameters

L
(m)

Lz
(m)

ra
(mm)

Eb
(GPa)

ri
(mm)

Eg

(GPa)
ka

(GPa)
ki

(GPa)
F

(kN)

2.0 1.2 10 200 13 120 75 35 60
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4. Establishment of a Numerical
Simulation Model

4.1. Establishment of a Numerical Simulation Model. The Fast
Lagrangian Analysis of Continua in 3-Dimension (FLAC3D)
software can effectively simulate the progressive failure and
large deformation problem of the underground engineering
compared with the ABAQUS or ANSYS software. Hence,
FLAC3D has been widely applied to tunnel excavation and
support design, slope, or foundation reinforcement engineer-
ing and mining engineering. From the previous analysis in

this study, the B1002 haulage roadway of No.4 coal mine in
Saier Group encountered a typical large deformation prob-
lem of soft rock roadway. Therefore, the FLAC3D software
was selected to research the failure mechanism of this
roadway under different moisture contents. To remove the
influence of the boundary effect on calculation results, the
length, width, and height of the simulation model were set
as 100m, 25m, and 50m, respectively, as shown in
Figure 11. The model size of the haulage roadway was 5:0
m ðwidthÞ × 3:6m ðheightÞ; both the left-right boundary
and the bottom boundary were subject to displacement
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Figure 10: Axial force and shear stress evolution law of the anchorage body under different weakening coefficients. (a) Axial force (failure
point at the grout-bolt interface); (b) axial force (failure point at the grout-rock mass interface); (c) shear stress (failure point at the grout-
bolt interface); (d) shear stress (failure point at the grout-rock mass interface).
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Figure 11: A numerical calculation model.

Table 3: Coal and rock mass mechanical parameters.

Strata
Bulk modulus

(GPa)
Shear modulus

(GPa)
Frictional angle

(°)
Cohesion
(MPa)

Tensile strength
(MPa)

Unit weight
(kg·m-3)

Siltstone 0.74 0.49 28 2.1 1.6 2550

Pack sand 1.04 0.56 32 2.3 1.0 2540

Coal seam 0.25 0.12 17 1.2 0.6 1370

Sandy mudstone 0.56 0.35 24 1.5 0.4 2200

Table 4: Properties of the primary support bolt and cable in FLAC3D.

Parameters
Density
(kg∙m-3)

Cross-sectional area
(cm2)

Elastic moduli
(GPa)

Tensile capability
(kN)

Bond stiffness
(N/m2)

Bond cohesion
(N/m)

Preload
(kN)

Bolt 7500 3.80 200 120 2e9 4e5 30

Cable 7500 2.81 200 300 2e9 4e5 60

C
2c

N𝜑
tan 𝜑
c

𝜎3

fs  = 0
B

A

ft = 0

𝜎 1–
𝜎 3 =

 0 𝜎1

Figure 12: Mohr-Coulomb failure criterion in the plane (σ1 − σ3) for the FLAC
3D.
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(a) (b)

(c) (d)

Figure 13: Total displacement maps of roadway without support under different moisture contents. (a) 2.42%; (b) 3.33%; (c) 4.54%; (d)
5.56%.

(a) (b)

(c) (d)

Figure 14: Total displacement maps of roadway with primary support under different moisture contents. (a) 2.42%; (b) 3.33%; (c) 4.54%; (d)
5.56%.
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constraint, while the top boundary was subject to stress
constraint with 10.5MPa, which was measured by the field
in situ stress test. To improve the calculation accuracy, the
grid around the haulage roadway was encrypted. In this
simulation, the in situ stress balance was first carried out,
and then the total displacement and plastic zone of surround-
ing rock were extracted to research the failure process of
haulage roadway considering the effect of different moisture
contents after roadway excavation.

The mechanical parameters of the rock mass at different
levels were easily obtained by laboratory tests. Table 2
presents the initial mechanical parameters of coal and rock
mass taken from the geological report of the B1002 haulage
roadway. To research the influence of mine water on the
instability mechanism of the haulage roadway with the
primary support and without any support, mudstone param-
eters were derived from Table 1 under different moisture
contents. In addition, the Mohr-Coulomb criterion was used

to simulate the failure of coal and rock masses. According to
the engineering practice, the bolt-mesh-cable combined
support was mainly adopted in the primary support of the
haulage roadway. Geometric and mechanical parameters of
bolt and cable are shown in Tables 3 and 4.

4.2. Failure Criterion. Since the tensile strength of the rock
mass was much lower than its compressive strength, the
Mohr-Coulomb failure criterion was selected to realize the
tension failure of the rock mass in this numerical simulation.
The failure criterion might be represented in the plane
(σ1 − σ3) as illustrated in Figure 12, and the failure envelope
f ðσ1, σ3Þ = 0 is defined from point A to B by the Mohr-
Coulomb failure function with

f s = σ1 − σ3Nφ + 2c
ffiffiffiffiffiffi
Nφ

q
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Figure 15: Displacement of roadway without support along the depth direction under different moisture contents. (a) Roof subsidence; (b)
floor heave; (c) side wall convergence.
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where c is the cohesion; φ is the internal friction angle, Nφ

= ð1 + sin φÞ/ð1 − sin φÞ. In addition, the tensile failure
function from point B can be expressed as follows:

f t = σt − σ3, ð11Þ

where σt is the tensile strength.

4.3. Failure Mechanism of Water-Dripping
Mudstone Roadway

4.3.1. Displacement Analyses. Figures 13 and 14 show the
total displacement maps of surrounding rock with the pri-
mary support and without support under different moisture
contents after the haulage roadway excavation. It is seen that

the serious nonuniform deformation of roadway surrounding
rock is caused by excavation and independent with the pri-
mary support or without support. The convergence deforma-
tion of side walls is obviously larger than that of the roof
subsidence, while the floor heave is the smallest. For instance,
when themoisture content is 4.54%, the side wall convergence,
roof subsidence, and floor heave of the roadway with the
primary support are 669mm, 264mm, and 237mm without
support, and 633mm, 242mm, and 235mm, respectively.

In addition, with the increase of the moisture content, the
deformation of surrounding rock of the roadway with the
primary support and without support increases gradually,
as shown in Figures 15–17. For instance, as the moisture
content increases from 2.42% to 4.54%, the side wall conver-
gence, roof subsidence, and floor heave increase by 22.53%,

0 1 2 3 4 5 6
0.05

0.10

0.15

0.20

0.25

0.30

0.35
Ro

of
 su

bs
id

en
ce

 (n
o 

su
pp

or
t) 

(m
)

Depth (m)

1.43%
2.42%
3.33%

4.54%
5.56%

(a)

0 1 2 3 4 5 6
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

Fl
oo

r h
ea

ve
 (m

)

Depth (m)

1.43%
2.42%
3.33%

4.54%
5.56%

(b)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

Si
de

 w
al

l c
on

ve
rg

en
ce

 (m
)

0 1 2 3 4 5 6
Depth (m)

1.43%
2.42%
3.33%

4.54%
5.56%

(c)

Figure 16: Displacement of roadway with primary support along the depth direction under different moisture contents. (a) Roof subsidence;
(b) floor heave; (c) side wall convergence.
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Figure 17: Continued.
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91.30%, and 185.54% for the roadway without the support
and increase by 33.26%, 112.28%, and 209.21% with the pri-
mary support, respectively. However, when the moisture
content reaches 4.54%, the deformation rate of side walls
and roof begins to increase sharply for the roadway without
the support, while the floor remains unchanged basically. In
other words, the mine water has a great influence on the

stability of surrounding rock, especially on the side walls
and roof deformation.

Meanwhile, compared with the roadway without sup-
port, the maximum side wall convergence, roof subsidence,
and floor heave of the roadway with the primary support only
decrease by 13%-14.94%, 8.33%-22.57%, and 0.84%-8.4%,
respectively, at the moisture content range of 2.42%-5.56%.
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Figure 17: Surface displacement evolution law with the different moisture contents. (a) Side walls convergence; (b) roof subsidence; (c) floor
heave.
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Tension-n shear-p tension-p

Figure 18: Plastic zone distribution of roadway without support under different moisture contents. (a) 2.42%; (b) 3.33%; (c) 4.54%; (d)
5.56%。.
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It indicates that harmful deformation of surrounding rock is
hardly controlled by the primary support, especially the side
wall convergence under the high moisture content condition,
as shown in Figure 14.

4.3.2. Crack and Plastic Region Analysis. Previous research
has shown that engineering accidents in mine coal, such as
roof caving and wall caving, are closely related to the propa-
gation of the plastic zone. Therefore, the extension process of
the plastic zone caused by excavation is urgent to be investi-
gated. Figures 18 and 19 show plastic zone distribution maps
of roadway without support and with primary support under
different moisture contents. It is seen that tension-shear
combined failure mainly occurred in the surface of the road-
way, and shear failure occurred in deep surrounding rock,
whether the roadway with the primary support or without
the support. The plastic zone around the surrounding rock
is in a shape of a cross.

In addition, with the increase of moisture contents, the
plastic zone range for the roof and floor significantly
increases, while that of side walls changes slightly. For
instance, as the moisture content increases from 2.42% to
5.56%, the ranges of the side walls only increase by 0.4m

for the roadway without support and 0.2m with primary
support, but the roof and floor increase by 2.4m and 2.7m
without support or 3.0m and 2.7m without support, respec-
tively, as shown in Table 5. In other words, the moisture
content has the greatest influence on the plastic zone range
of roof and floor, but has little influence on side walls.

As shown in Table 5, compared with the roadway with-
out support, when the moisture content is 5.56%, the ranges
of plastic zone of the roadway with the primary support at
4.5m roof and 4.4m side walls only decrease by 0.3m and
0.4m, respectively, while 5.4m floor is unchanged. It
indicates that the primary support cannot effectively control
the development of the plastic zone, and there is still a large
amount of shear failure around the roadway, especially on
the floor.

4.3.3. Failure Mechanism Analysis. From the above analysis,
the failure mechanism of the haulage roadway under the
primary support can be summarized as follows:

High in situ stress, low-strength coal, and rock mass. The
average burial depth of the haulage roadway is 320.66m with
relatively higher in situ stress (10.5MPa) combined with the
influence of the tectonic stress. The natural compressive

(a) (b) 
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None

Shear-n shear-p
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Shear-n tension-n 
Shear-p tension-p

Shear-p

Shear-p tension-p
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Figure 19: Plastic zone distribution of roadway with primary support under different moisture contents. (a) 2.42%; (b) 3.33%; (c) 4.54%; (d)
5.56%.

Table 5: Plastic zone distribution of roadway without support and with primary support.

Moisture content (%)
Roof (m) Floor (m) Side walls (m)

No support Primary support No support Primary support No support Primary support

2.42 2.4 1.5 2.7 2.7 4.4 4.2

3.33 3.9 3.6 4.2 3.9 4.6 4.4

4.54 4.5 4.2 4.8 4.8 4.6 4.4

5.56 4.8 4.5 5.4 5.4 4.8 4.4
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strength of the coal and mudstone in the roof and floor is,
respectively, 16.4MPa and 3.24MPa, belonging to the typical
“three soft” coal seam roadway. The stress redistribution can
occur after roadway excavation, and then, overburden stress
exceeds the compressive strength of the rock masses, so that
the shallow surrounding rock enters into the postfailure state
first. The plastic zone is propagated from the shallow to the
interior over time, resulting in the large broken rock mass
zone finally.

Mudstone is weakened seriously, accelerating the defor-
mation of surrounding rock. Pack sand layers near the roof
and floor are rich in fissure water, which easily weakens the
mudstone parameters. Then, the anchorage force and
support strength of the bolt sharply drop with the attenua-
tion of rock mass parameters. As a result, the harmful defor-
mation of surrounding rock is accelerated to move towards
the free face and reduce the instability process of haulage
roadway.

Low-strength and incomplete support structure. Initial
pretightening forces of the bolt and cable used in the primary
support are only 30 kN and 60 kN. However, they cannot
provide enough compressive stress to prevent the tensile
failure of shallow surrounding rock. The “bolt-mesh-cable”
combined support is only used in the roof and side walls;
then, a whole-section support structure around the haulage
roadway cannot be formed to effectively resist the floor
heave.

5. The Support Approach of “Whole Section
High Strength-Waterproofing Reinforcement
Technology (WSHSWRT)”

5.1. Control Principal. The support approach of WSHSWRT
is mainly composed of the whole section high pretension
bolt-cable, waterproof anchoring agent, shotcrete, and drain-
age hole in the roof as well as side wall grouting layer. Previ-
ous research has indicated that the confining pressure has an

extremely important effect on the residual strength of rock
mass [4]. The residual strength gradually increases with the
increase of the confining pressure. Therefore, the whole
section-high pretension bolt-cable support should be used
to improve mechanical parameters and reduce the tensile
failure of shallow surrounding rock including the floor heave.
Furthermore, the cables of the roof and side walls should be
anchored to packstone layers, so as to fully play the suspen-
sion action for the shallow surrounding rock. The strength
of the coal is much lower than that of rock masses, which is
the main reason for the large deformation of the two sides.
The grouting technology improves the bond strength and
the residual bearing capacity of cracked surrounding rock
effectively and has been widely used in tunnel excavation
engineering [23]. Therefore, the large deformation and
plastic region of side convergence can be effectively con-
trolled by the coal seam grouting. A series of drainage holes
in the roof is arranged to reduce the influence of mine water
on the mechanical properties of shallow surrounding rock.
In addition, a hermetic high-strength integrated support struc-
ture is formed in the roof through the high strength shotcrete
layer, so that the high resistance is provided to control the roof
subsidence, and the surrounding rock is sealed to reduce the
weathering of shallow mudstone. As we know, the weakening
effect of mine water on the surrounding rock and anchoring
agent is one of the main reasons for the bolt support failure.
Therefore, the waterproof anchoring agent should be used to
reduce the influence of mine water. Figure 20 shows the design
process of the WSHSWRT support.

5.2. Support Parameters and Scheme. In the above analysis,
WSHSWRT is proposed to solve the large deformation of
the “three soft” mining roadway. The support technology is
divided into the following aspects: the whole section bolt-
cable high strength support structure (high strength bolt-
cable-wire mesh), the coal seam grouting reinforcement,
and supplementary support including shotcrete and drilling
drainage holes in the roof. The excavation section of the

S1: clean roof overhangs and
install the cable bolts-wire mesh
in the roof with the waterproof

anchoring agent 

S2: coal seam grouting in the
side walls with the cement

mortar materials 

S3: install the high strength
cable bolts-wire mesh in the

side walls

S4: floor drilling and install the
high strength cable bolts with

the waterproof anchoring agent

S5: sprayed concrete in the roof
surface with the strength C30

and thickness 40 mm

S6: drilling the drainage hole in
the roof with the depth

6000 mm and column spacing
5100 mm

S7: finish the whole section high strength-
waterproofing reinforcement design

Figure 20: WSHSWRT support design.
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Table 6: Bolt and cable properties of the combined support.

Parameters
Density
(kg∙m-3)

Cross-sectional area
(cm2)

Elastic moduli
(GPa)

Tensile capability
(kN)

Bond stiffness
(N/m2)

Bond cohesion
(N/m)

Preload
(kN)

Bolt 7500 3.80 200 120 2 × 109 4 × 105 80

Cable 7500 2.81 200 300 2 × 109 4 × 105 120

2200

80
0

80
0

80
0

5000

36
00

85
00

22
00

Cable : ¦ 𝜇 18.9 ¡ Á8500 mm

Cable : ¦ 𝜇 18.9 ¡ Á8500 mm

Whorl-steel bolt

Pack sand

Whorl-steel bolt

Mudstone

Grouting bolt
¦𝜇 25 ¡ Á2000 mm

Sandy mudstone

Mudstone

Haulage roadway

Wire mesh + shotocrete structure

Waterproof
anchoring agent
with FSCK2340

(a)

Figure 21: Continued.
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haulage roadway was rectangular with a width of 5.0m and a
height of 3.6m. The specific support parameter design is
shown as follows.

Whole section bolt-cable high strength support. Sixteen
Φ22mm × 2200mm high-strength bolts were installed in
the roof and two sides with the row spacing and column

spacing of 900mm × 850mm and 800mm × 850mm. Three
Φ22mm × 2200mm high-strength bolts were installed on
the floor with the row spacing and column spacing of 1350
mm × 850mm. The bolts installed in the top and bottom of
the two sides were inclined at 15°. Nine Φ18:9mm × 8500
mm high-strength cables were installed in the roof, two sides,

Cable

Whorl-steel bolt

Grouting bolt

Cable

Bolt

Drainage hole

85
0

85
0

51
00

17
00

900 900

900 85
0

17
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(b)

Figure 21: WSHSWRT of the haulage roadway. (a) Support section; (b) roof and side support.
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Figure 22: Surface convergence of haulage roadway at different monitoring points. (a) 2# monitoring point; (b) 4# monitoring point.
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and floor with the row spacing and column spacing of 1800
mm × 1700mm, 3200mm × 1700mm, and 3600mm × 1700
mm, respectively. The longitudinal connection along the
roadway was adopted between two roof cables by the rebar
beam, while vertical connection for the two sides cables.
Cables installed in the top and bottom of the two sides were
inclined at 60°. Bolts were designed to be installed with a steel
strip 4700mm long for the roof and 3400mm long for the
two sides as well as the wire mesh with a grid size of 50mm
× 50mm. The limit anchorage force of bolts and cables was
no less than 120 kN and 300 kN, respectively.

The waterproof anchoring agent with FSCK2340 × 4 for
cables and FSCK2340 × 2 for bolts was applied to the roof
to reduce the influence of mine water. The properties of bolts
and cables are shown in Table 6.

Coal seam grouting reinforcement. Six Φ25mm × 2000
mm hollow grouting anchors were symmetrically installed
on the two sides with the row spacing and column spacing

of 1600mm × 1700mm. The grouting bolts of the top and
bottom were inclined at 60°. The grouting pressure was
maintained at 0.6MPa. As cement grout has the characteris-
tics of environmental protection, economy, and good
durability compared with chemical grout, cement grout is
selected as the grouting material. The grouting material was
mainly composed of cement, sand, water reducer, and water
in a ratio of 1 : 1 : 0.01 : 0.32.

The strength and average thickness of the shotcrete in the
roof was C30 and 40mm, respectively. The drainage hole was
drilled in the roof with a depth of 6000mm and column
spacing of 5100mm. The concrete combined support scheme
is shown in Figure 21.

5.3. WSHSWRT Engineering Application. WSHSWRT was
applied to the B1002 haulage roadway of No.4 coal mine. Five
sections of the roadway were selected to monitor the surface
convergence, fracture, and separation state of the roof to
obtain the supporting effect of the proposed support scheme.
The layout of the five monitoring points is shown in
Figure 21(b).

5.3.1. Deformation Monitoring. The roof subsidence, floor
heave, and side wall convergence at the 2# and 4# monitoring
points are shown in Figure 22. Monitoring results indicated
that the deformation can be divided into two stages. (1)
Accelerated deformation stage: the surface deformation
increased obviously with the monitoring time within 47 days
after roadway excavation, owing to the release of surround-
ing rock deformation energy under the effect of supporting
structures. However, the deformation ratio decreased gradu-
ally. (2) Stable deformation stage: the surface deformation
tended to be stable after the excavation for 47 days. As shown
in Table 7, the final roof subsidence, floor heave, and side wall
convergence are only in the range of 71mm-76mm with the
average deformation rate of 0.4mm/d, 55mm-61mm with
the average deformation rate of 0.6mm/d, and 115mm-
129mm with the average deformation ration rate of
0.5mm/d, respectively. From the above analysis, the defor-
mation is within the allowable range, and the new supporting
scheme can effectively control the large deformation of the
haulage roadway.

5.3.2. Separation Monitoring. To evaluate the internal
support effect of roof surrounding rock, the separation state
of the roof at the 3# monitoring points with different heights
of 2.4m and 6.0m was monitored by the separation instru-
ment and JL-IDOI(A) electronic drilling peep instrument,
as shown in Figure 23.

From Figure 23, it is seen that the maximum separation
values of two monitoring points under WSHSWRT are only
1mm with a height of 6.0m and 8.0mm with a height of
2.4m after a 2-month roadway excavation, respectively.
The above information indicated that the integrity of the
roadway roof is good, and there will be no large-scale collapse
and roof caving accidents. In other words, WSHSWRT can
control the roof bed aspiration effectively and provide impor-
tant maintenance for the long-term stability of the roof.

Table 7: Surface convergence of surrounding rock.

Time
(d)

Roof subsidence
(mm)

Floor heave
(mm)

Side walls convergence
(mm)

0 0 0 0

5 8 5 19

10 16 8 31

15 22 15 56

20 38 18 62

25 43 32 68

30 52 39 81

35 59 44 96

40 67 48 104

45 72 51 108

50 74 53 112

55 75 54 113

60 76 55 115
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Figure 23: Separation monitoring of the roof with different heights.
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6. Conclusions

(1) The surface deformation for the water-dripping
roadway is noticeable and characterized by the large
deformation and time-dependent properties during
the roadway excavation, owing to the low strength
support structure and the influence of mine water.
The support structure failure, such as roof collapse,
wire mesh tearing failure, and bolt corrosion failure,
is not only related to unreasonable supporting struc-
ture and strength but also closely related to the weak-
ening effect of mine water on the shallow mudstone

(2) With the increase of moisture contents, the compres-
sive strength nonlinearly decreases, while tensile
strength, Young’s modulus, cohesion, and friction
angle have an approximately linear decrease. There-
fore, the influence of mine water should be consid-
ered in the instability mechanism and support
scheme design

(3) With the increase of the weakening coefficient, the
axial force of the anchorage body increases gradually
from the anchorage initial point to the end of the bolt,
while the maximum shear stress decreases gradually;
when the weakening coefficient is small, the shear
stress is mainly concentrated near the anchorage ini-
tial point, while the distribution of shear stress grad-
ually transforms from the anchorage initial point to
the whole length of the bolt with the increase of the
weakening coefficient. The above analysis shows that
the mine water not only affects the anchoring action
of the bolt but also causes the redistribution of bolt
axial force

(4) WSHSWRT is proposed to adjust the stress state and
improve the support strength of surrounding rock.
Field monitoring results show that the proposed sup-
port technology can effectively control the harmful
deformation of the surrounding rock and maintain
the long-term stability of the roadway. The case
provides an important reference for studies on the
failure mechanism and control technology in water-
dripping soft rock roadway
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