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Abstract: Soft rock surrounding deep roadway has poor stability and long-term rheological effect. More and larger
deformation problems of surrounding rock occur due to adverse supporting measures for such roadways, which not only
affects the engineering safety critically but also improves the maintenance costs. This paper takes the main rail roadway
with severely deformation in China’s Zaoquan coal mine as an example to study the long-term deformation tendency
and damage zone by means of in-situ deformation monitoring and acoustic wave testing technique. A three-dimensional
finite element model reflecting the engineering geological condition and initial design scheme is established by
ABAQUS. Then, on the basis of field monitoring deformation data, the surrounding rock geotechnical and rheological
parameters of the roadway are obtained by back analysis. A combined supporting technology with U-shaped steel
support and anchor-grouting is proposed for the surrounding soft rock. The numerical simulation of the combined
supporting technology and in-situ deformation monitoring results show that the soft rock surrounding the roadway has
been held effectively.
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by year, which makes more and more coal mines

1 Introduction begin to exploit deep resource and many roadways
have been constructed in more deep strata. Due to

Demanding for energy with the rapid the complexity of the geological conditions of deep
development of China’s economy is increasing year rock mass, more serious problems to the stability of
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deep roadway have been happening, especially for
the deep soft rock roadway. Large rheological
deformation of surrounding rock under high ground
pressure leads to serious failure problem, which
makes the reinforcement difficulty increase.

In view of the stability problem of deep soft
rock roadway, scholars use several ways (such as
theoretical analysis, field monitoring and numerical
simulation method) to study the mechanical
properties, deformation and failure mechanism,
supporting method of surrounding rock in deep soft
rock roadway. DESALI et al [1], LIU et al [2] and
LIAO et al [3] studied the rheological properties of
soft rock in theory and derived the mathematical
formula between stress, deformation and time to
describe the long-term strength characteristics of
the soft rock. In-situ monitoring technology was
adopted to study the deformation mechanism of soft
rock roadway and pointed out that high ground
pressure and low strength of surrounding rock are
the main factors to result in large deformation of
roadway [4—6]. Meanwhile, numerical simulation
(such as FLAC, ABAQUS, UDEC) was used to
research the stability of soft rock surrounding deep
roadway [7-10]. And the pertinence supporting
measure was put forward to ensure the stability of
roadway.

Based on the above existing research results,
this paper takes the main rail roadway with severely
deformation in China’s Zaoquan coal mine as an
example. The in-situ observation, theoretical

analysis and numerical simulation are used to study
the deformation and failure mechanism of
surrounding soft rock. Then, a combined supporting
technology is proposed with U-shaped steel support
and anchor-grouting to the surrounding soft rock
reinforcement. Meanwhile, the effectiveness of the
supporting method is validated by numerical
simulation and in-situ deformation monitoring.

2 Deformation and failure characteristic
of main rail roadway in Zaoquan coal
mine

In the range of 7200-7500 m away from the
inlet of the main rail roadway in Zaoquan coal mine,
the surrounding rock consists primarily of soft
mudstone, while the average buried depth is 620 m,
as shown in Figure 1. The cross section shape of the
roadway is semi-circle arch, with the net width and
height of 43 m and 5.4 m, respectively. The
supporting measure of the roadway is bolting and
concrete spraying. The support parameter of bolts is
@20 mmx=3500 mm and 9 bolts per section with 3 m
intervals are arranged in the roadway, while the
depth of concrete is 0.3 m. The section and support
system for the roadway are shown in Figure 2. It is
badly broken after supproting (about 2 months
latter) and the large deformation of surrounding
rock is still unable to get control effectively after
repeated repair. Surrounding rock distribution of the
roadway is shown in Figure 3.
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Figure 1 Location and layout of main rail roadway with severely deformed section
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Figure 2 Section and support system for roadway
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Figure 3 Surrounding rock distribution of roadway

2.1 Deformation and failure characteristics of
roadway surrounding rock

Through the deformation monitoring of the
section which is about 7300 m from the roadway
inlet (as shown in Figure 4), the deformation
characteristics of surrounding rock can be described
as follows:

1) Long-term deformation. The deformation of
surrounding rock is more severe within 20 d after
support, and tends to slow subsequently. After
supporting for 2 months, the deformation of
surrounding rock remains stable. According to the
displacement monitoring data (as shown in
Figure 4), the deformation of surrounding rock has
the typical property of rheology, which can be
divided into three stages: severe deformation, slow
deformation and steady deformation.

2) Large deformation. The  general
convergence deformation of roadway is large and
the shrinkage of section area can reach to 55% of
designed size. After supporting for 2 months, the
convergence of roadway sides and arch crown

settlement are above 2.2 m and 1.4 m, respectively.
Surrounding rock failure form of the roadway is
shown in Figure 5.
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Figure 4 In-situ measured displacement with time
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Figure 5 Surrounding rock failure form of roadway (Red
line: profile before deformation; Yellow line: profile after
deformation)

2.2 Failure scope of surrounding rock

After excavation of underground engineering,
the size of failure scope of surrounding rock is an
important basis for support [11-13]. In this paper,
acoustic method is used to study the failure scope of
surrounding rock.

The ZBL-U510 ultrasonic testing instrument is
used in acoustic method. The measuring holes with
depth of 10 m are set in the both sidewall and
spandrel of roadway. The arrangement of measuring
holes and testing instrument is shown in Figure 6.
Through the acoustic parameters tests of broken
rock mass, failure situation of surrounding rock is
analyzed. The test results of different positions of
measuring holes using acoustic method are shown
in Figure 7. It shows that when the thickness of
surrounding rock exceeding 6.4 m and 6.0 m
respectively, the wave velocity increases sharply in
the positions of 1# and 4# measuring holes, and
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Figure 6 Arrangement of measuring holes and testing instrument
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Figure 7 Test results of different positions of measuring holes using acoustic method: (a) 1# measuring hole; (b) 2#
measuring hole; (c) 3# measuring hole; (d) 4# measuring hole

then tends to be stable gradually. Meanwhile, in the
positions of 2# and 3# measuring holes, when the
thickness exceeding 6.5 m and 6.2 m respectively,
the wave velocity increases sharply, and then tends
to be stable. Based on the test results of acoustic
method, the failure depth of roadway surrounding

rock is about 6.5 m.

3 Mechanical parameter of surrounding

rock

3.1 Numerical calculation model
The numerical model is built by the finite
element software ABAQUS [14] and the range of
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72007500 m away from the inlet of the main rail
roadway is selected, where the buried depth is about
620 m. According to the section size and support
system of roadway (Figure 2), the numerical model
is established as shown in Figure 8. The normal
constraints are applied on the left, right and bottom
boundary of the model. Based on the previous
in-situ monitoring data of ground stress near this
site, a vertical stress of 18 MPa is applied on the top
surface of the model, while the gravity pressure of
rock stratum is applied to the whole model and the
lateral pressure coefficient is 0.8. The process of
numerical simulation is in accordance with
construction scheme on site, which is supporting
the surrounding rock with bolts and spraying
concrete directly after roadway excavation and then
analyzing the deformation and failure state of
surrounding rock under rheological effect. The
thickness of concrete spraying (lining) is 0.30 m.
The mechanical property of bolts is simulated by
beam element in ABAQUS.

The yield function used in the model is the
Mohr-Coulomb failure criterion, which can be
written as follows:

7,=C+o0,tang )

where 7, and o, are the shear stress and normal
stress on the failure plane of rock mass, respectively;
C and ¢ are the cohesion and friction angle.

The location of surrounding rock where
the large deformation of the roadway occurs
is dominated primarily by soft mudstone, which has
the typical property of rheology. Therefore, the
stability of the roadway is mainly influenced by the
layer of mudstone. Thus, the rheological property is
calculated by the empirical formula of creep:

where ¢! and o; are the creep strain and deviatoric

stress in i-direction; P;, P, and P; are the
undetermined parameters of rock mass; ¢ is the
time.

After excavation of roadways, the failure
property and long-term rheological effect should be
considered simultaneously when analyzing the
stress and  deformation characteristics  of
surrounding rock [15-17]. In this study, the
empirical formula of creep (Egs. (2)) is
programmed into the subroutine CREEP in
ABAQUS, which 1is then combined with
Mohr-Coulomb failure criterion to simulate the
coupling effect of yield failure and rheology impact
of rock.

3.2 Back analysis methods for mechanical

parameters of surrounding rocks

Based on the field-measured displacements of
surrounding rock induced by excavation, the
mechanical parameters and coefficient in the creep
formula (Eqgs. (2)) are analyzed through back
analysis methods. In this study, a set of geotechnical
parameters selected for back analysis are expressed
as follows:

X =[E,u,C,0,R, P, P] (3)

where E and u are the elastic modulus and Poisson
ratio of rock mass; C and ¢ are the cohesion and
friction angle, respectively; P, P, and P; are the
undetermined parameters in the empirical formula
of creep.

According to the field-measured displacements,
the side walls convergence and arch crown
settlement can be expressed as u, and u,,
respectively.

In the process of numerical simulation for

i P P . .
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Figure 8 Numerical model
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convergence (#;) and arch crown settlement (u,) are
the function of mechanical parameters (X) of
surrounding rocks.

u1=u2=f(EaV7C7¢aPl:P2=P3) (4)

The objective function is often defined as the
sum of the absolute errors between numerical and
measured displacements [18]. Therefore, the
objective function can be expressed as:

Q§(X)=‘u1—ul*‘+‘u2—u;‘ 5)

During back analysis, the optimization
algorithm can minimise the objective function
@(X) by changing the parameter values during the
iterative process. When &(X) tends to be minimum,
it can be considered that the parameters obtained
from the back analysis are in accordance with the
parameters of surrounding rock in-situ.

According to the above ideas, the optimization
algorithm is programmed, which is then combined
with the FEM calculation of ABAQUS to
implement the back analysis for the parameters of
surrounding rock.

3.3 Computing results of back analysis

Considering geological investigation data and
rock mechanics test report, the mechanical
parameters of rock strata and supporting structure in
the numerical model are given in Table 1. The large
deformation of roadway occurs in the thick
mudstone strata with rheological property.
Therefore, the main factors influencing the stability
of roadway are the mechanical parameters and
rheological parameters of mudstone, which would
be determined through back analysis.

Figure 4 shows that the deformation of
surrounding rock remains stable after supporting for

2 months. Therefore, in this study, the average
displacements from 60 d to 80 d after supporting
are taken as the ultimate displacements of roadway.
According to the monitoring data of deformation,
the convergence of roadway sides and arch crown
settlement are set to 2.23 m and 139 m
respectively.

Through back analysis with finite element
model, get the values of the convergence of
roadway sides and arch crown settlement, which are
2.18 m and 1.42 m respectively. Distribution of
displacement after back analysis is shown in
Figure 9. Figure 10 shows the failure zone
distribution of surrounding rock after back analysis.
It can be found that the thickness of the failure zone
in surrounding rock is about 6.5 m, which is
good consistent with the test results by acoustic
method. Therefore, the supporting depth of
surrounding rock should exceed 6.5 m.

The back analysis results of mudstone strata’s
parameters are shown in Table 2.

4 Proposed supporting strategy

4.1 A combined supporting technology with
U-shaped steel support and anchor-grouting
After excavation of roadway, the deformation

of surrounding rock occurs due to disturbance.
Meanwhile, under high ground stress, the depth of
deformation and failure region of soft surrounding
rock would increase with time due to rheological
effect. Based on the deformation and failure
characteristics of the roadway surrounding rock and
its failure scope, a combined supporting technology
with U-shaped steel support and anchor-grouting is
proposed. Detailed construction procedure is as
follows:

Table 1 Mechanics parameters of surrounding rock and supporting structure of roadway (o is back analysis parameter)

Rock strata Density/(kg'm )

Elastic modulus/GPa

Poisson ratio Cohesion/MPa Friction angle/(°)

Siltstone 2440 12.51
Medium sandstone 2680 10.06
Mudstone 2890 o
Limestone 2750 6.86
Fine sandstone 2900 3.51
Coal 1420 1.23
Gritstone 2890 15.28
Lining 2850 40

Bolt 7800 160

0.21 2.75 38
0.22 4.26 36

o o o
0.28 3.53 42
0.21 7.90 43
0.30 1.05 36
0.20 3.04 40
0.18 32 52
0.20




1246

J. Cent. South Univ. (2018) 25: 1240-1250

U, Ul
+1.061x10°
+8.792x107!

46.971x107!
L +5.151x101
+3330x107
| +1.500x107!
-3.112x10
-2.132x107!
-3.952x107"

-5.773x107" i
~7.594x10!
-9.414x107 |
1.124x10°

(a)

U, U2

= 1].516%10°
+1.271x10°
+1.026x10°
+7.812x107!
+5.364x107!
-+2.915%107!
+4.672x1072
-1.981x107!
-4.429x107!
-6.878x107!

-9.326x107"
-1.177x10°

~1.422x10°

(b)
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Figure 10 Failure zone distribution of surrounding rock
after back analysis

Table 2 Back analysis results of mudstone strata’s

parameters
Elastic . . .
Poisson Cohesion/ Friction
modulus/ ) o P, P, P
GPa ratio MPa  angle/(°)
2.06 0.26 1.54 32 2.13x10°° 3.32 2.65

1) After roadway excavation, install #29
yieldable U-steel supports with interval of 3 m. This
step can help to prevent the initial deformation of
roadway due to excavation.

2) Install grouting cable (¢#22 mmx7000 mm)
in the middle section of two groups of U-steel
supports and implement high-pressure grouting.
The effect of this procedure contains two aspects.
First, the failure region of soft surrounding rock can
be  strengthened.  Second, the  grouting
reinforcement layer can help to resist the
deformation in deep rock mass.

3) Reinforce the floor with prestressed anchor
cable to prevent heave. The support parameters are
#18.2 mmx12000 mm with interval of 3 m, and the
value of applied prestress is 120 kN.

4) Spay concrete with thickness of 0.3 m on
the roof and side walls of the roadway.

The grouting cable and prestressed anchor
cable support layout is shown in Figure 11.

Grouting cable
@22 mmx=7000 mm

5.4

I1 m

m fo
Am

/

on
i g
0.8 m1 0.8 mi~
.35 .
Prestressed
anchor cable
¢18.2 mmx12000 mm

Figure 11 Layout of grouting cable and prestressed
anchor cable

4.2 Numerical simulation for
supporting technology

In order to study the effect of the combined
supporting technology, the numerical model is built
by ABAQUS to simulate its influence. Mechanics
parameters of surrounding rock are shown in
Tables 1 and 2. The support function of the grouting
reinforcement layer is simulated by increasing the
mechanics parameters of this region’s rock mass.
Previous study shows that after grouting
reinforcement for surrounding rock, its elastic
modulus could be increased by more than 30% [18].
Meanwhile, the cohesion and friction angle could
be increased by 20%-30%. According to the
analysis of specific conditions in-situ, the
mechanics parameters of grouting reinforced region
are determined as shown in Table 3.

The support effect of U-steel supports is
simulated by beam element in ABAQUS. The
yieldable property is simulated by setting the
cohesive force of interface between beam elements
and rock mass elements. The maximum cohesive

combined
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Table 3 Mechanics parameters of grouting reinforced

region
Density/ Elastic Poisson Cohesion/  Friction
(kgm™) modulus/GPa ratio MPa angle/(°)
2970 2.90 0.23 1.94 39

force could be set to 200 kN [19]. When the
cohesive force exceeds 200 kN, the shrinkage
deformation of U-steel supports would happen. In
numerical simulation, the density, elastic modulus
and Poisson ratio of U-steel supports are set to 7500
kg/m®, 200 GPa and 0.3, respectively.

According to the detailed construction
procedure of the combined supporting technology
with U-shaped steel support and anchor-grouting,
numerical simulation includes the following steps:

1) Based on the stress distribution of
surrounding rock, the balance of initial ground
stress field is carried out for the numerical model.

2) Excavate roadway and install the U-steel
supports.

3) Make grouting support for surrounding rock.

The thickness of the grouting reinforcement layer is
set to 7 m.

4) Install prestressed anchor cables in the floor
of the roadway.

5) On the roof and side walls of the roadway,
spay concrete with thickness of 0.3 m.

6) Analyze the roadway’s deformation and
failure conditions after the rheological deformation
of surrounding rock for 150 d.

The numerical model for the combined
supporting technology is shown in Figure 12.

Grouting cable

Grouting
g rcinforcement
e layer

U-steel > .
support e

Figure 12 Numerical model for combined supporting
technology

Figure 13 shows the numerical simulation
results of the combined supporting technology. It
can be found that when the roadway has been used
for 150 d, the maximum convergence of roadway

sides and arch crown settlement are about 31 mm
and 14 mm, respectively. In addition, comparing
with the numerical simulation results under original
support scheme (Figures 9 and 10), the deformation
of roadway has been controlled effectively. And the
area of failure zone of surrounding rock has
decreased significantly.
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Figure 13 Numerical simulation results of combined

supporting technology: (a) Horizontal displacement (Unit:
m); (b) Vertical displacement (Unit: m); (c) Failure zone
distribution

The above study shows that the combined
supporting technology with U-shaped steel support
and anchor-grouting has the protective effect on the
stability of roadway, which can control the
deformation of the surrounding rock and reduce the
failure zone obviously.

4.3 Supporting effect
The combined supporting technology with
U-shaped steel support and anchor-grouting has
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been implemented in the severely deformed
roadway region. And measurement stations were
installed to monitor the deformation of surrounding
rock, which were set to the section of 7300 m
(Measurement  section 1) and 7400 m
(Measurement section 2) from the roadway’s inlet.
Based on the observation data of 150 d (Figure 14),
the maximum side walls convergence was 34 mm
and the maximum arch crown settlement was
18 mm. The displacement speed of the roadway
was the fastest in the first 70 d after support, and
the deformation speed slowed down afterwards.
After supporting for 100 d, the deformation and
convergence rates of surrounding rock remained
stable. Meanwhile, the numerical simulation result
is in good agreement with the monitoring
displacement by comparison.

Figure 15 shows the field effect drawing of the
combined supporting technology. It can be found
that, after support and long-term use of the roadway,
its shape and size have no change on the whole and
the U-steel support has no sign of bending.

40 @

Deformation/mm
[\e] W
(e} ()
T T

—_
e
T

-+~ Side wall convergence
-+ Arch crown settlement

0 20 40 60 80 100 120 140
Time/d

Therefore, the surrounding rock of roadway is in
good stable state after support.

5 Conclusions

Soft rock surrounding deep roadway has poor
stability and long-term rheological effect. More and
larger deformation problems of surrounding rock
occur due to adverse supporting measures for such
roadways. In order to investigate the more efficient
measures for the reinforcement, the main rail
roadway with severely deformation in China’s
Zaoquan coal mine is taken as an example to study
a new kind of combined supporting technology with
U-shaped steel support and anchor-grouting for the
stability of soft rock surrounding deep roadway. A
series of conclusions are made as follow:

1) The long-term deformation tendency and
failure zone of soft rock surrounding deep roadway
are analyzed by in-situ deformation monitoring and
acoustic wave testing technique. Then, a three-
dimensional finite element model reflecting the

40 (b)

Deformation/mm
) w
S S
T T

—
[}
T

-+~ Side wall convergence
-+ Arch crown settlement

0" 20 40 60 80
Time/d

100 120 140

Figure 14 Roadway displacement measurement (Unit: mm): (a) Measurement section 1; (b) Measurement section 2

Figure 15 Field effect drawing of combined supporting technology: (a) Photo after U-shaped steel support; (b) Photo

after support for 5 months



J. Cent. South Univ. (2018) 25: 1240-1250

1249

engineering geological condition and initial design
scheme is established by ABAQUS. Based on the
field monitoring deformation data, the surrounding
rock geotechnical and rheological parameters of the
roadway are obtained by back analysis.

2) Based on the deformation and failure
characteristics of the roadway surrounding rock and
its failure scope, a combined supporting technology
with U-shaped steel support and anchor-grouting is
proposed. The simulation result shows that the
combined supporting technology has the protective
effect on the stability of roadway, which can control
the deformation of the surrounding rock and reduce
the failure zone obviously.

3) The combined supporting technology with
U-shaped steel support and anchor-grouting has
been implemented in the severely deformed
roadway region. The roadway deformation is well
controlled with the side
convergence being 34 mm and the maximum arch
crown settlement being 18 mm. Meanwhile, the
numerical simulation result is in good agreement
with the monitoring displacement. Thus, the
combined supporting technology can meet the
requirements of stability control for soft rock
surrounding deep roadway and could also be used
in the similar engineering.

maximum walls
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H X Six

GRS AR TR L BB SCH B

BWE: HNRRPCE BB R A KR AR AR 8, DL ORIz f sl TR 6, AL
DA DA PR TLA, A T8 355 Bl e KA T a5 KA Va s AR BUE AR i, T
AEMS S TR H BOIR DL S MTAR Bt J7 S I = AT BROGRE R, I DAL M AR JE K g St S isii 3R
TS S BAMNRAASE . SN BEEBORRAAE, 5 11U BAN SO i [ 25 S R
FEA A BROCAE R E S P ORA T B U, 45 5 B M AR 04, Bk 1 S T3k A 24
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