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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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1 Introduction 
 

Demanding for energy with the rapid 
development of China’s economy is increasing year 

by year, which makes more and more coal mines 
begin to exploit deep resource and many roadways 
have been constructed in more deep strata. Due to 
the complexity of the geological conditions of deep 
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. DESAI 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 4.3 m and 5.4 m, respectively. The 
supporting measure of the roadway is bolting and 
concrete spraying. The support parameter of bolts is 
20 mm×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. 

 

 
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 

 

 
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. 
 

 
Figure 4 In-situ measured displacement with time 

 

 
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 

 

 
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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7200–7500 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: 

 
 tannn  C                           (1) 

 
where τn and σn are the shear stress and normal 
stress on the failure plane of rock mass, respectively; 
C and φ 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: 

 
32

1c
PP

i
i tP                              (2) 

where 
i
c  and σi are the creep strain and deviatoric 

stress in i-direction; P1, P2 and P3 are the 
undetermined parameters of rock mass; t 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 (Eqs. (2)) is 
programmed into the subroutine CREEP in 
ABAQUS, which is 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 (Eqs. (2)) are analyzed through back 
analysis methods. In this study, a set of geotechnical 
parameters selected for back analysis are expressed 
as follows: 

 
] , , , , , ,[ 321 PPPCEX                     (3) 

 
where E and μ are the elastic modulus and Poisson 
ratio of rock mass; C and φ are the cohesion and 
friction angle, respectively; P1, P2 and P3 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 *

1u and ,*
2u  

respectively. 
In the process of numerical simulation for 

roadway excavation and support, the side walls 
 

 
Figure 8 Numerical model 



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

 

1245

 

 
convergence (u1) and arch crown settlement (u2) are 
the function of mechanical parameters (X) of 
surrounding rocks. 

 
) , , , , , ,( , 32121 PPPCEfuu                 (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: 

 
*
22

*
11)( uuuuXΦ                     (5) 

 
During back analysis, the optimization 

algorithm can minimise the objective function 
)(XΦ  by changing the parameter values during the 

iterative process. When )(XΦ  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 1.39 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 (○ is back analysis parameter) 

Rock strata Density/(kg·m–3) Elastic modulus/GPa Poisson ratio Cohesion/MPa Friction angle/(°) 

Siltstone 2440 12.51 0.21 2.75 38 

Medium sandstone 2680 10.06 0.22 4.26 36 

Mudstone 2890 ○ ○ ○ ○ 

Limestone 2750 6.86 0.28 3.53 42 

Fine sandstone 2900 3.51 0.21 7.90 43 

Coal 1420 1.23 0.30 1.05 36 

Gritstone 2890 15.28 0.20 3.04 40 

Lining 2850 40 0.18 32 52 

Bolt 7800 160 0.20   
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Figure 9 Distribution of displacement after back analysis (Unit: m): (a) Horizontal displacement; (b) Vertical 

displacement 

 

 
Figure 10 Failure zone distribution of surrounding rock 

after back analysis 

 

Table 2 Back analysis results of mudstone strata’s 

parameters 
Elastic 

modulus/ 
GPa 

Poisson 
ratio 

Cohesion/ 
MPa 

Friction 
angle/(°) 

P1 P2 P3

2.06 0.26 1.54 32 2.13×10–6 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 mm×7000 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 mm×12000 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. 

 
Figure 11 Layout of grouting cable and prestressed 

anchor cable 

 
4.2 Numerical simulation for combined 

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 
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Table 3 Mechanics parameters of grouting reinforced 

region 
Density/ 
(kg·m–3) 

Elastic 
modulus/GPa 

Poisson 
ratio 

Cohesion/ 
MPa 

Friction 
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/m3, 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. 
 

 
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. 
 

 
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. 

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  

 

  
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 
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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 maximum side walls 
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. 
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中文导读 
 

深部软岩巷道变形破坏机制及联合支护技术 
 
摘要：针对深部软岩巷道围岩长期流变大变形破坏问题，以中国枣泉煤矿运输巷道工程为例，利用现

场变形监测和声波测试技术，分析巷道软弱围岩长期变形趋势及破坏范围；利用数值模拟方法，建立

能够反映工程地质状况及初始设计方案的三维有限元模型，并以现场监测变形数据为基础，反演获取

巷道围岩力学参数和流变参数。针对围岩破坏特征，提出“U 型钢支架+围岩锚固注浆”联合支护技术，

并利用有限元模型对其支护效果进行数值模拟，结合现场监测变形数据分析，验证了支护方法的有效

性。 
 
关键词：软岩巷道；流变效应；支护技术；数值模拟；加固 


