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Abstract: The roadway instability in deep underground conditions has attracted constant concerns in
recent years, as it seriously affects the efficiency of coal mining and the safety of personnel. The large
rheological deformations normally occur in deep roadway with soft coal mass. However, the failure
mechanism of such roadways is still not clear. In this study, based on a typical soft coal roadway in the
field, the in-situ measurements and rock mass properties were obtained. The rheological deformation
of that roadway was revealed. Then a time-dependent 3D numerical model was established and
verified. Based on the verified model, the deformation properties and evolutionary failure mechanism
of deep coal roadway were investigated in detail. The results showed that the deformation of the soft
coal roadway demonstrated rheological behavior and the applied support structures failed completely.
After roadway excavation, the maximum and minimum stresses around the roadway deteriorated
gradually with the increase of time. The failure zones in soft coal mass expanded increasingly over
time, which had a negative effect on roadway stability in the long-term. According to the findings,
helpful suggestions were further presented to control the rheological deformation in the roadway.
This research systematically reveals the instability mechanism of the deep coal roadway and provides
some strategies for maintaining roadway stability, which can significantly promote the sustainability
of mining in deep underground coal mines.

Keywords: soft coal; mining safety; time-dependent behavior; failure mechanism; roadway
deformation; numerical modelling

1. Introduction

Roadway instability is a challenging issue in deep underground coal mines, which seriously
jeopardizes personnel safety [1]. In China, most coal resources are buried deeper than 700 m especially
in the east of China. Due to the rapidly growing demands of coal production, the mining depth
increases quickly at a speed of 10–25 m per year [2]. Compared with a roadway at a shallow depth, the
failure mechanism of rock mass surrounding deep roadway is significantly different. Specifically, the
time-dependent feature of rock mass (i.e. rheology property) in deep conditions is more severe [3,4].
After roadway excavation, the deformation of the roadway with weak rock mass and soft coal mass
rapidly increases with time, which causes the evolutionary failure of the roadway. Normally, coal
roadway instability occurs over several months, and worse, the maintenance cost exceeds the tunneling
cost considerably [5].

To investigate the failure of soft rock mass roadway in deep mines, some methods such as
theoretic analysis [6], field tests [7–9], physical simulation models [10,11], and numerical modeling
were presented and utilized. Nowadays, different numerical simulation methods were developed and
adopted due to their special advantages including low costs, high efficiency, and repeatability [12,13].

Sustainability 2020, 12, 2885; doi:10.3390/su12072885 www.mdpi.com/journal/sustainability

http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
https://orcid.org/0000-0002-3572-2682
https://orcid.org/0000-0002-9046-3492
https://orcid.org/0000-0001-9241-9367
http://www.mdpi.com/2071-1050/12/7/2885?type=check_update&version=1
http://dx.doi.org/10.3390/su12072885
http://www.mdpi.com/journal/sustainability


Sustainability 2020, 12, 2885 2 of 17

It has been proved that the instability of a roadway could be thoroughly investigated especially in
stress states, damage zones, and deformation evolution by numerical modeling approaches [14,15].
For example, based on the software of UDEC (v 5.0) or 3DEC (v 5.0) [16–19], the failure mechanism of
a roadway considering various conditions such as high horizontal in-situ stress, deep buried depth,
squeezing phenomenon, and mining-induced stresses were studied. By FLAC (v 7.0) or FLAC3D (v
5.0) methods [20–23], the stability of a roadway related to excavation size, geological conditions, stress
states, rheological properties of rock mass, and the development of plastic zone was investigated. In
addition, other numerical simulation methods such as RFPA (v 1.0) [24], ABAQUS (v 6.0) [25], RS2 (V
10.0) [26], and hybrid numerical approaches such as “FLAC3D+FLAC” [27] and “FLAC3D+RS2” [28,29]
were adopted for analyzing roadway deformation and failure behaviors.

The mentioned studies by numerical simulations have proved that the numerical methods are
practicable and efficient in investigating roadway instability. However, it should be pointed out that
there are still some limitations of cognition of engineering because of complex geological conditions
deep underground. The failure mechanism of soft coal roadway needs to be further revealed. To the
authors’ knowledge, the related researches on roadway stability still have some limitations as follows:
(1) The time-dependent behavior of the roadway has been confirmed by many engineering practices.
Therefore, the numerical simulation should reflect the time effect on roadway stability instead of just
focusing on the final status of the roadway through traditional numerical simulation. (2) Based on
some experimental results, it has been proved that soft coal exhibited more obvious rheological features
than high strength rock. Thus, in terms of a deep soft coal roadway, it is necessary to analyze the
evolving failure considering the rheology of coal mass.

This paper revealed the time-dependent deformation of the soft coal roadway and presented a
3D numerical model for analyzing its evolutionary failure mechanism. A typical deep roadway with
extremely soft coal mass was taken as the engineering background to discuss its rheological properties
considering in-situ measurements. A FLAC3D numerical model was established and a constitutive
model of the Burger-creep visco-plastic model (CVISC) was used for simulating the rheology of soft
coal mass. The model was then validated by comparing the calculation results with field measurements.
Therefore, the rheological deformation, the stress distribution of surrounding coal mass with time,
and the evolutionary plastic zones around the roadway were systematically investigated based on
the verified model. Furthermore, some suggestions were proposed for stabilizing the deep soft coal
roadway. This research puts forward some meaningful insights into the instability of deep coal
roadways in rheology and has significance in support design.

2. Engineering Project and Geological Setting

2.1. Project Overview

A project was conducted in Guobei coal mine, China (Figure 1a). The studied roadway is shown
in Figure 1b. It was a conveyor roadway for transporting coal from the working panel of 8204. In
terms of this working panel, the depth was around 700–750 m. The roadway was normally driven
along the floor and arranged in the coal layer. Due to the previous complicated tectonic movement, the
coal mass with low strength was full of fractures and cracks. When tunneling in such soft coal mass,
collapse and spalling of working face normally occurred. The size of the original roadway is shown in
Figure 1c. A conventional support strategy (i.e., U-shaped steel sets, rock bolts, and shotcrete) was
designed and utilized (Figure 1c). However, large roadway convergence normally occurred at one to
two months and most of the support structures failed.
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Figure 1. The studied area and the conditions of the roadway; (a) the location of Guobei coal mine; 
(b) the location of studied roadway; (c) the support system used in the roadway. 

2.2. Rock Mass Properties 

The rock mass properties affected roadway stability obviously. The stratigraphic column of 
lithology around roadway is shown in Figure 2. To characterize various lithological units, the rock 
mass rating (RMR) classification system and the geological strength index (GSI) were used. Based on 
the RMR values obtained from the field observations, the GSI value was then determined by 
empirical correlation [30]. According to the following typical equations [31–33] and intact rock 
properties such as compressive strength, the rock mass properties are shown in Table 1. 

 
Figure 2. Stratigraphic column of rock. 

(a) 

(b) 

Guobei coal mine 

Beijing 

Studied roadway  

(c) 

3800 mm 

5600 mm 

Figure 1. The studied area and the conditions of the roadway; (a) the location of Guobei coal mine;
(b) the location of studied roadway; (c) the support system used in the roadway.

2.2. Rock Mass Properties

The rock mass properties affected roadway stability obviously. The stratigraphic column of
lithology around roadway is shown in Figure 2. To characterize various lithological units, the rock
mass rating (RMR) classification system and the geological strength index (GSI) were used. Based on
the RMR values obtained from the field observations, the GSI value was then determined by empirical
correlation [30]. According to the following typical equations [31–33] and intact rock properties such
as compressive strength, the rock mass properties are shown in Table 1.
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Table 1. Rock mass properties.

Rock
Mass GSI Density,

kg/m3
Poisson’s

Ratio
Cohesion,

MPa
Friction
Angle,

Tensile
Strength, MPa

Deformation
Modulus, GPa

Sandstone 67 2690 0.22 3.45 42 0.79 12.5
Mudstone 35 2700 0.29 1.24 27 0.3 0.4

Coal 30 1420 0.39 0.98 24 0.15 0.50
Mudstone 34 2710 0.25 1.21 26 0.3 0.25
Sandstone 60 2680 0.21 2.85 40 0.51 8.9

3. In-situ Measurement in the Roadway

3.1. Measurement Station Setting

Three measurement stations were constructed and used for measuring the displacement of the
roadway after excavation (shown in Figure 3). The monitoring points installed on the roadway profile.
The flexible tape was used to measure the roadway cross-section convergences. To avoid the statistical
error and scattered monitoring data, the average values collected from the three measurement stations
in different monitoring points were used as the final in-situ measurements. In practice, before the
roadway reached the large deformation, it had been maintained in advance in order not to affect its use,
and therefore the displacement data on-site was accumulative deformation. It should be mentioned
that the sidewalls of roadway suffered several re-excavations due to the large displacement, and the
obtained monitoring data illustrated fluctuations of displacement to some extent.
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3.2. Analysis of In-Situ Roadway Deformation

The in-situ measurements of roof-to-floor convergence and sidewall convergence are shown in
Figure 4. It is clear that the deformation of the roadway exhibited rheological properties especially on
sidewalls. After roadway excavation, the deformation on the roof and sidewalls increased evidently
over time. The sidewall convergence was almost three times the roof-to-floor convergence. This is
because the immediate floor is the relatively high-strength mudstone and its rheological behavior is not
as obvious as the surrounding soft coal mass. The sidewall must be maintained and reinforced several
times in its service life, which means that the high-rigidity support system cannot resist the rheological
deformation of coal mass in the long-term. The described phenomenon showed that the soft coal mass
was easily in rheology and caused roadway failure over time. To reveal the time-dependent behavior
and failure mechanism of the roadway, a numerical model was performed.
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4. Numerical Model Development and its Validation

4.1. Numerical Model Establishment

In this study, FLAC 3D was used to construct the model and simulate the time-dependent behavior
of soft coal mass. This program is efficient and accurate for simulating rheological property of materials
such as rock, coal, and composites, which has been verified by many researches. Specifically, according
the field conditions of roadway such as size, lithology of rock mass and the strata thickness, the model
in 3D was established (Figure 5a). It is noted that the boundary effect and element size normally have
an effect on the accuracy of analysis. Therefore, the established domain is 10 times the roadway size
in XZ plane and the length of the roadway was set as 100 m at YZ direction. The elements around
roadway were divided by fine mesh, while the elements far away the roadway were set as larger size.
The deformation of the model was monitored by setting monitoring points (depicted in Figure 5b).
The bottom of the model was fixed and the left and right boundaries were set as roller boundaries. The
applied vertical stress and horizontal stress to the model were gained from the literature about this
coal mine [29].
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4.2. The Properties of Support Materials

As the described above, in the field, the rock bolts, shotcrete, and U-shaped steel sets were applied
to control the roadway. In FLAC 3D, the rock bolts and shotcrete were created by cable and shell
elements, while the U-shaped steel sets were created by applying the equivalent elastic modulus on
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shotcrete. Thus, the sum of elastic modulus of shotcrete and U-shaped steel sets can be summarized by
the following equation:

E = E0 +
AgEg

Ac
(1)

where E means the elastic modulus of all support materials, E0 is the modulus of shotcrete, Ag means the
cross-sectional area of U steel set, Eg denotes the elastic modulus of steel, and Ac is the cross-sectional
area of the shotcrete.

The support materials used in numerical model were given in Table 2.

Table 2. The support materials used in numerical simulation.

Parameters, Unit Rock Bolt U-shaped Sets Shotcrete

Elastic modulus, GPa 200 200 30
Poisson’s ratio 0.3 0.25 0.15

Compressive strength, MPa 400 400 40
Tensile strength, MPa 400 400 3.8

Diameter/thickness, mm 22 15 100
Unit weight, kN/m3 - - 24

Length, mm 2400 - -
Pre-tensioning, kN 80 - -

4.3. Selection of Constitutive Models

Selecting a proper constitutive for rock mass is critical. According to the filed measurements,
the rheological behavior of soft coal mass could not ignore. Thus, in this study, the Burger-creep
viscoplastic model (CVISC) was used to simulate the time-dependent behavior of coal. The CVISC
model has been successfully used in previous study [34]. It should be pointed out that the time-step in
CVISC model in FLAC is real time, which is different from that in static analysis modes. Normally,
the time-step in static modes is a virtual value representing steady-state condition. In terms of the
constitutive models for the rock mass such as mudstone and sandstone, the typical Mohr-Coulomb
(M-C) model was chosen, as the rheology in such strata is not obvious. Moreover, in CVISC model, the
rheological parameters such as ηM, GM, ηK and GK are critical and they are obtained by referring the
back-analysis method [34]. The rheological parameters used in this paper were given in Table 3.

Table 3. Back analysis results of rheological parameters of soft coal mass.

ηM (MPa.h) GM (MPa) ηK (MPa.h) GK (MPa)

3.38e6 1.36e2 6.09e8 2.21e2

4.4. The Deformation of the Roadway by JG Support

Based on the established model, a 300-day calculating period in the model was set and the
simulation results of sidewall convergence and roof-to-floor convergence are illustrated in Figure 6. It
can be seen that the simulated deformation (the red stars in Figure 6) of roadway are rather close to the
field monitoring results. The calculated tendency is consistent with the filed results, which confirms
that the established model with time-dependent behavior are reasonable.
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5. The Analysis of Evolutionary Failure of Soft Coal Roadway

As described above, the accuracy of established model was confirmed. Hence, in this section, the
stability of roadway was analyzed and discussed based on the validated numerical model. Specifically,
the roadway deformation, stress states, and plastic zones around roadway were systematically
investigated to reveal the failure mechanism of soft coal roadway with time-dependent behavior. Some
monitoring results at various days (i.e., 3 days, 15 days, 30 days, 60 days, 150 days, 300 days) were
chosen to compare and analyze.

5.1. The Time Dependent-Behavior of Roadway Deformation

The horizontal roadway displacement with time is depicted in Figure 7. After roadway excavation
(Figure 7a), the horizontal deformation was small and it was mainly caused by the instantaneous failure
deformation of coal mass at the roadway surface. With the increase of time, the deformation sidewalls
increased gradually, which was mainly composed of the rheological deformation and plastic-flow
deformation of the coal mass (Figure 7b–f). Moreover, the deformation behavior of the roadway
exhibited not only the increases of the displacement on the roadway surface but also the increase of
movement range in coal mass (as indicated by the red dashed arrow). It can be clearly seen from
Figure 7b that after 15 days, the rock bolts lost the use of reinforcement and completely failed due
to the large sidewall extrusion of the roadway (shown by a red dashed circle). Thus, the roadway
convergence was more serious over time.
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In addition, the displacement and deformation rate of the left and right sidewalls were obtained
according to the monitoring results (depicted in Figure 8). As can be seen from Figure 8a, the
deformation of the left and right sidewalls reached 457 mm and 463 mm, respectively (Figure 8a).
However, the minimum requirement of sidewall deformation is 300 mm according to the engineering
experience on-site. The roadway with such a large deformation cannot be used and therefore must
be expanded and repaired several times. Furthermore, the maximum deformation rate of the two
sidewalls reached 18.5 mm/d, and after about 60 days the deformation rate gradually decreased to a
steady value which was larger than zero (Figure 8b). Therefore, it proved that there were two stages of
rheology in the horizontal deformation of the roadway (i.e., decelerating rheology stage and uniform
rheology stage).
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The vertical displacement of the roadway with time is illustrated in Figure 9. Similar to the
deformation in sidewalls, the roof deformation increased with time, and the movement range of coal
mass around the roof also increased gradually (Figure 9a–f). As for the deformation on the roadway
floor, the values were basically unchanging after roadway excavation. This is because the lithology in
the floor is mudstone with relatively high strength and its failure can be regarded as plastic damage,
while the immediate roadway roof is soft coal mass with serious rheological property and consequently
the roof would be in rheology for a long time. Another phenomenon that should be pointed out is
that the extrusion part in sidewalls (shown by the red dashed circle in Figure 9b) also demonstrated
vertical displacements. The horizontal and vertical displacement in extrusion sidewalls formed a
combined displacement with downward and inward movement to the roadway, which can accelerate
the deformation of sidewalls. This is extremely adverse to the stability of the roadway and needs to be
expanded and eliminated in time.
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Further, the deformation and deformation rate of the roof and floor with time are shown in
Figure 10. The maximum deformation on the floor was only 30 mm, while that on the roof was 260 mm
(Figure 10a). From Figure 10a, the rheological deformation of the roof can be divided into two stages.
The roof deformation showed the deceleration rheology in 60 days, while after 60 days that illustrated
uniform rheology. According to Figure 10b, the maximum deformation rate of the floor was 42.5
mm/d, while that of the roof was about 20 mm/d. The deformation rate of the floor quickly decreased
to zero and kept constant, which meant that there was almost no increase in deformation after roof
failure at an early stage. By contrast, the deformation rate of the roof showed a slow reduction and
then reached a constant value (greater than zero), indicating the coal mass in rheology would affect
roadway stability severely.
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5.2. The Evolutionary Stress Distribution Around the Roadway

Around the roadway, the development of maximum principal stress with time is depicted in
Figure 11. It is clear that there was a large stress relief zone around the roadway after excavation.
Compared with the in-situ stress (about 19 MPa), the stress value near the roadway surface was far
lower (Figure 11a–f). Due to the absence of support on the roadway floor, the stress relief area of the
floor was large and it was almost unchanging with the increase of time. This is mainly because the
floor had been completely damaged just after excavation and therefore the stress release of strata was
complete. At the same time, it is noted that there were two stress concentration areas near the bottom
corners of the roadway (as shown in the red dotted circle in Figure 11a), which was caused by the rigid
support system on the roadway for undertaking and transferring the high stresses. However, with the
increase of time and sidewall deformation, the size of these areas decreased and even disappeared.
Generally, the stress relief zones of the roof and two sidewalls gradually increased (Figure 11a–f).
Two stress concentration zones with high-stress values formed (as shown in the black dotted circle in
Figure 11b) in the deep sidewalls of the roadway, and their range and size gradually changed with the
increase of time (Figure 11c–f).
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A monitoring line (depicted in Figure 11a) was arranged to reveal the maximum stress over time
(1 day, 3 days, 7 days, 15 days, 30 days, 60 days, 150 days, 300 days). The results are illustrated in
Figure 12. With the increase of time, the position of the monitoring points on the roadway surface
gradually approached the origin of the horizontal coordinate axis, and the stress decreased significantly
(as shown by the red dotted line arrow in Figure 12). That indicated roadway convergence and the
failure of coal mass around the roadway surface. The peak stresses not only increased in coal mass
but also transferred to the deep sidewalls over time (as shown by the blue dotted arrow in Figure 12).
As shown by the black dashed arrow in Figure 12, the stresses in the coal mass in deep sidewalls also
increased gradually with time. In this study, the ratio of peak stress to in-situ stress was defined as
the factor of stress concentration. The results are summarized in Table 4. The maximum principal
stress did not increase obviously within 3 days. The rheology of coal mass had little influence on the
stress distribution of the roadway in 7 days. It can be considered that the maximum stress was still
in-situ stress. After that, the stresses in coal mass subsequently exhibited time-dependent properties.
At 60 days, the distance from the roadway surface to maximum stress in coal mass was relatively
stable at 4.0 m and the corresponding stress concentration factor was 1.36. Overall, because of the
rheological behavior of soft coal mass, the stress distribution around roadway was unfavorable for
roadway stability.



Sustainability 2020, 12, 2885 13 of 17Sustainability 2020, 12, x FOR PEER REVIEW 13 of 17 

 

 

Figure 12. The changes of maximum principal stress. 

Table 4. The concentration factor of maximum principal stress with time. 

Time (d) 1 3 7 15 30 60 150 300 
Distance to peak stress (m) 2.3 3.0 3.1 3.3 3.6 4.0 4.0 4.0 

Factor of stress concentration 1 1 1.16 1.27 1.33 1.36 1.36 1.34 

5.3. The Development of Plastic Zone Around Roadway With Time 

From Figure 13, it can be seen that there were some shear failures in the roof and two sidewalls 
of the roadway (Figure 13a). At the same time, and the roof also had a small number of tensile failures, 
while the majority failures of the floor were tensile damage. At 15 days, the extent of the plastic zone 
in sidewalls had completely exceeded the length of rock bolts, indicating the bolting support system 
has finally lost its function (Figure 13b). About 60 days later, the plastic zone of the roof and the two 
sides of the roadway tended to be stable (Figure 13c). With the increase of time, though the change 
of the plastic zone was not very obvious (Figure 13d to 14f), some areas around the roadway had a 
tendency to be in the plastic state, which was mainly affected by the long-term rheological behavior 
of coal mass. The development of maximum failure depth of the plastic zone is given in Table 5. In 
general, the characteristic of the maximum depth of plastic zone around roadway was “sidewalls > 
floor > roof” and the property of the development speed of the plastic zone was “sidewalls > roof > 
floor”. 

 

(a) (b) 

Figure 12. The changes of maximum principal stress.

Table 4. The concentration factor of maximum principal stress with time.

Time (d) 1 3 7 15 30 60 150 300

Distance to peak stress (m) 2.3 3.0 3.1 3.3 3.6 4.0 4.0 4.0
Factor of stress
concentration 1 1 1.16 1.27 1.33 1.36 1.36 1.34

5.3. The Development of Plastic Zone Around Roadway With Time

From Figure 13, it can be seen that there were some shear failures in the roof and two sidewalls of
the roadway (Figure 13a). At the same time, and the roof also had a small number of tensile failures,
while the majority failures of the floor were tensile damage. At 15 days, the extent of the plastic zone
in sidewalls had completely exceeded the length of rock bolts, indicating the bolting support system
has finally lost its function (Figure 13b). About 60 days later, the plastic zone of the roof and the two
sides of the roadway tended to be stable (Figure 13c). With the increase of time, though the change of
the plastic zone was not very obvious (Figure 13d–f), some areas around the roadway had a tendency
to be in the plastic state, which was mainly affected by the long-term rheological behavior of coal mass.
The development of maximum failure depth of the plastic zone is given in Table 5. In general, the
characteristic of the maximum depth of plastic zone around roadway was “sidewalls > floor > roof”
and the property of the development speed of the plastic zone was “sidewalls > roof > floor”.
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Table 5. The statistics of the maximum depth of the plastic zone.

Time (day) 1 3 7 15 30 60 150 300

The depth in roof (m) 0.4 1.2 1.2 1.8 2.4 2.5 2.5 2.5
The depth in floor (m) 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8

The depth in sidewalls (m) 0.4 1.2 2.6 3.2 3.4 3.6 3.6 3.6

6. Discussion and Suggestions

As analyzed above, the deformation behavior and failure mechanism in the soft coal roadway are
different from the high-strength rock roadway. According to the literature [16,35], the squeezing failure
normally occurred in the roadway with relatively high-strength rock or coal mass due to the dynamic
high stresses (e.g., mining-induced stress) and the failure of support systems. The squeezing failure of
such a roadway exhibited instantaneity of instability instead of time-dependent properties. As for this
study of the soft coal roadway, the time-dependent behavior of the roadway is rather noticeable, which
is closely related to evolutionary failure of the coal mass. Specifically, the evolutionary failure of the
soft coal roadway includes the stress deterioration behavior and the development of plastic zone with
time, which is different from the previous studies only focusing on final status of roadway [19,36].

In addition, based on the field measurement, the deep soft coal roadway illustrated quick and
large rheological deformation in its service life (1 to 2 years). In comparison, the time-dependent
deformation in a shallow rock tunnel is quite small in 5 to 10 years [37–39]. In terms of this, the
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previous research results in maintaining tunnel stability could not be applied to a soft coal roadway
directly. Consequently, it is necessary to present some suggestions to keep the soft coal roadway stable.

In this study, grouting techniques are recommended to control the roadway stability. Improving
the strength and integrity of soft coal mass is the basic way to restrain the rheological behavior
and therefore to improve the roadway stability. Grouting as a reinforcement method can enhance
the physical and mechanical properties of coal mass, which was confirmed by many successful
engineering cases [40–43]. Therefore, the pre-grouting technique (e.g., horizontal jet grouting [44,45])
and delayed grouting are additionally proposed to control the time-dependent deformation of such a
soft coal roadway.

Specifically, before roadway excavation, the jet grouting technique can be used to improve the
strength of coal mass on the roadway profile and hence avoid the collapse and spalling of tunneling
face [46–48]. Then the delayed grouting can be further applied to improve the integrity of surrounding
coal mass of roadway after the installation of support structures (e.g., concrete steel sets, shotcrete,
rock bolts, and cable bolts).

7. Conclusions

The aim of this research is to reveal the time-dependent behavior of deep coal roadway and
its evolutionary failure mechanism. By a validated numerical model, the roadway deformation,
stress distribution, and development of plastic zone around a soft coal roadway were systematically
investigated and discussed. Some suggestions for controlling the rheological roadway were proposed.
Specifically, a deep roadway with soft coal mass was selected as the studied area and its two-stage
time-dependent deformation was first revealed (i.e., deceleration rheology and uniform rheology). The
time-dependent 3D numerical model with the CVISC constitutive model was established considering
the real properties of rock mass and support materials. By comparing the calculated results with
field deformation of roadway, the model was validated, which confirms the model is reasonable.
The deformation properties and failure mechanism of the soft coal roadway were systematically
studied by the numerical model. The results showed that horizontal and vertical displacement in
roadway exhibited rheological behavior and the conventional support system failed due to the large
time-dependent deformation of the roadway. With the increase of time, the stresses around roadway
deteriorated gradually and the plastic zone developed, which were negative for roadway stability in
the long-term. The investigated failure mechanism of deep soft coal roadway was different from the
rheological shallow tunnels and squeezing roadway. Based on the discussion, the grouting techniques
including jet grouting and delayed grouting were further proposed for restraining the rheology of coal
mass and improve roadway stability.
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