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+e roadway deformation normally relates to time especially for underground coal roadway. +e strength of soft coal is low, and
therefore the deformation increases gradually under constant stress with time, which is called rheology deformation. In this study,
based on a field case, the rockmass properties and deformation data of the roadway were obtained according to the field test. A 3D
numerical model was then established, and the rheological deformation including horizontal and vertical deformation of the coal
roadway was systematically analyzed. +e results showed that the rheological deformation of horizontal sidewall accounts for
almost 30% of the whole deformation, and the stable time for such roadway is around 60 days after excavation.+e tendency of the
roof deformation is similar to the sidewalls, and however, the floor deformation is different. +en the related suggestions for
maintaining the stability of such roadway were proposed, which is useful in-field application.

1. Introduction

Driving tunnels in deep conditions especially in the un-
derground coal mine is a challenge [1]. +ere are a lot of
roadways with soft coal mass in coal mines in China, which
normally occurs with large deformation and failure [2]. Parts
of the roadways are in soft geological conditions such as coal
roadway and weak rock mass, and therefore, the deforma-
tion exhibited time-dependent behaviors [3–5]. Also, to
maintain the stability of such roadway, a series of approaches
have been proposed such as high-stress support, grouting
reinforcement, and a combination support system. How-
ever, most of the methods are based on experience [6]. To
understand the mechanism of rheological deformation of
coal roadway and its optimum support system, numerical
modeling could be a good choice [7–10].

Due to the high efficiency of numerical simulation,
more scholars used numerical modeling to deal with field
problems. For instance, there is some commercial

software such as FLAC, FLAC3D, UDEC, and 3DEC,
which are used in geotechnical engineering or under-
ground engineering [11–14]. By these programs, the
stability of the roadway in underground conditions can be
simulated and calculated quickly, meaning the decision
can be made soon based on numerical results. Moreover,
to improve the efficiency and accuracy of numerical
modeling, some combined methods have been proposed
such as FLAC+UDEC and FLAC3D+RS [15]. However, to
address a specific question, the geological condition is also
an important factor. For example, the rock mass prop-
erties affect the deformation obviously, and thus accurate
input parameters can improve the accuracy significantly.
+ough the above methods have been used and engi-
neering problems have been solved, there are still ques-
tions in rheological deformation in the roadway in
underground mines [16]. +e whole process of time-de-
pendent deformation, i.e., from excavation to failure of
the roadway, needs to be investigated systematically.
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+is study focuses on the rheological deformation of coal
roadway. To reveal the mechanism of this, a numerical
model was established by FLAC3D, by which the creep
constitutive model (CVISC) was used to simulate the time-
dependent deformation of the coal roadway.+en the results
were discussed, and the relevant suggestions were proposed.
+e study can be used for guiding field application.

2. Field Observation

Guobei coal mine is selected as the study area, which is
located in Huaibei, China. +e depth of the studied working
panel 8204 is over 700m. Due to the soft coal mass, large
deformation and roof collapse normally occur (Figure 1(a)).
On the roadway profile, the monitoring points have been set
as shown in Figure 1(b). Also, three monitoring stations
were set in the roadway for obtaining the deformation
constantly (Figure 1(c)). It should be pointed out that due to
the large time-dependent deformation, the roof and side-
walls have been recaved several times, and therefore the data
are accumulative deformation, and the average value are
used from three monitoring stations.

+e wall to wall and floor-to-roof convergences have
been collected (shown in Figure 2). As can be seen, the
maximum convergence of sidewalls and roof-to-floor dis-
placement reached 880mm and 310mm (Figure 2(a)), re-
spectively. +ere are two stages (stages A and B) indicating
the deformation behavior of the roadway. Stage A depicted
that the displacement rate decreased quickly in around 60
days. However, stage B illustrated a rheological deformation
gradually (Figure 2(b). As described above, the time-de-
pendent deformation is close to soft coal mass as it is easy in
rheology. In the following part, a numerical model is
established and the relevant deformation properties are
revealed.

3. Numerical Simulation and Results

3.1. Model Settings. +e software FLAC3D was applied in
this study. To simulate the true condition of the roadway, a
3D model was established (Figure 3). +e height and the
width of the model are both 60m.+e length of the model is
100m. To obtain a high-accurate result, the monitoring
station is set in the middle of the model. +e size effect and
boundary effect were verified. On the boundary of the
model, vertical stress and horizontal stress were applied
according to the literature [15].+e bottom of the model was
fixed, and the left and right boundaries were set as roller
boundaries.

In the field, the conventional support, i.e., rock bolts and
shotcrete, was used, and therefore, the shell and cable ele-
ments were applied in the 3D model. It should be pointed
out that the U-shaped steel sets were also applied by shell
elements. +e parameters used in the numerical model are
given in Table 1.

As for the rock mass properties, the geological strength
index (GSI) was used, and based on the GSI value, the
relevant parameters such as cohesion, Young’s modulus, and
friction angle are therefore obtained. However, normally the

GSI is according to an empirical chart, and some key in-
formation is difficult to find. +e rock mass rating (RMR)
classification system was used based on the following
equations [17–19]. +en the rock mass properties of sur-
roundings are summarized in Table 2.

GSI � RMR − 5. (1)

+is work concerned the rheological behavior of soft coal
mass around the roadway. +erefore, the selection of a
constitutive model is critical. In FLAC3D, the CVISC model
(related to real time) can simulate the time-dependent be-
havior of materials, and thus in the model, the coal materials
are assigned CVISC.+e rheological parameters, ηM,GM, ηK,
GK, C, φ, and E represent the basic parameters [20]. Nor-
mally, they are difficult to obtain because of the size effect of
the sample, which means that the results of rock samples
cannot be used in rock mass directly. +us, a back-analysis
approach was used to find the rheological parameters of coal
mass [21].+e results are summarized in Table 3.+en based
on the numerical calculation results, the mechanism of
rheology properties of coal roadway can be revealed.

3.2. Model Validation. +e validation of the model is sig-
nificant. In this part, the numerical model runs, and the
results of 300 days were monitored including the sidewalls
convergence and deformation rate (Figure 4). Ten repre-
sentative points with their displacement were select from the
simulated results (Figure 4(a)), and the deformation rate
calculated by the monitoring results is also shown in
Figure 4(b). +e results showed that the simulation results
(sidewalls convergence and deformation rate) are close to
field data, meaning that the model is correct and accurate,
which can be used for further application.

3.3. Time-Dependent Deformation Analysis. According to
the numerical model, the vertical deformation and hori-
zontal deformation were further investigated. +e defor-
mation in typical days was chosen (i.e., 3d, 15d, 60d, 150d,
and 300d) for analysis and comparison.

For horizontal displacement, it is shown in Figure 5
(only left sidewall). As can be seen, with the increase of time,
the displacement of sidewalls increased. Before 60 days, the
displacement of sidewalls increases sharply, which means
that the coal mass failed quickly and the movement of coal
mass in the deep area also deformed. From the figure, the
support system failed obviously because of the large ex-
trusion of the sidewalls. After that, the deformation of the
sidewall increased gradually, and the reason is that the
rheology of coal mass was exhibited in this stage. It can be
calculated that the rheological deformation of the sidewall
accounts for almost 30% of the whole deformation.
According to the experience, when the convergence of
sidewalls reached 600mm, the roadway should be recaved
and maintained, denoting that the stable time for such
roadway is around 60 days.

Furthermore, the vertical displacement of the roadway is
shown in Figure 6. +e tendency of the roof deformation is
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similar to the sidewalls, and however, the floor deformation
is different. As can be seen, before 60 days, the deformation
of the roof increased sharply with the increase of time. After
60 days, it increased slowly. +e reason is that the lithology
of the immediate roof is soft coal mass, and therefore the
time-dependent behavior of coal can be found obviously,
which means that the roof deformation can also exhibit
rheological properties. As for the floor, the lithology of that
is mudstone, and it normally displayed a plastic failure in a
short time. +at is why the floor heave keeps constant after

20 days. According to the comparison of the roof defor-
mation and floor deformation, the rheology of soft coal is
critical for roadway stability, and a detailed discussion is
needed for keeping such roadway stability.

4. Discussion and Suggestions

+e stability of roadway with soft coal mass is a quite
challenging issue in deep underground coal mines. +e
deformation behavior especially for the time-dependent
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Figure 1: +e studied roadway: (a) the roof collapse in the roadway; (b) the monitoring points on roadway profile; (c) the monitoring
stations in the roadway.
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Figure 2: Measured data of roadway: (a) convergence; (b) deformation rate.
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deformation is quite serious. For this study of soft coal
roadway, the deformation is closely related to the rheology
and evolutionary failure of the coal mass. +us, based on the
field measurement and numerical simulation, this study first
revealed that the deformation of deep soft coal roadway
illustrated the decelerating rheology in about 60 days and
uniform rheology in the long-term, causing large roadway
convergence in service life (1 to 2 years) compared with
stable rock roadway (5 to 10 years) [22–24]. Consequently,
the research results from rock roadway could not directly be
applied to soft coal roadway. +is study revealed the process
of deformation deterioration behavior with time.

According to the above discussion, the time-dependent
behavior of coal is tightly associated with roadway instability

(i.e., large rheological deformation with time). Conse-
quently, improving the strength of coal mass is necessary for
roadway stability. Grouting can be used in complex con-
ditions especially for rheological materials such as fragment
rock and coal mass, which has been used in some cases
successfully [25–28]. Nowadays, the jet grouting technique is
also presented and is tried in the field [29, 30], which can
totally improve the strength of coal mass by a mechanical
process. In the future, it is very promising. Moreover, the
delayed grouting can be applied in coal mass, and however, it
is difficult to control the grouting time. At present, the
grouting cable bolts with pretension are presented, and they
are used successfully in some cases [31]. +us, this approach
can be used in such soft conditions as well.

Coal

Rock bolts

Shotcrete

Figure 3: 3D numerical model.

Table 1: +e support materials.

Parameters, unit Rock bolt U-shaped steel sets Shotcrete
Elastic modulus (GPa) 200 200 30
Poisson’s ratio 0.3 0.25 0.15
Diameter/thickness (mm) 22 15 100

Table 2: Rock mass properties.

Rock unit
Rock material properties Rock mass properties

mi Density (kg/m3) σci (MPa) Poisson’s ratio (υ) Ei (GPa) RMR GSI C (MPa) ϕ (°) σt (MPa) Emass, (GPa)
Sandstone 9 2690 85.8 0.22 18.6 72 67 3.45 42 0.79 12.5
Mudstone 9 2700 38.5 0.29 3.61 40 35 1.24 27 0.3 0.4
Coal 30 1420 7.0 0.39 5.0 35 30 0.98 24 0.15 0.50
Mudstone 16 2710 27.8 0.25 3.1 39 34 1.21 26 0.3 0.25
Sandstone 8 2680 62.5 0.21 12.8 65 60 2.85 40 0.51 8.9

Table 3: +e rheological parameters of coal mass.

ηM (MPa.d) GM (MPa) ηK (MPa.d) GK (MPa)
1.41e5 1.36e2 2.54e7 2.21e2
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Figure 6: +e vertical displacement of roadway.
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Figure 4: Comparison of results: (a) convergence; (b) deformation rate.
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5. Conclusions

Based on the typical engineering of soft coal roadway, a
time-dependent 3D numerical model was established and
verified by comparing the simulation results and field
measurements. +en using the validated numerical model,
the horizontal deformation and vertical deformation of the
roadway are systematically investigated and discussed. +e
results show that the rheological deformation of horizontal
sidewall accounts for almost 30% of the whole deformation,
and the stable time for such roadway is around 60 days after
excavation. +e tendency of the roof deformation is similar
to the sidewalls, and however, the floor deformation is
different because the roof exhibited rheological properties,
while the floor normally displayed a plastic failure. +e
rheology of soft coal is critical for roadway stability, and then
some suggestions for controlling the rheological roadway
were proposed such as grouting, jet grouting, and delayed
grouting and grouting rock bolts.

Data Availability

+e Microsoft Excel Worksheet data used to support the
findings of this study are available from the corresponding
author upon request.
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