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Abstract: In this paper, a combination of physical model tests and numerical simulations were carried
out to explore the overlying strata movement laws, failure mechanism, and cracks evolution of
the gob-side entry driven in a thick coal seam. The physical experimental results indicated that
the hanging cantilever beam was easily developed above the coal pillar after mining out the 2101
panel, resulting in a larger and stronger stress concentration. The overburden loads acting on the
coal pillar can be greatly released after the hanging roof strata were cut down with an 18 m cutting
line. Additionally, we adopted Universal Discrete Element Code (UDEC) software to investigate the
deformation and crack evolution mechanism of the gob-side entry under different conditions. The
primary-supported roadway underwent severe deformation, filling with a great quantity of tensile
and shear cracks to the inner coal pillar. Both the physical and numerical results proved that the
optimized-support parameters combined with roof-cutting measures could effectively guarantee the
stability of the gob-side entry. This research can provide valuable guidance for the stability control of
the gob-side entry in mines under similar conditions.

Keywords: physical experiment; numerical modeling; gob-side entry; failure mechanism;
crack evolution

1. Introduction

As an essential natural resource, coal is the leading energy source in China, which plays a critical
role in the construction and development of the national economy. In the past few decades, the coal
reserves in China have been drastically depleted due to large-scale mining. In order to save coal energy
consumption, decrease the drivage ratio, and improve roadway maintenance, gob-side entry driving
(GED) technology has been extensively employed by many coal mines in China [1–4]. The roadway is
usually mined out along the next goaf with a narrow coal pillar to maintain its stability, and the size of
the coal pillar can reduce to approximately 3–5 m width, which saves much of the coal resources [5–7].
The traditional GED technologies can be easily applied in these thin coal-seam mining conditions.
However, for a fully mechanized caving face with a thick coal seam (FMCF-TCS), with the increase
of excavation void, the overlying hard roof strata can severelyfracture and collapse, forming a large
hanging roof above the roadway, which causes an abnormal stress concentration and more serious
instability problems. Besides, the sudden breakage of the hanging roof can also cause a significant
impact load on the pillar, which severely threatens the safety of the roadway [8–11]. The yield pillar is
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prone to be destroyed when the overburden rock pressure exceeds its bearing strength, resulting in
the instability failure of the roadway [12–17]. Therefore, the need for further understanding of the
deformation and failure mechanism of the gob-side entry driven in a thick coal seam is significant.

Physical model testing is a popular method for studying the stability of large-scale geotechnical
engineering, which can effectively make up for the inadequacy of theoretical analysis, numerical
simulation, and field tests [18–23]. Li et al. [24] developed a large-scale model to investigate the
deformation and failure mechanism of a deep roadway with thick top coal. Ju et al. [9] studied the
fracture characteristics and movement laws of the key strata in a super-great mining height longwall
face. They pointed out that the strata behaviors strongly depend on the fracture and movement
law of the key strata structure. Kang et al. [25] simulated the roof collapse mechanism, abutment
pressure distribution, and collapsed roof pattern during the longwall coal retreating mining. They
concluded that the large increase of horizontal stress in the center of the potential failure area is
a reliable geotechnical precursor for large-scale roof collapse. Zhang et al. [2] identified the roof
fracturing features under three immediate roof conditions via physical experiments. They pointed
out that the deformation of the retained roadway is associated with support strength, overburden
depth, and roof cantilever length. To date, many physical experiments have been carried out to
investigate the roof strata fracturing laws and the failure mechanism of the roadway in recent years.
Xue et al. [26] studied the deformation, strain, and failure features of the overlying and underlying strata
of the multiple-seams mining conditions by large-scale model tests. However, the above-mentioned
experimental studies mainly focused on the roof-collapse characteristic, or the deformation failure of
the roadway, and fewer model tests have been conducted to explore the interaction between the roof
strata behaviors and the stability of the roadway.

Numerical modeling is also an effective and powerful method for studying rock mechanical
behaviors in underground coal mine roadways [27–31]. Zhang et al. [5] usednumerical simulation
methods to explore the stress responses and failure mechanism of gob-side entry driven in under
unstable overlying strata. They proposed a triune coupling support technique to guarantee the stability
of the coal pillar. Fan et al. [32] investigated the effect of roof-cutting angle and roof-cutting height
on the displacement and stress distribution of the gob-side entry. Gao et al. [33] adopted the discrete
element numerical calculation program to investigate the deformation and damage behaviors of the
roadway driven along an unstable gob. Zhang et al. [12] simulated the effect of coal pillar width on the
stress distribution and deformation characteristics of the gob-side entry using a three-dimensional finite
difference program. Bai et al. [3] analyzed the stress evolution and deformation failure mechanism
of the gob-side entry by FLAC3D numerical analysis software. Based on the numerical results, they
proposed three critical measures to ensure the stability of the entry, including setting reasonable
coal pillar width, adopting relevant dynamic support principles, and determining the optimal entry
driving time.

Although the above studies have achieved extensive research results in the failure mechanism of
gob-side entry, most of them focused on the macroscopic deformation and failure features of the roadway,
and little attention has been paid to exploring the micro-crack evolution of the roadway-bearing
structure. The objective of this study is to get a better understanding of the instability problems of
the gob-side entry driven in a thick coal seam and introduce stability control measures. First, the
geological and mining conditions and the roadway support pattern were introduced, and the current
deformation features and the internal damage situation of the roadway were investigated by field
tests. Then, a large-scale physical model test was conducted to reproduce the mining process of the
two panels and roadway, and the overburden rock collapsing characteristics, stress evolution laws,
and deformation features of the gob-side entry were analyzed. Finally, UDEC Trigon models were
developed to analyze and compare failure characteristics, crack evolution, and the damage mechanism
of the gob-side entry under different conditions.
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2. Case Study

2.1. Engineering Geological Conditions

Jining Coal Mine is a resource-integrated coal mine, which belongs to Linfen City, Shanxi Province,
China. Before resource integration, due to the limitation of early mining technology, the main mineable
coal seam was mined by the slicing mining method, resulting in a large amount of unmined high-quality
coal resources left in the lower slice and protection coal pillars. Thus, the mine integrated the original
working faces, and re-excavated the roadway in the lower coal seam to arrange the new working faces
to improve the recovery of the coal.

The coalfield is located in the south of Lvliang Mountain, with topography features of high in the
middle, and low in the north and south. The area of the coal mine is about 17.69 m2, and the geological
coal reserves are about 0.207 billion tons. The strata in the mining area are generally monoclinic
structures inclined to the west, dominated by the fold structure. Few faults and no large-scale
magmatism can be observed in this area. The main coal-bearing strata are Taiyuan Formation and
Shanxi formations, with a total thickness of about 70–140 m, including two main minable coal seams
with a total thickness of 8.4 m and a coal-bearing coefficient of 5.4%.

The researched coalfaces are located in the NO.2 coal seam. The burial depth of the coal seam
is about 530 m, with an average thickness of 6.2 m. The immediate roof was the mudstone with a
thickness of 9.8 m. The main roof mainly consists of siltstone, medium-fine sandstone, and fine stone,
while the floor strata is harder siltstone with a thickness of 5.4 m. The lithology distribution of the roof
strata is displayed in Table 1.

Table 1. Stratigraphic description of the 2106 coal face.

Remarks Name Thickness Symbol Lithology Characterization

Main roof

Fine sandstone 8.6
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Figure 1 shows the working face position relationship and coal mining condition. Currently, the
upper slice of the 2106 coalface has been excavated with a mining height of 2.2 m, and there was a 4
m-thick coal seam left in the lower slice. The 2101 panel was mined with a full seam. Finally, there
was a 20 m-width coal pillar reserved between the 2101 gob and 2106 upper gob, which looks like an
approximate isolated island coal pillar. Thus, in order to recover coal in the lower slice of the 2106
panel, the gob-side driving technology was applied in the current coalface. The roadway was driven
along the 2106 gob with a coal pillar of 7 m-width. The roadway will experience a more complex stress
environment, which leads to greater challenges for the support work.
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Figure 1. Layout of working face and gob-side entry. (a) Working face location plan; (b) A-A section

2.2. In-Situ Observation of the Deformation and Failure Characteristics of the Roadway

The roadway was arranged along the floor of the coal seam, with a cross-section of 5.2 × 4.0 m2.
The roadway was primarily supported by a combination of bolts, cables, and W-shaped steel straps.
The high-strength thread steel bolts were applied in the roof, and the two ribs were supported with the
high-strength resin bolt of Φ20 × 2200 mm. The inter-row spacing of the roof bolts and rib bolts was
800 mm × 1000 mm. The detailed primary-support parameters were shown in Figure 2a. However, the
gob-side entry underwent severe deformation under the primary-support parameters, as shown in
Figure 3. The coal-pillar rib was seriously fractured and deformed, appearing to have larger expansion
than the panel rib. Besides which, the roof also encountered large-scale sagging deformation (Figure 3c).
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Figure 3. The deformation and failure of roadway surrounding rock. (a) Coal pillar rib; (b) Panel rib;
(c) The roof.
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Thus, to solve the large deformation problems of the roadway, the mine proposed the
optimized-support parameters. First, three Φ17.8 × 7800 mm anchor cables were installed in the roof
to strengthen the strength of the roof strata, and the length of the roof bolt was increased to 2.5 m.
respectively. In addition, the resin bolts used in the coal-pillar rib were adjusted as the high-strength
thread steel bolt of Φ20 × 2200 mm, and two Φ17.8 × 4200 mm anchor cables were installed to improve
the bearing capacity of the coal pillar. The detailed support parameters are displayed in Figure 2b.

Unfortunately, field observation indicated that the reinforced support technologies failed to solve
the large deformation problems of the roadway. The coal-pillar rib was severely damaged due to
the larger loads from the overlayer strata. A digital borehole camera device was used to monitor the
internal damage of the coal-pillar rib. Figure 4 shows the probe images of the borehole at different
depths. The shallow regions of the coal-pillar rib have severely failed, and some crushed zones,
significant fragments, huge through-cracks, and borehole collapse can be observed clearly within a
depth of 0–2 m. In the range of 2–4 m, some developed cracks and fractures can also be observed on
the wall of the borehole. All of the phenomena demonstrate that the integrity of the coal-pillar rib has
been severely destroyed. This was because the overlying strata loads and rotation and sagging of the
lateral roof caused the internal stress of the coal pillar to increase sharply, thus exceeding the bearing
capacity of the coal pillar. According to the previous studies [34–40], pre-splitting blasting technology
is commonly applied to cut down the lateral roof to release the stress acting on the coal pillar, and the
overburden loads can be easily transferred into the gob area. In this research, the key to ensuring the
stability of the gob-side entry is to grasp the overhanging roof characteristic and determine an optimal
roof-cutting parameter.

Energies 2020, 09 FOR PEER REVIEW  6 

Thus, to solve the large deformation problems of the roadway, the mine proposed the 
optimized-support parameters. First, three Φ17.8 × 7800 mm anchor cables were installed in the roof 
to strengthen the strength of the roof strata, and the length of the roof bolt was increased to 2.5 m. 
respectively. In addition, the resin bolts used in the coal-pillar rib were adjusted as the high-strength 
thread steel bolt of Φ20 × 2200 mm, and two Φ17.8 × 4200 mm anchor cables were installed to 
improve the bearing capacity of the coal pillar. The detailed support parameters are displayed in 
Figure 2b.  

Unfortunately, field observation indicated that the reinforced support technologies failed to 
solve the large deformation problems of the roadway. The coal-pillar rib was severely damaged due 
to the larger loads from the overlayer strata. A digital borehole camera device was used to monitor 
the internal damage of the coal-pillar rib. Figure 4 shows the probe images of the borehole at 
different depths. The shallow regions of the coal-pillar rib have severely failed, and some crushed 
zones, significant fragments, huge through-cracks, and borehole collapse can be observed clearly 
within a depth of 0–2 m. In the range of 2–4 m, some developed cracks and fractures can also be 
observed on the wall of the borehole. All of the phenomena demonstrate that the integrity of the 
coal-pillar rib has been severely destroyed. This was because the overlying strata loads and rotation 
and sagging of the lateral roof caused the internal stress of the coal pillar to increase sharply, thus 
exceeding the bearing capacity of the coal pillar. According to the previous studies [34–40], 
pre-splitting blasting technology is commonly applied to cut down the lateral roof to release the 
stress acting on the coal pillar, and the overburden loads can be easily transferred into the gob area. 
In this research, the key to ensuring the stability of the gob-side entry is to grasp the overhanging 
roof characteristic and determine an optimal roof-cutting parameter. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 4. The internal damage of the coal-pillar rib at different depth. (a) Distance to the rib 0.3 m; (b) 
distance to the rib 0.8 m; (c) distance to the rib 1.6 m; (d) distance to the rib 2.3 m; (e) distance to the 
rib 3.3 m; (f) distance to the rib 3.9 m. 

3. Physical Simulation Experiment 

3.1. Introduction of the Physical Model Test System 

The test system consists of the plane-stress simulator test frame and the data monitoring 
system, as shown in Figure 5. The test frame can be applied for a model specimen with a dimension 
of 2500 mm × 1500 mm × 300 mm (length × height × thickness). The upper of the model specimen is 
subjected to a vertical load by a hydraulic loading system, and the lateral part is constrained by 

Figure 4. The internal damage of the coal-pillar rib at different depth. (a) Distance to the rib 0.3 m;
(b) distance to the rib 0.8 m; (c) distance to the rib 1.6 m; (d) distance to the rib 2.3 m; (e) distance to the
rib 3.3 m; (f) distance to the rib 3.9 m.

3. Physical Simulation Experiment

3.1. Introduction of the Physical Model Test System

The test system consists of the plane-stress simulator test frame and the data monitoring system,
as shown in Figure 5. The test frame can be applied for a model specimen with a dimension of 2500 mm
× 1500 mm × 300 mm (length × height × thickness). The upper of the model specimen is subjected
to a vertical load by a hydraulic loading system, and the lateral part is constrained by displacement
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boundary conditions. During the whole experiment, a constant load of 0.11 MPa was imposed on the
top of the model to represent the initial in-situ stress.
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Figure 5. Test equipment and monitoring device.

The data acquisition system includes the stress monitoring system and the deformation monitoring
system. The acquisition of stress data is achieved by the earth-pressure cells and the static strain data
collection system. The earth-pressure cells were buried in the coal-pillar region (Figure 6), aiming
to record the stress evolution during the mining of two panels and the gob-side entry. A digital
image collection (DIC) system was used to measure the displacement change of the roof strata and
the roadway. The system consists of two high-speed cameras, an image information processing box,
and a high-performance computer. First, the deformed speckle images within the observation field
were collected in real-time. Then, the correlation coefficients of all points were determined by using
the image correlation algorithm. Finally, by comparing the coordinates of each point before and after
deformation, the displacement field and strain field can be obtained.
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3.2. Determination of the Similarity Material Ratio

As the theoretical basis of physical model experiments, similarity analysis is very important for
the true reproduction of actual geotechnical engineering behaviors. The physical model tests must
satisfy some similar criteria, including geometry, boundary stress conditions, strain, displacement,
elastic modulus, etc. Considering the actual geological conditions and test equipment, the geometric
ratio Cl was set as 60:1 and bulk density ratio Cγ was adopted 1.1:1, respectively. Besides which, other
similar constants were deduced as follows.

Cσ = CE = Cc = Cl ·Cγ = 66 (1)

Cµ = Cε = Cϕ = 1 (2)

where Cσ, CE, Cc, Cµ, Cε, Cϕ, are the similarity constant of stress, elastic modulus, cohesion, Poisson’s
ratio, strain, and internal friction angle, respectively.

In this experiment, we created a mixture of river-sand, calcium carbonate, gypsum, and water, and
mixed them by a certain ratio to simulate the in-situ rocks of different strengths. Previous studies [22]
proved that it is challenging to ensure all the mechanical properties of similar materials meet the
requirements of similar criteria. Therefore, in this study, we mainly chose the strength and elastic
modulus of similar materials as important indicators for establishing similar models. The calculated
similar materials parameters and proportion schemes are listed in Table 2.

Table 2. The ideal mechanical parameters of similar materials and the materials ratio.

Lithology Compressive Strength
(MPa)

Elastic Modulus
(GPa)

Materials Ratio
(River-Sand: Calcium
Carbonate: Gypsum)

Fine sandstone 0.81 0.26 5:0.6:0.4
Medium-fine sandstone 0.52 0.16 4:0.5:0.5

siltstone 0.44 0.14 5:0.7:0.3
Mudstone 0.27 0.07 7:0.6:0.4

Coal 0.13 0.04 6:0.4:0.6

3.3. Physical Model Experiment Results Analysis

3.3.1. Overlying Strata Movement Evolution

Figure 7 shows the roof strata movement and fracture evolution during the mining of the 2016
upper panel. When the coalface advanced 15 m (Figure 7a), an apparent separation crack could be
observed in the immediate roof. As the coalface advanced 21 m (Figure 7b), the immediate roof began
to break and caved in the gob, forming a voussoir beam structure above the gob. When the coalface
advanced 33 m (Figure 7c), the above immediate roof continued to collapse, and a visible separation
crack appeared in the main roof strata. When the coalface advanced 45 m (Figure 7d), the main roof
began to bend and fracture, and the immediate roof caved in periodically. When the seam had been
fully mined out (Figure 7e), the cracks and fractures further developed above the main roof, and the
caved zone and fractured zone could be clearly observed. It also can be seen that the immediate roof
broke in the form of a cantilever structure and caved in the gob with the advance of the coalface, and
finally formed a stable voussoir beam structure above the edge of the coal wall.
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Figure 7. Overlying strata movement process during the excavation of the 2106 upper panel.
(a) Advanced 15 m; (b) advanced 21 m; (c) advanced 33 m; (d) advanced 45 m; (e) advanced
60 m.

The roof movement evolution during the mining of the 2101 panel is presented in Figure 8. The
mining direction was from the left to the right of the model, with a mining height of 6.2 m. When the
coalface advanced 21 m (Figure 8a), some caved rock and a developed separation in the immediate
roof can be observed. When the coalface advanced 26 m (Figure 8b), the immediate roof first collapsed
with a caving step-distance of 25 m; the height of the caved zone was about 9 m. When the coalface
advanced 45 m (Figure 8c), the immediate roof strata collapsed in the gob for the second time, and
apparent bending subsidence can be observed in the upper roof strata. After advancing a short distance
(Figure 8d), the main roof began to fracture and collapse; the height of the caved zone increased to 32
m. When the 2101 panel was fully mined out (Figure 8e), a large hanging block was formed above the
gob, which acted as a cantilever beam structure.
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The above experimental results indicate that: when mining the upper slice of the 2106 panel, the
height of the excavation void is relatively smaller. The broken block can easily form a stable voussoir
beam structure after a small rotation (Figure 7e). However, when mining the 2101 panel, the height of
the excavation void increased to 6.2 m. With the increase of extraction height, the roof strata activity
has been enhanced, and the movement space of the overlying rock has been enlarged. Thus, the stable
voussoir beam cannot be developed under this condition—due to a large amount of rotation—and
an overhanging cantilever beam was formed over the gob, as shown in Figure 8e. On the one hand,
the heavy self-weight of the cantilever beam and the larger overburden pressure leads to a stronger
abutment pressure in the lower coal pillar. On the other hand, the sudden breakage or rotation of
the hanging roof may also result in a more considerable advanced abutment pressure or dynamic
pressure, which greatly threatens the stability of gob-side entry [9,10,35]. Thus, it is vital to cut down
the hanging roof to provide a more favorable stress environment for the excavation of the roadway.
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The physical test results showed that the hanging roof strata mainly included the scope of the
immediate roof and the main roof strata. Therefore, the roof-cutting height was set as 18 m, and the
roof-cutting angle was adopted 70◦ for the convenience of on-site construction. The roof structure
characteristics of the 2101 coalface after adopting the roof-cutting measure are displayed in Figure 8f.
The hanging roof and the overburden strata rotation and slip to the gob after adopting the roof-cutting
measure can be observed. As a result, the overburden pressure supported by the lower coal pillar was
significantly released.

3.3.2. Stress and Deformation Analysis of Gob-Side Entry

Figure 9 shows the stress evolution in the two ribs of the gob-side entry during the excavation of
the two panels and the roadway. During the mining of the two panels, the vertical stress gradually
increased with the advance of the coalfaces, forming a large stress concentration in the two ribs. It can
also be observed that peak stress in the narrow coal-pillar rib (left rib) was more significant than that
of the working-face rib (right rib). All of these may attribute to a large cantilever beam overhanging
the lower coal pillar (Figure 8e), leading to a more substantial abutment pressure. After cutting the
hanging roof, the vertical stress in the coal pillar gradually decrease to a stable state, providing a
favorable stress environment for the gob-side entry.
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The displacement cloud diagrams of the roadway post-scripted through the DIC system are
displayed in Figure 10. At the initial phase (Figure 10a), the contour of the roadway was relatively flat
and almost no deformation occurred. Then, the roof and floor started to show slight deformation, as
shown in Figure 10b,c. After that, sporadic deformation appeared at the upper ribs of the roadway
(Figure 10d). Eventually, several shear cracks can be observed in the upper corners and floor of the
roadway (Figure 10f). The final deformation was mainly concentrated at the corners of the rectangular
roadway (Figure 10e), and the maximum deformation is 20 mm. The test results indicate that the
deformation of roadway driven in the remaining coal pillar can be effectively controlled after adopting
the roof-cutting measures.
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4. Numerical Simulation Using UDEC

4.1. The UDEC Trigon Approach

The UDEC Trigon method has unparalleled advantages in realistically simulating crack initiation,
development, and nucleation compared with the traditional rectangular block [41,42]. In this method,
the rock material is treated as an assemblage of the triangular blocks connected by the contacts. The
adjacent triangular blocks can separate or slide along the contacts when the stress state of the contacts
exceed their tensile or shear strength, representing the occurrence of tensile or shear failure. The basic
mechanical interactions between two triangular blocks are summarized in Table 3.
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Table 3. Failure criterion of the triangular blocks in Universal Discrete Element Code (UDEC).
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(a) The constitutive relation of micro contact

In the direction of perpendicular to the contacts,
∆σn = −kn∆un

where ∆σn represents the effective normal force increment, ∆un and
kn represent the normal displacement increment and normal
stiffness, respectively.

In the direction of parallel to the contacts,
|τs| ≤ C + σn tanφ = τmax,

Then

|τs| = −ks∆us
e,
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Then
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e is the elastic shear displacement increment, ∆us is the
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4.2. Calibration of the Simulation Parameters

The mechanical behaviors of rock materials in UDEC are controlled by the microscopic properties
of blocks and contacts. Thus, it is necessary to calibrate the micro parameters of the blocks and contacts
to match the mechanical properties of the rock mass.

First, the mechanical properties of the intact rock samples were assessed by the laboratory uniaxial
compression tests. However, the rock mass usually contains lots of fissures, cracks to joints, and
discontinuities, which heavily weaken the strength of the rock mass. Thus, it is unreasonable to
equate the mechanical parameters of the intact rock with the rock mass. According to the rock mass
classification indicators of rock quality designation (RQD) proposed by Zhang and Einstein [43], the
mechanical parameters of the rock mass, including the uniaxial compressive strength and elastic
modulus, can be deduced by the following equations. The calculated mechanical parameters of the
rock mass are displayed in Table 4.

Em = Er · 100.0186RQD−1.91 (3)

σm = σr ·

[Em

Er

]n
(4)

where Em andσm are the elastic moduli and compressive strength of the intact rock samples, respectively;
Er and σr are the elastic moduli and compressive strength of the rock mass; n is a constant, which is
often set as 0.63 according to the previous research [44]; RQD is the rock quality designation, which
can be determined through the borehole camera images.

Table 4. Mechanical properties of intact rock and calculated rock mass.

Rock Strata
Intact Rock Samples RQD Rock Mass

Er (GPa) σr (MPa) Em (GPa) σm(MPa)

Fine sandstone 17.3 53.8 95 12.44 43.72
Medium-fine sandstone 10.8 34.6 92 6.83 25.93

siltstone 9.6 28.9 91 5.81 21.08
Mudstone 5.2 17.6 86 2.54 11.21

Coal 2.8 8.6 72 0.75 3.75
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Besides this, the calibrated micro parameters of the contacts, such as the normal stiffness (kn) and
shear stiffness (ks), can be determined using the following equations.

kn = 10

K + 3
4 G

∆zmin

 (5)

ks = 0.4kn (6)

where K and G are the bulk and shear modulus of the blocks, respectively. ∆zmin is the minimum
distance of the zone adjacent the contact in the normal direction [45].

Finally, we adopted a series of simulated uniaxial compression tests to calibrate the
micromechanical properties of the rock material, as shown in Figure 11. The size of the numerical rock
sample is 5 m × 10 m (width × height), and the edge of the triangular block is set as 0.3 m, which is
consistent with that used in the field models. The calibrated micromechanical parameters are listed in
Table 5. In addition, in the model, the in-built “Cable” elements were adopted to simulate the bolts
and cables, and “Liner” elements were used to simulate the steel beams. The detailed parameters of
the support element are displayed in Table 6.

Energies 2020, 09 FOR PEER REVIEW  14 

sandstone 

siltstone 9.6 28.9 91 5.81 21.08 

Mudstone 5.2 17.6 86 2.54 11.21 

Coal 2.8 8.6 72 0.75 3.75 

Besides this, the calibrated micro parameters of the contacts, such as the normal stiffness (kn) 
and shear stiffness (ks), can be determined using the following equations. 

n
min

3
410

K G
k

z

 + 
=  Δ 

 

 (5) 

s n0.4k k= (6) 

where K and G are the bulk and shear modulus of the blocks, respectively. ∆zmin is the minimum 
distance of the zone adjacent the contact in the normal direction [45]. 

Finally, we adopted a series of simulated uniaxial compression tests to calibrate the 
micromechanical properties of the rock material, as shown in Figure 11. The size of the numerical 
rock sample is 5 m × 10 m (width × height), and the edge of the triangular block is set as 0.3 m, which 
is consistent with that used in the field models. The calibrated micromechanical parameters are 
listed in Table 5. In addition, in the model, the in-built “Cable” elements were adopted to simulate 
the bolts and cables, and “Liner” elements were used to simulate the steel beams. The detailed 
parameters of the support element are displayed in Table 6. 

0 2 4 6 8 10
0

10

20

30

40

50  Medium-fine sandstone
 Mudstone
 Coal
 Slitstone
 Sandstone

 
Figure 11. Simulated compression tests and stress–strain curves of the rock mass. 

Table 5. Micromechanical parameters of rock mass used in the UDEC model. 

Lithology 

Block Properties Contact Properties 

Density 

(kg/m3) 

K 

(GPa) 

G 

(GPa) 

kn 

(GPa/m) 

ks 

(GPa/m) 

Cj 

(MPa) 

Φj 

(°) 

σtj 

(MPa) 

Fine sandstone 2030 8.62 4.91 35.40 14.04 4.18 24 2.26 

Medium-fine sandstone 2560 4.72 2.69 29.12 11.55 2.64 22 1.33 

siltstone 2720 4.02 2.30 24.83 9.85 1.75 20 1.52 

Mudstone 1400 1.73 0.99 21.42 8.49 1.28 20 1.22 
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Table 5. Micromechanical parameters of rock mass used in the UDEC model.

Lithology Block Properties Contact Properties

Density
(kg/m3)

K
(GPa)

G
(GPa)

kn
(GPa/m)

ks
(GPa/m)

Cj
(MPa)

Φj
(◦)

σt
j

(MPa)

Fine sandstone 2030 8.62 4.91 35.40 14.04 4.18 24 2.26
Medium-fine sandstone 2560 4.72 2.69 29.12 11.55 2.64 22 1.33

siltstone 2720 4.02 2.30 24.83 9.85 1.75 20 1.52
Mudstone 1400 1.73 0.99 21.42 8.49 1.28 20 1.22

Coal 1800 0.51 0.33 25.20 10.08 1.08 16 0.44

Table 6. Properties of support elements used in the UDEC model.

Properties
Elastic

Modulus
(GPa)

Tensile
Yield

Strength
(kN)

Stiffness of
the Grout

(N/m2)

Cohesive
Capacity of the

Grout (N/m)

Compressive
Yield

Strength
(MPa)

Interface
Normal
Stiffness
(GPa/m)

Interface
Shear

Stiffness
(GPa/m)

Bolt 200 200 2 × 109 4 × 105 – – –
Cable 200 390 2 × 109 4 × 105 – – –

Steel beam 200 480 – – 500 10 10
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4.3. Model Configuration

In order to further reveal the effect of support parameters and roof-cutting measures on the failure
characteristics and crack evolution of the surrounding rock of the gob-side entry, three simulation
models were established, including the “primary-support parameters”, the “optimized-support
parameters”, and the “optimized-support parameters + roof-cutting”. The dimensions of the calculated
model is 200 m (width) × 63 m (height), as shown in Figure 12. The lateral boundaries and bottom
boundary were restrained by horizontal displacement and vertical displacement. The upper boundary
was applied with a 12 MPa vertical stress to simulate the overburden weight. To improve computational
efficiency, the triangular blocks with an average edge length of 0.3 m were only generated in the interest
area around the researched roadway. The rest of the domain of the model was discretized into the
gradually enlarged rectangular block with increasing distance from the roadway.

During the simulation, the crack development, stress evolution, and deformation failure features
of the roadway surrounding rock were analyzed. Also, a FISH program was developed to monitor the
changes of shear cracks and tensile cracks in coal pillars, thereby further comparing and analyzing the
damage mechanism of coal pillars.
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4.4. Numerical Modeling Results Analysis

4.4.1. Failure Characteristics and Crack Evolution

Figure 13 shows the failure modes of the roadway, and the distribution of cracks of the coal pillar is
also displayed in detail. As shown in Figure 13a, under the primary-support parameters, the gob-side
entry structure was severely damaged due to the larger overburden loads, forming the dangerous
V-shaped damage zone in the coal-pillar rib and the roof. Meanwhile, the floor remained quite stable
compared with the coal-seam roof, and minor cracks could be observed there. The coal-pillar rib
near the 2101 gob underwent larger and more severe deformation than the panel rib near the 2106
upper panel’s gob. Under the load of the hanging cantilever beam, the coal-pillar rib experienced
enormous pressure, resulting in a large number of tensile cracks and shear cracks generated inside,
which significantly weakened the integrity and strength of the coal pillar. It also should be noted that
the number of shear cracks in the coal pillar is significantly more than the number of tensile cracks,
implying that the shear failure was the dominant failure pattern.
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After adopting reinforced-support measures, the deformation and damage of the roadway were
slightly improved, as shown in Figure 13b. The generation of the cracks in the coal pillar was restricted
compared with the cracks generated after primary-support. However, the coal-pillar rib still bore
enormous concentrated stress induced by the overlying cantilever beam, resulting in severe internal
damage to the coal pillar. It is clear that the optimized-support parameters failed to ensure the stability
of the coal pillar. Thus, it is essential to relieve the pressure exerted by the overburden on the coal
pillar by cutting down the hanging cantilever.

After cutting down the hanging roof for the reinforced roadway (Figure 13c), the deformation
and damage degree of the roadway were dramatically improved, and the cracks generated within the
coal pillar were also significantly reduced. This is because the disturbance stress acting on the coal
pillar was greatly reduced after the fractured hanging roof caved into the gob, which greatly reduced
damage to the gob-side entry structure.
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To further compare and analyze the evolution of cracks in the coal pillar at different excavation
stages, a custom-made FISH program was developed to record the changes of tensile and shear cracks
in the coal pillar with the same calculation steps, including the crack numbers and the accumulated
length. The crack propagation of the coal-pillar rib at different excavation stages is shown in Figure 14.
At the stage of mining the 2106 upper panel, there are almost no tensile or shear cracks generated in
the coal-pillar rib, indicating that the excavation of the 2106 upper panel has a negligible effect on
the crack development of the coal-pillar rib. When mining the 2101 panel, the abutment pressure
applied on the coal-pillar rib increased significantly, resulting in a sharp increase of shear cracks and
tensile cracks. After the roadway was excavated out, the concentrated stress formed in coal ribs
caused further development of cracks around the roadway. It also should be noted that compared with
the primarily supported roadway, the optimized-support roadway had a smaller increment in shear
cracks during the roadway excavation stage. This is because the strengthened support improved the
bearing performance of the coal pillar, thereby effectively suppressing the development of cracks. After
adopting the roof-cutting measures, the propagation and generation of the cracks greatly decreased
during the mining of the 2101 panel and the gob-side entry, which may be attributed to the concentrated
stress caused by the hanging roof strata being significantly reduced.Energies 2020, 09 FOR PEER REVIEW  18 
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4.4.2. Damage Analysis of the Coal Pillar

To quantitatively evaluate the damage of the coal pillar under different conditions, a damage
parameter, D, was proposed as follows [46].

D =
Lt + Ls

Lc
× 100% (7)

where Lt and Ls is the accumulated increasing length of the tensile cracks and shear cracks, respectively,
and Lc is the total length of all contacts.

Figure 15 shows the damage evolution of the coal pillar during the excavation of the two panels
and the roadway. During the excavation of the 2106 upper panel, the damage degree is close to zero,
implying that the coal pillar underwent almost no damage. This is because that the coal pillar was
still in the initial stress zone and not been affected by mining disturbance. When mining the 2101
panel, the damage parameter of the coal pillar increased rapidly and reached a steady value when the
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movement of the overlying rock achieved a stable state. The cracks initiated and propagated from the
edge of the coal pillar, and developed into a deeper area, which gradually deteriorated the integrity of
the coal pillar. After the roadway was mined out, the equilibrium state of in-situ stress was broken,
resulting in the stress concentration in the two ribs. As a result, cracks further developed around the
roadway, which aggravated the damage to the coal pillar. Finally, the damage parameter of the coal
pillar supported with the primary-support parameters reached 78%, implying the coal pillar almost
lost its bearing capacity. After reinforcing the roof and the coal-pillar rib with the optimized-support
parameters, the damage parameters decreased slightly, reaching 69%, which was still very dangerous
for the stability of the coal pillar. However, after cutting down the hanging roof for the reinforced
roadway, the damage parameters were greatly decreased to 37%, with a reduction of 52%, indicating
that the integrity and stability of the coal pillar were significantly improved.Energies 2020, 09 FOR PEER REVIEW  19 
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4.4.3. Deformation and Displacement Analysis of the Roadway 

Figure 16 presents the simulated displacement vector diagram of the surrounding rock of the 
roadway. As shown in Figure 16a, the primary-supported roadway had severe uneven deformation, 
particularly with rib spalling and the roof falling. Also, the deformation in the coal-pillar rib was 
significantly higher than that of the panel rib, which was due to the coal pillar bearing heavier loads 
from the hanging roof. After strengthening the roadway with the optimized-support parameters 
(Figure16b), the deformations in the roof and coal-pillar rib remained extensive and severe, implying 
that the optimized-support parameters failed to ensure the stability of the gob-side entry. After 
adopting the control measures of optimized-support parameters combined with the roof-cutting 
measures (Figure 16c), the deformation of the roadway tended to be uniform, and no visible 
collapses or spalling could be observed in the roof and the ribs. 
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4.4.3. Deformation and Displacement Analysis of the Roadway

Figure 16 presents the simulated displacement vector diagram of the surrounding rock of the
roadway. As shown in Figure 16a, the primary-supported roadway had severe uneven deformation,
particularly with rib spalling and the roof falling. Also, the deformation in the coal-pillar rib was
significantly higher than that of the panel rib, which was due to the coal pillar bearing heavier loads
from the hanging roof. After strengthening the roadway with the optimized-support parameters
(Figure 16b), the deformations in the roof and coal-pillar rib remained extensive and severe, implying
that the optimized-support parameters failed to ensure the stability of the gob-side entry. After
adopting the control measures of optimized-support parameters combined with the roof-cutting
measures (Figure 16c), the deformation of the roadway tended to be uniform, and no visible collapses
or spalling could be observed in the roof and the ribs.
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Figure 16. Simulated displacement vector map of the surrounding rock. (a) Primary support;
(b) optimized support; (c) optimized support + roof-cutting.

According to the recorded displacement data of the four measuring lines along two ribs, the roof,
and the floor of the roadway, the final displacement of the surrounding rock is displayed in Figure 17.
It can be observed that the roof and two ribs show more serious deformation, while the deformation of
the floor is relatively gentle. As shown in Figure 17a, the coal-pillar rib swelled and deformed seriously
under the primary-supported condition, with a maximum horizontal expansion of 590 mm. After
adopting the optimized-support parameters and roof-cutting measures, the maximum expansion of
the coal-pillar rib was reduced to 92 mm, with a reduction rate of 84.4%. The maximum expansion
of the panel rib decreased from 342 mm to 148 mm, with a reduction rate of 56.7%. It also should be
noted in Figure 17c that the roof sagging adjacent to the coal-pillar rib was larger than that adjacent to
the panel rib, and the maximum roof sagging was 330 mm for the primary-supported roadway. After
reinforcing the roadway and cutting down the hanging roof, the maximum roof sagging decreased to
168 mm, with a reduction of 49.1%.
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5. Discussion

Previous studies have proven that the overlying strata behaviors of mining a thick coal seam
are different from those of a normal mining height [9,10]. The excavation of a thick coal seam can
easily lead to a large hanging roof structure above the goaf, and a stable voussoir beam can be easily
developed when mining with a normal mining height, which is consistent with the results of the
physical experiments (Figures 7 and 8). The large hanging roof leads to more considerable concentrated
stress in the underlying rock mass (Figure 9), which greatly threatens the stability of gob-side entry.
According to the previous studies [35–37], the strong roof strata behaviors could be effectively solved
by cutting down the hanging overlying roof strata. The physical experimental results also verified that
the loads concentrated on the coal pillar were greatly reduced or released after the hanging cantilever
caved into the gob (Figure 9).

The numerical calculation results demonstrated that the primary- and reinforced supported
roadway underwent serious deformation, filling with abundant tensile and shear cracks inside the
surrounding rock (Figure 13a,b). The cracks evolution indicated that the generation and development
of cracks were mainly focused on the stages of mining the 2101 panel and roadway excavation
(Figure 14), which greatly weakened the integrity and strength of the coal pillar. The damage evolution
of the coal pillar appeared to show a similar trend for the roadway under the primary and reinforced
support conditions (Figure 15), implying that the reinforced supported roadway still could not bear
the large loads from the overhanging roof strata. However, for the “optimized-support parameters +

roof-cutting” condition, the generation and development of cracks were active in the stage of mining
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the 2101 panel, but the development degree of cracks was significantly restricted during the excavation
of the roadway. This could be explained by the formation of the hanging roof after the mining of the
2101 panel having exacerbated the generation and development of cracks, while after the hanging roof
was cut down, the large loads caused by the fracture and breakage of the hanging roof were effectively
eliminated, thus mitigating the damage to the gob-side entry. Both the physical and numerical results
proved that the roadway maintained a good performance after adopting the “optimized-support
parameters + roof-cutting” measures.

Notably, this study focuses on the failure mechanism and stability control of the gob-side entry
during driving construction. During the 2106 lower panel retreating, the entry will suffer more serious
mining-induced loads, and the current “optimized-support parameters + roof-cutting” measures may
not guarantee the safety of the roadway. In future studies, we should propose other reinforced support
means to deal with the deformation problems of the entry during the panel retreat period.

6. Conclusions

This paper presents a comprehensive investigation of the failure mechanism of the gob-side entry
driven in a complex stress environment. Based on the above analysis of the results, the following
conclusions were drawn:

(1) The field test showed that the roadway with the primary support was severely deformed,
particularly with rib spalling and the roof falling. After reinforcing the roadway with the
optimized-support parameters, the borehole camera image demonstrated that the anchorage area of
the coal-pillar rib was full of cracks and broken zones, which indicated that the optimized-support
pattern failed to maintain the stability of the roadway.

(2) The physical model test indicated that a stable voussoir beam structure could be easily
developed above the 2106 upper-slice gob. However, after mining out the 2101 panel, a large hanging
cantilever beam was formed over the gob, resulting in a larger and stronger stress concentration in the
lower coal pillar. After cutting down the whole hanging roof with an 18 m-height cutting line, the
overhanging cantilever beam acting on the coal pillar caved into the gob, which greatly released the
stress in the coal pillar and decrease the probability of dynamic disasters.

(3) The simulation results indicated that the primary-supported roadway was seriously damaged
with a larger expansion in the coal-pillar rib. The monitored coal pillar was filled with a large number
of tensile and shear cracks, and shear cracks played a dominant role. The generation and development
of the cracks were mainly concentrated in the stage of mining the 2101 panel and roadway excavation,
which gradually weakened the bearing capacity of the coal pillar. The final damage parameter of
the coal pillar reached 78%, implying that most regions of coal pillars are severely fractured. After
reinforcing the roadway and adopting the roof-cutting measures, the final damage parameter of the
coal pillar decreased to 38%, and the integrity and stability of the coal pillar was greatly improved.
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