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Abstract
Gob-side entry retaining is a non-chain pillar mining technology in which reasonable roadside support is important for 
efficient roadway maintenance and goaf isolation in coal mines. A UDEC Trigon model is adopted in this paper to study the 
mechanism of crack expansion and evolution at various distances from the working face. This is done to optimize param-
eters for the roadside backfill body (RBB) by combining emergence, development and aggregation of micro-cracks with 
macroscopic mechanical responses. Results of the model show that cracks first appear in the top and bottom corner of the 
roadway in the lane-side RBB. Damage to the RBB is mainly caused by tensile cracks, which can be divided into main and 
secondary crack-development and yield-bearing zones. A reasonable aspect ratio of the RBB can greatly increase the area 
of the yield-bearing zone and reduce the damage degree, while reducing the number of penetrating cracks and preventing 
generation of seepage channels. The application of this model for gob-side entry retaining in the intake airway of the N2105 
working face in the Yuwu coal mine indicates that deformation of the surrounding rocks can be effectively controlled.
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1  Introduction

Gob-side entry retaining (GER) technique has recently 
become widely used in Chinese coal mines (Tan et al. 2015; 
Khaldoun et al. 2016). A GER structure is a type of roadway 
without pillars in which the former entry roadway is retained 
for transportation (or as a return air gate road) during mining 
of the next panel. This is achieved by constructing an artifi-
cial wall along the gob side in such a way that it lags behind 
the coal face being excavated (Ning et al. 2017). Compared 
with other longwall roadway layouts, GER has some advan-
tages in terms of higher resource recovery rate and lower 
drivage ratio, and it solves the problem of gas concentration 
in the upper corner (Chen 2012a). With the application and 
development of high strength bolt support technology in coal 
mine, the deformation of roadways in the surrounding could 
be effectively controlled through laneway support. Thus, the 

key part of GER technology is effective roadside support (Bi 
2014). The reasonable design of roadside backfill bodies 
(RBBs) can control the deformation of surrounding rocks, 
improve the stress state of the surrounding rock and prevent 
harmful gas flowing into the roadway from the goaf (Chen 
et al. 2012b) (Fig. 1).

Most previous research into roadside support has focused 
on the RBB from a macroscopic perspective (Zhang 
et al. 2003; Kan et al. 2011). Ma et al. (2007) developed 
a mechanical model of the surrounding rock for entry-in 
packing in fully mechanized top-coal caving mining face 
and studied the interaction relationship between the pack-
ing body and the surrounding rock. The results show that 
the packing body and the surrounding rock can form a good 
and corporate load-carrying system. This can improve the 
bearing capacity of the surrounding rock, so the necessary 
packing body supporting resistance can be greatly reduced. 
Li et al. (2012) provided a formula for calculating the gob-
side supporting resistance so as to determine a rational width 
of roadside backfill by building a mechanical model of key 
blocks and immediate roof and analyzing the interaction 
mechanism between key blocks and the surrounding rock 
around the gob-side entry retaining. However, macroscopic 
mechanical properties are the comprehensive manifestation 
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of microscopic damage evolution (Guo 2017). In field appli-
cations, numerous joints and cracks can be generated in the 
RBB due to mining pressure, complex geotechnical condi-
tions and the quality of backfilling, leading to reduction of 
RBB strength and loss of RBB’s load-bearing capacity (Xu 
et al. 2018). Therefore, effective control of crack develop-
ment in RBB can ensure the effect of gob-side entry retain-
ing. Li et al. (2016) used the UDEC Voronoi model to study 
the influence of the location of key blocks on the develop-
ment of cracks in the RBB. Li et al. (2017) established the 
UDEC model with Trigon logic to analyze the crack location 
of the lower rock in GER under different support conditions 
and its influence on the stability of the surrounding rock 
masses on the roadway. Hao (2017) used UDEC to study 
the influence of reinforcement parameters on the bearing 
capacity of the RBB. The results indicates that parameters 
of the reinforcement system can improve the lateral restraint 
ability against cracking, change the damage characteristics 
of the backfill and improve its bearing capacity.

UDEC is one of the mainstream softwares for studying 
the development of rock mass fissures. It fully considers 
the discontinuity of rock masses. The two basic components 
of the rock mass (the rock itself and structural planes) are 
described based on the principles of continuous mechanics 

and contact, respectively (Lisjak and Grasselli 2014; Itasca 
Consulting Group Inc. 2011). The UDEC Trigon model 
used in this paper divides the hexagonal mesh into triangles 
based on Voronoi division. This effectively improves the 
calculation rate and makes the crack propagation process 
more consistent with experimental results (Itasca Consulting 
Group Inc. 2014). Compared with another simulation soft-
ware FLAC (finite difference code), UDEC can effectively 
simulate the macroscopic mechanical responses and visually 
display the internal force behavior of the media based on full 
consideration of discontinuity in the rock mass. Originally, 
we used FLAC simulation method to design the aspect ratio 
of the RBB in the intake airway of the N2105 working face 
at Yuwu coal mine. The design aspect ratio was 1:2.4, and 
the “bulging” phenomenon appeared in the RBB during the 
mining process (Fig. 2), and the RBB was even destroyed in 
some severely damaged areas.

Previous research mainly focused on the support resist-
ance, characteristics of deformation, mechanism of activity 
of the RBB or the distribution of crack in RBB under dif-
ferent crack locations of key block and support parameters. 
Few studies have focused on the crack evolution mechanism 
in RBB. In this paper, a UDEC Trigon model is adopted to 
analyze the mechanism of crack evolution of the RBB based 

Fig. 1   Sketch map of the GER 
showing the positions of the 
gob and RBB
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Fig. 2   “Bulging” deformation phenomenon occurs in the RBB
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on the N2105 working face of the Yuwu coal mine of Shanxi 
Lu’an Mining Industry Group. Also, the influence of differ-
ent aspect ratios on the stability of the roadway is studied 
based on micro-crack development in the RBB and analysis 
of macroscopic mechanical response.

2 � Introduction of the UDEC Trigon Model

2.1 � Fundamentals of the UDEC Trigon Model

Discrete cracks forming in the intact rock cannot be sim-
ulated in the initial version of UDEC, because the newly 
generated discontinuities cannot be driven by successive 
sections. This shortcoming was resolved by the proposal 
of polygonal block patterns by Lorig and Cundall (1989). 
Christianson (2006) and Alzo’ubi et al. (2009) verified 
the rationality of the polygonal block pattern by studying 
the rock failure mechanism with a Voronoi UDEC model. 
This was done by cutting all conventional UDEC Voronoi 
polygonal blocks into several constituent triangular blocks 
(Gao et al. 2014a), allowing the proposed UDEC Trigon 
model to be built. A rock is represented by an assembly of 
triangular blocks bonded together via their grain contacts. 
Each block is made elastic by dividing them into triangular 
finite difference zones. Hence, the block does not fail by 
plastic yielding. Failure can only occur along the contacts in 
shear or tension, depending on the stress state and the prop-
erties of the contact surface (Itasca Consulting Group Inc. 
2014). In the direction perpendicular to a contact surface, 
the stress–displacement relation is assumed to be linear and 
determined by the stiffness (kn), as given in Eq. (1):

where △σn is the effective normal stress increment and 
△un is the normal displacement increment. A limiting ten-
sile strength (T) is assumed for the contact. If this value is 
exceeded, then σn equals to 0.

In the direction parallel to a contact surface, the response is 
governed by a constant shear stiffness. The shear stress, τs, is 

(1)Δ�n = −knΔun,

determined by contact properties, including cohesive (c) and 
frictional (φ). Where:

then

However, if ||�s|| ⩾ �max , then:

where Δue
s
 is the elastic component of the incremental shear 

displacement and Δus is the total incremental shear displace-
ment (Fig. 3).

Normal stiffness, shear stiffness, cohesion, friction and ten-
sile strength can be assigned to the contacts. These properties 
are termed micro-properties in this work. Through an assembly 
of triangular blocks, the Trigon material represents a specific 
mechanical behavior which can be determined by the assumed 
macro-properties. Cracks initiate at a contact when the stress 
applied on the contact exceeds either its tensile strength or its 
shear strength. The Coulomb slip model is used in this work. 
The contacts may fail in either shear or tension according to 
the stress state (Gao et al. 2014b).

2.2 � Modification of Rock Strata and RBB Parameters

The mechanical behavior of the material in the UDEC Trigon 
model is related to the micro-properties of contacts and blocks. 
The micro-properties must be calibrated to material properties. 
The generalized lithostratigraphy of the test site is illustrated 
in Fig. 4.

Indicators such as RQD, RMR, JCR and GSI are commonly 
used to evaluate rock qualities and classify rocks. Zhang and 
Einstein (2004) determined the relationship between RQD and 
ratio between the elastic modulus of the rock mass and the 
elastic modulus of the rock sample (Eq. 5).

(2)|
|�s

|
| ⩽ c + �n tan� = �max,

(3)Δ�s = − ksΔu
e
s
.

(4)�s = sign
(
Δu

e

s

)
�max,

(5)
Em

Er

= 100.0186RQD−1.91,

Fig. 3   Illustration of the 
conventional UDEC model 
polygons transformed by Trigon 
logic for defining triangular 
finite difference zones

Trigon

Kn
Ks
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where Em is the elastic modulus of the rock mass and Er is 
the elastic modulus of the rock sample.

The uniaxial compressive strength of the rock mass can 
be determined by the functional relationship between the uni-
axial strength ratio (бcm/бc) and the ratio between the elastic 
modulus of the rock mass and the elastic modulus of the rock 
(Em/Er), as shown in Eq. 6. The value of q in Eq. 6 is 0.63 (Gao 
et al. 2014c):

бcm
бc

= (Em
Er

)q (6)

The tensile strength of the coal mass and rock mass is 
calculated at 1/10 of the uniaxial strength. The modified rock 
mass parameters are listed in Table 1.

The parameters of polygon blocks and contact surfaces 
in the model were determined from previous research (Gao 
et al. 2014b) and are given in Table 2.

The UDEC Trigon model is adopted to simulate the uni-
axial compression test using the modified rock mass param-
eters to verify the rationality of the micromechanical param-
eters of the coal mass and the rock mass. The size of the 
rock sample is 2 m (in width) × 4 m (in height) (Singh 2005) 
(Fig. 5). The bottom of the numerical model was fixed and a 
loading rate of 0.2 m/s was applied at the top. The test results 
are given in Table 3. The uniaxial compressive strength and 

Fig. 4   Geological histogram
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Table 1   Intact rock properties 
and scaled rock mass properties 
at Yuwu coal mine

Lithology Intact rock RQD (%) Rock mass

Er (GPa) бr (MPa) Em (GPa) бcm (MPa) бtm (MPa)

Coal 2.6 11.2 65 0.52 2.3 0.23
Sandy mudstone 5.4 35.5 90 3.1 25 2.5
Fine sandstone 10.3 41.1 86 5.0 26.1 2.6
Siltstone 9.7 53.5 88 5.2 36.1 3.6

Table 2   Simulation parameters for various rock specimens used in the UDEC model

Lithology Matrix properties Contact properties

Density 
(kg m− 3)

E (Gpa) kn (GPa/m) ks (GPa/m) Cohesion (MPa) Friction (°) Tensile 
strength 
(MPa)

Coal 1400 2.6 74.7 29.8 0.64 18 0.32
Sandy mudstone 1800 5.4 372 149 6.2 30 1.8
Fine sandstone 2650 10.3 639 236 8.7 18 1.8
Siltstone 2550 9.7 665 266 11.2 18 1.8
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elastic modulus data derived by numerical simulation are 
close in value to the data obtained from laboratory tests 
(within an error of 10%). Hence, the reasonable availability 

of the micromechanical parameters of the coal mass and the 
rock mass is verified.

A uniaxial compression test is performed on the RBB 
sample. The strain-softening constitutive model is used to 
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Fig. 5   Results of uniaxial compressive strength testing a numerical simulation of uniaxial compression, b stress–strain curve of coal, c stress–
strain curve of sandy mudstone, d stress–strain curve of siltstone and e stress–strain curve of fine sandstone
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verify the rationality of the mechanical parameters. The 
RBB has a water to cement ratio of 1.5:1. Comparison 
between the test results and the data obtained in the labora-
tory (Fig. 6a) suggest that the parameters selected in Table 4 
are rational and can be used in further study of the RBB.

3 � Evolution Mechanism and Parameter 
Optimization of Cracks in RBB

3.1 � Mining and Geological Conditions

The Yuwu coal mine is located in Changzhi City, Shanxi 
Province, China. The geographical location of the mine and 
roadway layout of N2105 working face is given in Fig. 7.

The N2105 working face is in the #3 coal seam of Yuwu 
coal mine. The coal seam dips at 1.5° with a thickness of 
6.4 m. The average overburden depth of the coal seam is 
575 m. Stratigraphically, the immediate roof in the area 
consists of 5.2-m-thick siltstone with thick layering and 

Table 3   Comparison between 
experimental and simulated 
values of Young’s modulus 
and peak stress for the various 
lithologies

Lithology Young’s modulus (GPa) Compressive strength(MPa)

Targe Calibrated Error (%) Targe Calibrated Error (%)

Coal 0.52 0.51 2 2.3 2.54 10
Sandy mudstone 3.1 2.85 8 25 25 0
Fine sandstone 5 4.8 4 26.1 26.6 2
Siltstone 5.2 4.7 9 36.1 35 3
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Fig. 6   Comparison between experimental and simulated results. a Experimental stress–strain curves of the RBB, b simulated stress–strain and 
damage curves of the RBB

Table 4   Mechanical parameters 
of blocks and joints of the RBB

Density
(kg/m3)

Young’s modulus (GPa) Cohesion
(MPa)

Friction
(°)

Tension
(MPa)

Block 1400 0.15 3.8 (εp = 0) 33 2.3
3.3 (εp = 0.06)
2.7 (εp = 0.2)

Joint Normal stiffness 
(GPa/m)

Tangential stiffness (GPa/m) Cohesion
(MPa)

Friction
(°)

Tension
(MPa)

21.33 8.53 2.8 30 1.2
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uniform stratification. The main roof comprises 6.4-m-thick 
fine sandstone, also with thick layering and uniform strati-
fication. The immediate floor is 2.9-m-thick fine sandstone, 
and the main floor is 3.2-m-thick sandy mudstone (Fig. 4). 
During the advance of the working face, gas emission aggra-
vates the problem of gas gathering in the upper corner of the 
working face. The application of GER in the intake airway 
can effectively solve the ventilation problem. The Cross sec-
tion of the N2105 panel is shown in Fig. 8.

3.2 � Simulation Methodology

The UDEC Trigon model is used to simulate the N2105 
intake airway GER in accordance with the geological con-
ditions and to study the evolution of cracks in the RBB. 
The RBB, the other blocks and the contact surfaces in the 
model are simulated by the strain-softening model, elastic 
block model and the Coulomb slip model, respectively. The 
strain-softening model is based on the UDEC Mohr–Cou-
lomb model with non-associated shear and associated ten-
sion flow rules. In this model, the user can define the cohe-
sion, friction and dilation as piecewise linear functions of a 
hardening parameter that measures the plastic shear strain 
(Itasca Consulting Group Inc. 2014).

For computational efficiency, the UDEC Trigon 
approach is adopted to generate triangular blocks in the 
area of interest surrounding the roadway and RBB. The 
horizontal displacement is constrained at the left and right 
boundaries of the model. The vertical and horizontal dis-
placements are fixed at the base. Regions (20 m in length) 
are preserved at the left and right sides of the model to 
avoid the boundary effect. Based on the depth of the long-
wall panel, the vertical stress applied on the upper bound-
ary is 14.375 MPa with a stress gradient of 0.025 MPa/m. 
In this numerical model, the horizontal in situ stresses σH 
and σh are 13.066 MPa, where σH and σh are the stresses 
parallel and orthogonal to the longwall advance direction, 
respectively. The modeling processes are described as fol-
lows: (1) establish the model and assign the calibrated 
parameters of each rock formation; (2) calculate the initial 
state induced by gravity; (3) simultaneously excavate and 
support the N2105 intake entry; and (4) model retention 
of the N2105 intake entry with respect to different RBB 
aspect ratios (1:3.6, 1:1.8 and 1:1.2). Finally, the evolution 
processes of cracks in RBB at different aspect ratios are 
analyzed (Fig. 9).
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Fig. 8   Cross section of the 
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3.3 � Evolution Mechanism of Cracks in the RBB 
with Aspect Ratio of 1:3.6

The evolution of RBB fracturing is studied in an RBB with 
an aspect ratio of 1:3.6. The RBB is completely destroyed 
after the advance of the working face (Fig. 10).

Due to the difficulty of determining the RBB strain in the 
numerical model, the crack evolution processes of the RBB 
are studied in this work based on the stresses, cracks and 
damage degree at different distances from the working sur-
face. The FISH language is used to monitor the number and 
the length of shear cracks and tensile cracks in the RBB to 
further study the damage mechanism of the RBB. Figure 12 
presents the monitoring results. The damage degree of the 
RBB is determined by the ratio of damage length of the con-
tact surface (including both shear cracks and tensile cracks) 
to the total length (Gao et al. 2014a). This method is used in 
this work instead of the “orthogonal strain ratio” commonly 
used in previous studies because of the intractability of the 
strain of the RBB in the numerical simulation (i.e., the ratio 
of transverse strain to the axial strain of the rock mass).

Figure 10 shows the damage of RBB and surrounding 
rocks before and after excavation of the working face. Fig-
ure 11 illustrates the crack development and failure of RBB 
at different distances from the working face. It gives the 
formation, expansion and penetration of cracks, as well as 

the whole process of macro-fracturing of the RBB. When 
the RBB is located at − 10 m, the RBB is destroyed due 
to the formation of main cracks in its middle and bottom 
parts. When the RBB is located at − 40 m, significant shear 
failure is found is the upper left corner of the RBB. Also, 
two smaller cracks develop at the right side the main crack 
with tensile damage distributed around the main crack. Sig-
nificant tensile failure is observed in the bottom of the RBB 
when it is located at − 80 m. Meanwhile, a seepage channel 
appears in the damaged RBB, resulting in the loss of the 
buffering function of the RBB.

It is commonly recognized that two stress thresholds of 
the rock exist before the stress reaches the peak strength, 
including the crack initiation threshold and the crack damage 
threshold. There is some controversy about the definition of 
these two values, one of which is that both of these values 
can be determined by acoustic emission and strain monitor-
ing (Eberhardt 1998). The other is that the crack initiation 
threshold is indicated by the occurrence of simulated dis-
crete cracks and the crack damage threshold can be identified 
by acceleration in the crack accumulation rate (Diederichs 
1999). In this paper, the timing of the two values, the corre-
sponding mechanical parameters of the RBB and the damage 
parameters are studied. The growth of shear cracks becomes 
stable and the growth of tensile cracks is drastic once the 
stress in the RBB reaches the crack damage threshold, and 

Fig. 9   Model overview. a 
Model dimensions; b dimen-
sions of gob-side entry retaining 
structure; c aspect ratio of RBB
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obvious cracks appear in the RBB after the crack damage 
threshold was reached.

The strength of the RBB is 10.6 MPa (Fig. 12a). The 
stress value at the onset of cracking in the RBB is 16% of 
the peak stress (i.e., the crack generation threshold). When 
the RBB is located at − 40 m, and the applied stress value 
reaches 72% of the peak stress, the inflection point of the 
RBB damage curve appears. It can be considered that the 

crack damage threshold is reached at this time, and the obvi-
ous damage is found in RBB. Based on the damage map of 
the RBB at − 40 m in Fig. 11, it is believed that the dam-
ages in the upper left and lower left corners of the RBB are 
mainly caused by shear and tensile cracking. Shear cracks 
predominate in quantity throughout the crack evolution. 
The tensile cracks and failures in Fig. 12b, c are enlarged 
to investigate the development of tensile cracks (Fig. 12d). 

Fig. 10   Surrounding rock 
conditions a before and b after 
mining. Note the ingress of gas 
along preferential flow channels

(a)

GasGas

flowing channel

(b)

0m -10m -40m -80m -100m

Fig. 11   Progressive destruction process of the RBB from 0 to 100 m behind the working face (− indicates the RBB is located behind the work 
face; *at yield; circle: tensile failure; cross: yielded in past)
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In comparison with Fig. 11, it is found that the number of 
tensile cracks and the degree of tensile failure are all in an 
ascending tendency before visible failure of the RBB occurs 
at − 40 m. Obvious crack development and dilation are 
found in the RBB 40 m behind the working face (Fig. 11). 
The stress in the RBB 90 m behind the working face drops 
to 20% of its peak strength with the RBB being seriously 
damaged. Development of shear cracks in the RBB tends 
to become steady at this time, while tensile cracks continue 
to develop (Fig. 12d). Hence, the generation, expansion and 
penetration of tensile cracks are the dominant factors leading 
to failure of the RBB, although the shear cracks predominate 
in quantity during the whole process of crack evolution in 
the RBB.

3.4 � Optimization design of RBB parameters

One purpose of this work is to simulate the RBB at different 
aspect ratios (1:1.8, 1:1.2). Then the stress and the damage 
are monitored to determine the most suitable parameters of 

the RBB for the N2105 intake airway. The damaged RBB 
and damage area division are shown in Fig. 13.

The RBBs at aspect ratios of 1:1.8 and 1:1.2 suffer sig-
nificantly less damage compared with the RBB at an aspect 
ratio of 1:3.6 (Fig. 13). Moreover, there is no penetration 
of cracks into the RBB. This prevents the formation of a 
gas exchange channel. Figure 13a, c indicates that the dam-
age in the RBB is mainly concentrated on the surface and 
shallow regions. The damaged RBB can be divided into 
three zones based on crack distribution and damage degree 
in different areas in the interior of the RBB. They include 
the main crack-development zone (zone A), the yield-bear-
ing zone (zone B) and the secondary crack-development 
zone (zone C). The damage degree is 60% when the RBB 
sample reaches the residual strength (Fig. 6b). Therefore, 
it is concluded that the RBB loses the bearing capacity 
when the damage degree exceeds 60%. (Gao et al. 2014a, 
b). In the model, the damage degree is monitored for each 
area in the RBB at different aspect ratios. The results in 
Fig. 14 suggest that the damage degree of zone B is lower 
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than 50%, whereas the damage degree of zone A and zone 
C is greater than 60%. In this case, the zone A and zone C 
are considered to lose load-bearing capacity. Fewer tensile 
cracks are found in zone C compared with that in zone A. 
Also, no obvious tensile damage is observed in zone C. 
The main crack-development areas are the most damaged 
parts of the RBB and are distributed at the top and bot-
tom corners of the roadway (Fig. 13b, d). The main form 
of damage in these areas is tensile failure. The develop-
ment of cracks in the secondary crack-development zone is 
relatively low, and there is only a small amount of tensile 
failure in the bottom corner of the RBB. The RBB in the 
yield-bearing zone is basically in a yield or elastic state, 
with a low damage degree. The area of the yield-bearing 
zone in the RBB at aspect ratios of 1:1.8 and 1:1.2 account 
for 51% and 82%, respectively (Fig. 13b, d).

Figure 14 compares the damage degree of the RBB at 
different aspect ratios (1:3.6, 1:1.8 and 1:1.2). The overall 
damage, damage degree in the main crack-development 
area, damage degree in the secondary crack-development 

zone and damage degree in yield-bearing zone are com-
pared in the following text.

The whole part of the RBB with an aspect ratio of 
1:3.6 is classified as a main crack-development zone due 
to high damage degree in the highly fractured RBB with 
this aspect ratio. The histograms in Fig. 14 indicate that the 
overall damage and damage different zones decrease with 
an increasing aspect ratio. The damage degree in the main 
crack-development zone is the highest, while the damage 
degree in the yield-bearing zone is the lowest. The damage 
degree in the yield-bearing area of the RBB at an aspect ratio 
of 1:1.8 is 49%, and damage degree in the yield-bearing zone 
of the RBB at an aspect ratio of 1:1.2 is 47%.

The above results suggest that the yield-bearing zone of 
the RBB at an aspect ratio of 1:1.8 is much higher than 
that at an aspect ratio of 1:1.2. However, the damage degree 
in the yield-bearing zone has a reduction of only 2%. The 
larger proportion of the yield-bearing area does not effec-
tively reduce the damage degree of the RBB, although the 
larger RBB width occupies coal resources and has an impact 
on the economic efficiency of the coal mine. Therefore, the 
width of the RBB at the working face is set to 2 m (i.e., an 
RBB with an aspect ratio of 1:1.8).

It is shown that an RBB with an aspect ratio of 1:1.8 
can basically meet the safe mining requirement, but the sur-
face and shallow parts close to the roadway side of the RBB 
are severely damaged. This can easily lead to rib spalling. 
Therefore, counter-pulled bolts are used to reinforce the 
RBB. It can be verified by numerical simulation that the 
counter-pulled bolts have a notable effect on damage devel-
opment in the shallow region of the RBB. Hence, poten-
tial rib spalling can be prevented. Meanwhile, multi-factor 
analysis is performed to study the total damage degree, 
the area ratio of the yield area, the residual strength of the 
yield area, the peak stress position of the yield area and the 
peak stress magnitude in the yield area for RBBs at differ-
ent sizes. The results are presented in Fig. 15. An aspect 
ratio of 1:1.8 leads to a certain reduction of the main and 
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Fig. 13   Damaged RBB and damage area division showing a RBB with aspect ratio of 1:1.8, b RBB area division with aspect ratio of 1:1.8, c 
RBB with aspect ratio of 1:1.6 and d RBB area division with aspect ratio of 1:1.6 (*at yield surface; circle: tensile failure; cross: yielded in past)
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secondary crack-development areas after reinforcement with 
counter-pulled bolts and a significant reduction of vertical 
cracks with large apertures at the roadway side. The damage 
degree in the yield-bearing zone is 55%. The peak stress in 
the yield-bearing zone reaches 11.8 MPa, appearing 59 m 
behind the working face. The residual strength of the yield 

area is 7.4 MPa and the proportion of the yield-bearing zone 
is 62%.

From the above analysis, it is concluded that all indicators 
of damage to the RBB at an aspect ratio of 1:1.8 (Fig. 15) 
are enhanced after reinforcement with the counter-pulled 
bolts. Insufficient surface maintenance of the RBB can also 
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Fig. 15   Multivariate analysis of the RBB for different aspect ratios
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be strengthened by laying a metal mesh over the surface of 
the RBB.

4 � Field Tests and Observations

4.1 � Field Test Results

The technology of GER is applied to the intake airway of 
N2105 working face to decrease unacceptable high gas den-
sity. The tunnel section size is 4800 mm × 3600 mm. The 
support parameters are given as follows:

Road-in support parameters: The roof and side are both 
supported by high strength bolts with dimensions of 22 
mm × 2200 mm. The roof is supported with anchors 18.9 
mm × 8300 mm in dimension. The inter-row spacing of the 
roof bolts is 900 mm × 880 mm, while the inter-row spac-
ing of bolts in the solid coal body is 900 mm × 800 mm. 
The anchor cable rows are to be spaced at 1600 mm along 
the length of the entry. The pretension for the rock bolt 
and anchor cable installation are 200  kN and 510  kN, 
respectively.

Roadside support parameters: The RBB is constructed 
by a relatively high-water content material, with a 
water–cement ratio of 1.5:1. The aspect ratio of the RBB 
is 1:1.8, and a metal mesh was installed on the surface of 
the RBB. Counter-pulled bolts (22 mm in diameter and 
2200 mm in length) are used. The inter-row spacing of the 
counter-pulled bolts is 900 mm × 800 mm, and a reinforcing 
steel ladder beam (Φ16 mm steel bar) is added for reinforce-
ment (Fig. 16).

4.2 � Observations

Retention of the intake airway is monitored during advance 
of N2105 working face to analyze the efficiency of GER. 
The following parameters are monitored: deformation of 
roadway surrounding rocks, bearing capacity of the RBB 
and gas concentration in the roadway and upper corner 
(Fig. 17).

When the working face advances to the station, the inter-
nal stress of the station increases gradually and reaches a 
peak of 9.5 MPa at a distance of 53 m ahead of the work-
ing face. The stress decreases gradually in the RBB 53 to 
100 m behind the working face. The stress becomes steady 
(7.8 MPa) in the RBB 100 m behind the working face and 
remains stable with the advance of the working face. Defor-
mation of the roadway surrounding rocks increases gradually 
with advance of the working face. The entry section 100 m 
in front of the station is stable. The maximum roof-to-floor 
convergence is 527 mm, while the maximum rib-to-rib con-
vergence is 515 mm. From gas monitoring results, the gas 
densities in the upper corner and in the roadway are 0.5% 

and 0.35%, respectively. These values are in the safe density 
range.

Figure 18 gives three screenshots from video footage 
recorded at depths of 0.75 m, 1.3 m and 1.88 m in the RBB 
at a distance of 100 m behind the working face. It is shown 
that the development of cracks in the road side that the mid-
dle part of the RBB are essentially consistent with the simu-
lation, which verifies the rationality of the choice of aspect 
ratio of the RBB and roadway support parameters.

5 � Conclusions and Expectation

GER has been widely used in China’s coal mines due to 
its high recovery rate and low drivage ratio. Field test and 
numerical simulation are utilized to investigate the crack 
evolution in the RBB optimizing the RBB aspect ratio. The 
main results of this study are summarized as follows.
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1.	 A UDEC Trigon model is adopted to simulate the 
crack evolution in the RBB. The input parameters are 
calibrated. The simulated results are consistent with 
those from laboratory experiment. The damage-bearing 
relationship of RBB is defined according to the stress 
and damage curve of RBB specimen obtained from 
numerical simulation. When the damage degree of RBB 
reaches greater than 60% and the stress is lower than 
the residual strength, the RBB is considered to have no 
bearing capacity.

2.	 The initiation, propagation and coalescence of internal 
cracks are investigated throughout the N2105 longwall 
mining. The crack initiation threshold occurs at about 
16% of the peak strength and the crack damage thresh-
old occurs at about 72% of the peak strength. Failure of 
the RBB is mainly caused by tensile cracks, although 
shear cracks are dominant in number during the whole 
process of crack development of the RBB. According to 
the crack distribution and damage degree, the damaged 
RBB is divided into three zones (i.e., the main fissure 
development zone A, the yield-bearing zone B and the 
secondary crack-development zone C). Higher aspect 
ratio and using counter-pulled bolts could effectively 
increase the area proportion of zone B and reduce the 
damage degree of zone B.

3.	 According to this mechanism of crack evolution, an opti-
mal RBB aspect ratio is proposed and support measures 
are recommended to implement in the intake airway 
of the N2105 coal face. Field applications show that 
the resulting roof-to-floor and rib-to-rib convergence 
are 527 mm and 515 mm, respectively. These support 
recommendations provide a basis for the planning and 
design of RBB under similar engineering and geological 
conditions.

Effective use of underground spaces, such as underground 
storage of hydrogen or nuclear waste, has significance for 
saving land resources. Such gas or nuclear waste reser-
voirs must have reliable cover to prevent vertical leakage 
and overall tightness to prevent lateral leakage. As such, it 
is anticipated that the research method presented here can 
be used to detect gas–liquid permeability when the wall is 
closed to ensure adequate sealing of the storage space.
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