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Abstract. In geotechnical engineering, the accurate evaluation of large-scale geotechnical engineering schemes before
construction is very important. So the reliability of the surrounding rock support of the gob-side entry directly determines the
success or failure of the gob-side entry remaining. To accurately evaluate designs of large scale engineering before the
implementation, such as the gob-side entry retaining formed by roof cut and pressure releasing, this paper used the 3D finite
element global model to obtain the local stress of the roadway surrounding rock. And then the local stress was applied as the
boundary condition to the 3D discrete element roadway model to evaluate supporting effects of different support schemes during
the gob-side entry retaining. Besides, based on numerical simulation, the coordinated support scheme of “constant resistance and
large deformation cable + steel bolt + hydraulic prop + steel beam + U-shaped steel” was further proposed. The field test results
shown that the support scheme can effectively control the deformation of the surrounding rock of the gob-side entry. The
numerical simulation results were in good agreement with the field test results. So the feasibility and reliability of the numerical
simulation evaluation method were verified by the field test results. Therefore, the global-finite and local-discrete modeling
approach can be applied to mines that will implement the technology of the gob-side entry retaining formed by roof cut and
pressure releasing, providing important references for the evaluation and optimization of its support design, and the

determination of the dynamic pressure zone length.
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1. Introduction

The non-chain-pillar longwall mining method has been
widely studied and applied in recent years for its advantage
of relaxing the imbalance of stripping and continuous
mining, improving the economic benefit and recovery, etc
(Bai et al. 2015). However, due to the different
hydrogeological conditions, mining methods, support
methods and construction techniques in different mining
areas, it is difficult to analyze the gate stability before gob-
side entry retaining. More importantly, in the whole life
cycle of the gate, because the gob-side entry has to undergo
severe disturbance of multiple mining stresses, so it is very
necessary to analyze gate stability and optimize the original
support design, the temporary support design before the
gob-side entry retaining (Qin et al. 2020). It’s worth noting
that the structure and stress of the gate surrounding rock are
instability before overlying strata stop moving for
advancing mining. So large deformation or surrounding
rock failure or collapse may occur at any time if error
structural analysis of surrounding rock and unreasonable
supporting design is used in gob-side entry retaining.
Therefore, the research on stability analysis of surrounding
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rock in the gob-side entry is essential to ensure product
safety and economic efficiency (Cheng et al. 2019,
Valliappan et al. 2019, De Silva et al. 2019).

In recent years, many scholars have completed a lot of
research on roadway support design, roadway deformation
mechanism, roadway stability analysis and control, and
anchor bolt and cable anchoring performance, and achieved
a lot of valuable results (Huang et al. 2018, Bednarek and
Majcherczyk. 2020). However, most of the existing
researches focus on traditional coal mining methods such as
room and pillar mining method, longwall mining method
with coal pillars, and roadside packing without the coal
pillar mining method. Moreover, due to the large range of
stope simulation, discrete element software modeling and
calculation takes a long time (Basarir et al. 2015,
Valliappan ef al. 2019). Therefore, finite element software
is currently used to analyze the stability of roadways along
goafs. But, due to a large number of joints and cracks in the
surrounding rock of the goaf roadway under the influence
of mining stress, it is difficult to solve the problem
comprehensively and accurately by using finite element
software (Zhang et al. 2018, Xie et al. 2020). So the
accuracy of results of the numerical simulation using the
finite element software is greatly compromised.

Because the surrounding rock of the roadway has to
experience many times of severe mining stress during the
gob-side entry retaining formed by roof cut and pressure
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Fig. 1 Process characteristics of the gob-side entry retaining formed by roof pre-fracturing

releasing (GEFRC), for example, stress disturbance for gate
excavating, advancing disturbance for working face mining,
and stress disturbance for advancing mining (see Fig. 1), the
support design of the roadway should be considered from
the perspective of the whole life cycle in the early stage of
roadway excavation (Aksoy et al. 2013, Wang et al. 2017,
Wu et al. 2019). With the rapid development of computer
technology, numerical simulation technology has attracted
more and more attention from engineering circles and
researchers. Finite element software represented by
ANSYS, ADINA, COMSOL Multiphysics, etc. has been
widely used in engineering fields such as bridges, tunnels,
buildings, and blasting (Zhu ef al. 2019). FLAC3D based on
the Finite Difference Method has a wide range of
advantages such as display solution, fast calculation speed,
accuracy and reasonableness. Therefore, it has been widely
used in the stability analysis and optimization design of
tunnels excavating and support design in the field of
geotechnical engineering (Kim et al. 2018, Tan et al. 2019).
However, in geotechnical engineering, most of the problems
encountered are non-continuum. With the action of
excavation, support and other engineering disturbances, the
rock would fracture, rotate, sink and collapse, which will

cause damage to the rock mass. And it is particularly
important for rock stability analysis. For discrete element
software such as UDEC, 3DEC, and PFC-3D, although they
can perform numerical calculations on rock mass
destruction, the calculation speed is often severely affected
by the large range of rock mass and the huge number of
units (Yin et al. 2020). For the technology of the GEFRC,
not only the range of rock strata involved is very large, but
also after the working face is mined, the overlying rock
strata in the gob continuously undergoes rotational
deformation, fracture, and collapse. So the finite element
software or discrete element software cannot quickly and
accurately complete the numerical calculation. Therefore,
according to the technological characteristics of the
GEFRC, the gob-side entry stability analysis by a global-
finite and local-discrete modeling approach is proposed.

To study the deformation mechanism, the stress
distribution law, and the rationality of roadway support
design in the roadway life cycle before gob-side entry
retaining, theoretical analysis and numerical simulation are
comprehensively used in this paper. Because the
surrounding rock structure and its stability of the roadway
during the gob-side entry retaining is the key to the roadway
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Fig. 2 Technological process of gob-side entry formed by roof cut: (a) Installing the constant resistance and large
deformation cables before roof pre-fracturing; (b) The hole drilling used to pre-fracture the gate roof before mining; (c) The
advancing support for the working face mining; (d) The temporary supporting for advancing mining during the gob-side
entry retaining; (¢) The gob-side entry after removing the temporary supporting when the gob -side entry was stabilized.
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Fig. 3 Structure of overlying strata during gob-side entry retaining: (a) Global structure in the gob-side entry retaining; (b)

Local structure.

stability in its life cycle, so the structure model of gob-side
entry was established considering the plastic zone of solid
coal along the roadside firstly by theoretical analysis.
Furthermore, combined FLAC3D and 3DEC, efficient and
accurate numerical simulation of large-scale geotechnical
engineering design can be realized, and program evaluation
can be carried out. Among them, FLAC3D would be used to
reveal the stress distribution in stope and get the stress of
the roadway surrounding rock after the roof cut. The stress
of the roadway surrounding rock would be used to prepare
for the boundary condition of the local-discrete model
calculated by 3DEC. Finally, we can evaluate the support
effect of the local model through 3DEC.

2. Technological process of gob-side entry retaining

2.1 Technological process of gob-side entry formed
by roof cut

There is a significant difference between the technology
of the GEFRC and the traditional technique of the gob-side
entry retaining by roadside packing (He. 2014, Zhang et al.

2015). In addition to supporting the roadway surrounding
rock in the early stage of roadway excavation (see Fig.
2(a)), roof cut by the directional pre-cracking needs to be
carried out before the working face mining (see Fig. 2(b)).
Then, during mining, it is necessary to carry out advanced
support for the mining roadway (see Fig. 2(c)). After the
working face mining, the gangue retaining support along
the roof cut line beside the roadway and the support in the
gob-side entry are constructed (see Fig. 2(d)). When the
gob-side entry is stable, the temporary support of the side
and inside the roadway needs to be removed, and the gob-
side entry is used when the next working face mining (see

Fig. 2(c)).

2.2 Structure character during gob-side entry
retaining and using

Before studying the structural model of gob-side entry,
concepts of global structure, medium structure and topical
structure have to be created first. And global structure
contains the medium structure and medium structure
contains topical structure (see Fig. 3(a)). Coal seam and all
overlying strata are included in the global structure. Also,
the strata between the first key layer and the mining coal
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Fig. 4 Structural model of surrounding rock of gob-side entry when working face mining

seam is included in the medium structure. Besides, the
small structure only comprises immediately roof,
immediately floor and coal side to gob-side entry.
According to the existed research results, we can find that
mining is the inducement of mining stress, and the load of
global structure applied to the local structure is the source
of the mining stress. So, as long as the boundary stress
applied to the local structure by the medium structure can
be grasped, the surrounding rock stability of the gob-side
entry can be analyzed. And we can focus on the local
structure to analyze their stability during gob-side entry
retaining by the discrete element method (see Fig. 3(b)).

2.3 Mechanical models during gob-side entry
retaining and using

In the process of the GEFRC, the roadway roof has been
pre-split directionally before the working face mining.
Therefore, that is why the gob roof would quickly collapse
and provides effective support to the basic roof after
mining. Under the influence of the mining stress, the key
layer fracture first at ‘fracture 1°, and formed key block III
(see Fig. 4(a)). Since the initial stiffness of the gravel side is
less than the stiffness of the coal side, the key layer above
the coal side generates greater tensile stress due to the
rotational deformation of the rock block. When the
maximum tensile stress in the basic roof is greater than its
tensile strength, two fractures occur at the top of the coal
side, and key blocks I and II are formed. The key block II is
not only the bearing body of the overburden load of the
overlying strata but also the carrier that transfers the
overburden load to the roadway surrounding rock. The
gravel side and the coal side are the bearing bodies.
Therefore, key block II is the decisive rock block structure
for the stability of the surrounding rock of the gob-side
entry.

The surrounding rock structure of the gob-side entry is
formed by the coal side ‘@, the gravel side ‘@, the
cantilever beam ‘(@ and the roadway floor. In the process
of gob-side entry retaining, the coal side ‘D’, the gravel
side ‘@’ and the cantilever beam ‘)’ jointly form the

support for the key block II, thereby maintaining the
stability of the overall structure of the roadway surrounding
rock. Therefore, if the overburden load P is known, the
roadway surrounding the rock model can be solved. When
the limit equilibrium state is assumed, the supporting forces
of the coal side ‘@D’ and the gravel side ‘@)’ to the roof are
R and Ry, respectively (see Fig. 4(a)).

According to the voussoir beam theory, the action point
of the horizontal thrust stress T is at 4/4, that is, h=2a (see
Fig. 4(b)). So

Pl
Plsiné
Q=05 =—pr @

In the formula, / is the length between Fracture 1 and
Fracture 2, and 4 is the thickness of the key layer, and Q4
and QOp are the frictional shear at the contact points of A and
B in Fig. 4(b), respectively. And £#is the rotation angle of
the key block II, and P is the load exerted on key block II
by the overlying rock layer, namely.

=n
P = Z Yili 3)
i=1

In the formula, Y7 is the bulk density of the i-th layer in
the overburden, kg/m3, and h; is the thickness of the i-th
layer, and 7 is the n-th layer of the overlying rock from the
key block II.

Due to the strong compressibility of the gravel side, the
key block II may fracture during the process of rotation and
deformation. So its length is similar to the periodic
weighting length of the working face. Therefore, it can be
known from the mechanics of materials.

ZRT : hZ
l=——— 4
5 “4)
In the formula, Rr is the tensile strength.
So
L=1-1L-1 (%)



Gob-side entry stability analysis by global-finite and local-discrete modeling approach 395

e Tailgate erac e e eliel
//' N 62, 312 mining 0 G_o‘b. ’
< o face 0-0-0-0-051
L S Roof ’ 5 b10:drilling|
o oof cut line e e e
Hongjingta NO.1™.. ' . Beltgate Bdedd el
coal mine Yo A |
. 801 m
= y Gateway for -
‘ equipment 62, 314 mining Open-off
. removing face cut

Tailgate

Fig. 5 Relative position of Hongjingta No. 1 coal mine and the 6-2up 312 working face

And because the position of the ‘Fracture 2’ above the
coal side is at the elastoplastic junction of the key layer, it
can be known from the theory of elasticity that

Co

. M2 k7H+tan<p0 ©
L7 2tang, | o | Px
tanp, A

In the formula, Mc is the thickness of mining; £ is the
lateral pressure coefficient; and £ is the stress concentration
coefficient; and p, is the support strength of the coal side,
MPa; and H is the buried depth of the roadway, m; and ¢y is
the bond strength of the coal and rock; and ¢y is the internal
friction angle of the coal and rock; and A is the average
density of the overburden, kg/m® ; and k is the stress
concentration factor.

6 = arcsin(w/1) @)

In the formula, « is the displacement of B point in the
vertical direction in Fig. 2.

As shown in Fig. 4(b), it can be obtained by the static
balance principle

_ Plsing - 1? + 2h(l - ;) — 4]

Ry = 2h(+ 1) ®

_ P[2h(l —13) — sinf - I + 4]
z- 2h(l+1,)

Therefore, in the process of the GEFRC, timely
increasing the strength of the gob-side support (which is R>)
is one of the key factors to avoid roof rock fracture and
control the stability of the surrounding rock of the gob-side

entry.

)

3. Engineering geological conditions and molding
methods

3.1 Field Engineering Background

Hongjingta No. 1 Coal Mine is located in the Shenfu-
Dongsheng Coalfield, the largest coalfield proven in China.
Due to the simple geological structure in the hinterland of
the Ordos Basin, folds and faults are not developed, so the
coal seams are well-occurring. The 6-2,,312 working face
in the 6# coal seam adopts the comprehensive mechanized

coal mining method with strike backward. The inclined
length of the working face is 220 m, and the strike length is
801 m (see Fig. 5). As the beltgate will experience the
influence of the mining pressure many times during the
gob-side entry retaining, whether the original support of the
roadway can meet the requirements of the roadway must be
carefully analyzed and demonstrated before construction.

The average buried depth of the 6-2,,312 working face
is 85.66 m, and the beltgate is the reserved roadway, which
is used as the beltgate of the 6-2,,314 working face after the
gob-side entry retaining. The beltgate is a rectangular
roadway with a clear width of 4.5 m and a clear height of
2.3 m. The average thickness of the coal seam is 1.85 m,
and the inclination angle of the coal seam is 10 ~ 20. The
direct roof is composed of 4.3 m sandy mudstone and 0.6 m
carbonaceous mudstone. Above the carbonaceous mudstone
is 2.75 m mudstone, and above the mudstone is the fine
sandstone with a thickness of 3.83 m. The direct floor of the
coal seam is sandy mudstone with a thickness of 0.6 m, and
the main floor is sandstone with a thickness of 2.35 m. The
sandstone contains a small number of carbon chips and
muddy interstitials (see Fig. 6). And the physical and
mechanical parameters of each rock layer are shown in
Table 1.

3.2 Molding methods

To accurately and quickly carry out the numerical
analysis and evaluation of the roadway support design in
the process of the GEFRC, the method of combining
FLAC-3D and 3DEC was adopted to evaluating the support
effect of the gob-side entry based on the technical
characteristics of the GEFRC. FLAC-3D would be used to
reveal the stress distribution in stope and get the stress of
surrounding rock after roadway excavation and roof cut.
The stress of surrounding rock would be used to prepare for
the boundary condition of the local-discrete model. Finally,
the local discrete element model was used to simulate and
analyze the roadway support effect during the gob-side
entry retaining, so as to optimize the roadway support
design before mining.

First, according to the engineering geological
conditions, the simulation range, engineering rock group,
boundary conditions, etc. were determined. And FLAC-3D
software was used to build a calculation model consistent
with the field conditions. The model size was 300 m X
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Fig. 6 Comprehensive histogram of the 6-2,,312 working face

Beltgate

Fig. 7 Global model diagram

Table 1 Physical and mechanical parameters of coal and rock

Lithology = Density/(kg'm3)Bulk modulus/GpaShear modulus/GPaCompressive strength/MpaCohesive /Mpalnternal friction angle/(°)
Sandstone 2660 26.4 10.8 69.1 66.2 41.6
Sandy mudstone 2470 20.2 8.1 427 38.3 332
Carbon mudstone 2320 17.5 6.5 22.5 23.8 26.2
mudstone 2430 16.6 6.2 314 27.6 31.0
Coal 1280 7.3 2.7 16.9 16.7 21.5

150 m x 20 m (see Fig. 7). The beltgate width and height
were 4.5 m and 2.3 m. It was tunneled along the roof of the
coal seam. Its roof cut depth was 5.0 m, and the angle
between the roof cut line and the plumb line was 150. The
model adopted the Mohr-Coulomb strength criterion, the
front and back and left and right boundary displacements
were fixed in the x-y direction, the upper boundary was
free, the bottom boundary was fixed support, and the upper
boundary applied a vertical downward compensation load
F, =1.38 MPa. Besides, the model grid size was 1 m * 1 m,
and the number of cells was 538,200.

In the process of numerical simulation with FLAC-3D,
the two construction steps of mining gates excavation and

roof cut were carried out. After the calculation, the stress
distribution diagrams of the sections x-z, x-y and y-z along
the direction perpendicular to the section were taken at x =
45 m, z= 18 m and y = 50 m (see Fig. 8). The numerical
simulation results shown that the horizontal stress qy of the
section x-z along the y-direction was 1.45 MPa (see
Figs.8(a) — 8(c)), and the vertical stress of the section x-y
along the z-direction q, = 1.38 MPa (see Fig. 8(d)), the
horizontal stress qx of the section y-z along the x-direction
was 1.46 MPa (see Fig. 8(e)).

Considering that the periodic weighting length of the
adjacent working face was about 20 ~ 30 m, the local model
size was selected as 45 m x 150 m x 18 m (Fig. 9). The unit
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Fig. 8 Stress distribution diagram of the global model: (a) Horizontal stress distribution diagram of the x-z section along
the y coordinate axis. (b) Global model diagram. (c) Horizontal stress distribution diagram along the x-z section of the
beltgate along the y coordinate axis. (d) Vertical stress distribution diagram of the x-y section along the z coordinate axis.
(e) Horizontal stress distribution diagram of the y-z section along the x coordinate axis. (Units in the drawing : MPa )
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block in the model was a cube. The total number of blocks
was 31473. And the number of joints was 970189. The
displacement of the front and back and left and right
boundaries of the local model was fixed in the x-y direction.
According to the calculation results of the global model, the
horizontal load qy = 1.45 MPa was applied to the front and
rear boundaries. And the horizontal load qx = 1.46 MPa was
applied to the left and right boundaries. And the vertical
downward compensation load q, = 1.38 MPa was applied to
the upper boundary. And the bottom boundary was fixed
support.

3.3 Support design

Based on the local model diagram, it was carried out to
the analysis and evaluation of the roadway support effect of
different support methods. There were two support design
schemes, scheme A is the original support of the roadway,
and scheme B was the reinforcement support scheme.

Scheme A adopted “bolt + steel mesh” support, and the
main support unit was steel bolt: @18 mm * 1.8 m (see Fig.
10(a)). The row spacing between bolt was 1.3 m*1.2 m. The
roof cut height was 5.0 m. And the angle between the
cutting line and the plumb line was 150. Scheme B adopted
“bolt + constant resistance large deformation (CRLD) cable
+ steel mesh” support (see Fig. 10(b)). The size of the steel
bolt was ®18 mm * 1.8 m. And the row spacing was 1.3 m
* 1.2 m. The size of the CRLD cable was ®22 mm * 7.3 m.
And the row spacing was 1.75 m * 1.20 m. The angle
between the roof cut line with a roof cut height of 5 m and
the plumb line was 150. In the process of the GEFRC, each
mining length was 10 m. And the model adopted the Mo-
Coulomb strength criterion. At the same time, in the process
of numerical calculation, three displacement measuring
points were arranged on the surface of the roadway roof to
monitor the roof sink, and four measuring points were
arranged at different depths of the coal side to monitor the
deformation of the coal side during the process of the
GEFRC (see Fig. 11).
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Fig. 10 Cross-section view of the support in the beltgate
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Fig. 11 Layout of displacement monitoring points

3.4 Numerical simulation results

Numerical simulation results shown that when the
supporting form of Scheme A was adopted for the beltgate.
The stress concentration of the roof along the cut line side
was not obvious with the coal mining, but the coal side and
its upper roof formed a width of about 1.5 m arc-shaped
stress concentration zone (see Fig. 12(a)). When the
working face was 10 m ahead, the range of the stress
concentration zone did not change much. But the upper roof
stress of the coal side increased little (see Fig. 12(b)). After
coal mining, the range and strength of the arc-shaped stress
concentration area suddenly increased. And the range of the
stress concentration area was inclined to the roof of the gob-
side entry (see Fig. 12(c)). When the distance of the lagging
mining face was 50 m, the arc-shaped stress concentration
area was reduced. And the stress concentration above the
roof of the gob-side was greatly reduced (see Fig. 12(d)).
With the further increase of the distance of the lagging
mining face, the range of the arc-shaped stress
concentration area was reduced to the range of the coal side
and its upper strata (see Figs.12(e) ~ 12(f)).

When the working face was 20 m ahead, due to the
influence of the leading support pressure, the roadway roof

began to deform. The roof deformation along the gob side
was the largest while the roof deformation on the coal side
was the smallest. As the distance from the working face
decreases, the roadway roof deformation increased slightly
(see Figs.13(a) — 13(b)). After the coal mining, the roadway
roof deformation and bed separation along with the goaf
increased rapidly (see Fig. 13(c) — 13(d)). When 90 m
lagging the working face, uncoordinated deformation of the
roadway roof along the goaf occurred. And the roadway
roof deformed in an arc shape (see Fig. 13(e)). When 120 m
lagging the working face, the roadway roof fractured along
the middle of the roadway. Finally, an angle of 150° formed
between the roadway roof along the coal side and the
roadway roof along the cut line side (see Fig. 13(f)).

When the beltgate adopted the support design of scheme
A the stress of measuring point ‘1’ and measuring point ‘2’
on the roadway roof did not change much during the gob-
side entry retaining. When measuring point ‘3” was 22.5 m
ahead of the working face, the stress gradually increased.
And when lagging the working face 83 m, the growth rate
slowed down. And when lagging the working face by 120
m, it was stable at 4.5 MPa (see Fig. 14(a)). The stress of
measuring point ‘5’ ~ ‘7° on the coal side did not change
much during the process of gob-side entry retaining. The
stress of measuring point ‘4’ increased gradually when the
working face was 15 m ahead. And the stress increased
sharply when lagging the working face by 15 m. And when
lagging the working face by 60 m it slowed down and
stabilizes at 9.5 MPa when the lagging working face was
120 m (see Fig. 14(b)). The displacement of measuring
point ‘1’ on the roadway roof did not change much during
the process of gob-side entry retaining. When measuring
points 2° and ‘3” were 30 m ahead of the working face, the
deformation gradually increased. And when lagging the
working face by 83 m, the deformation tended to be slower.
The roadway roof deformation tended to be stable when the
lagging working face was 120 m. And the maximum roof
subsidence of measuring point 2’ and measuring point ‘3’
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Fig. 12 Vertical stress distribution diagram of the roadway surrounding rock in Scheme 1: (a) Stress distribution diagram 20
m ahead of the working face. (b) Stress distribution diagram 10m ahead of the working face. (¢) Stress distribution diagram
10m lagging the working face. (d) Stress distribution diagram 50 m lagging the working face. (e) Stress distribution
diagram 90m lagging the working face. (f) Stress distribution diagram 120m lagging the working face. (Units in the

drawing : MPa)
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Fig. 13 Displacement distribution diagram of the roadway surrounding rock in scheme 1: (a) Displacement distribution
diagram 20 m ahead of the working face. (b) Displacement distribution diagram 10 m ahead of the working face. (c)
Displacement distribution diagram 10 m lagging the working face. (d) Displacement distribution diagram 50 m lagging the
working face. () Displacement distribution diagram 90 m lagging the working face. (f) Displacement distribution diagram

120 m lagging the working face. (Units in the drawing : mm )

was 300 mm and 900 mm, respectively (see Fig. 14(c)). The
displacement of each measuring point in the coal side did
not change much. And the maximum displacement of
measuring point ‘4’ with the most significant displacement
was only 9.5 mm (see Fig. 14(d)).

When the beltgate adopted the supporting form of
scheme B, with coal mining, the coal side and its upper roof
formed an arc-shaped stress concentration zone with a
width of about 1.5 m (see Fig. 15(a)). When the working
face was 10 m ahead, the stress in the range of the stress

concentration area increased (see Fig. 15(b)). After coal
mining, the range and strength of the arc-shaped stress
concentration area continued to increase while the range of
the stress concentration area sloped toward the roof of the
gob side (see Figs.15(c) — 15(d)). When 90 m lagging the
working face, the arc-shaped stress concentration area was
further enlarged. Because the roadway roof was reinforced
and supported by CRLD cables, the coal side and the
roadway roof formed an inverted “J”-shaped stress-bearing
area (see Figs.15(e) — 15(f)).
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Fig. 14 The stress and displacement curve of the measuring point of the roadway surrounding rock in Scheme 1
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Fig. 15 Vertical stress distribution diagram of the roadway surrounding rock in Scheme 2: (a) Stress distribution diagram 20
m ahead of the working face. (b) Stress distribution diagram 10 m ahead of the working face. (c) Stress distribution
diagram 10 m lagging the working face. (d) Stress distribution diagram 50 m lagging the working face. (e) Stress
distribution diagram 90 m lagging the working face. (f) Stress distribution diagram 120 m lagging the working face. (Units
in the drawing : MPa)
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Fig. 18. Support design of the beltgate

Due to the influence of the front abutment pressure and
the roof cut, the roadway roof began to undergo rotational
deformation with the upper strata of the non-cut seam side
as the fulcrum. The roof deformation on the roof cut side
was the largest while the roof deformation on the coal side
was the smallest (see Figs.16(a) — 16(d)). With continuous
coal mining, the deformation of the roadway roof gradually
increased. When the lagging the working face was 90 m, the
roadway roof along the gob had a bending deformation. The
roadway roof deformed in an arc shape. But no fracture
occurred (see Figs.16(e)-16(f)). At this time, the
deformation of the surrounding rock of the gob-side entry
had stabilized.

The stress at the measurement point ‘3’ on the roadway
roof had a significant change when the roadway adopted the
support form of scheme B. Its stress began to increase
gradually at 22.5 m ahead of the working face and reached
the maximum value of 9 MPa lagging the working face by
53 m, and then stabilize at 8 MPa lagging the working face
by 85 m (see Fig. 17(a)). The stress of measuring point ‘4’
on the coal side changed significantly during the process of
gob-side entry retaining. It began to increase gradually at 15
m ahead of the working face. And when lagging the
working face by 15 m, the stress increased sharply. When
lagging the working face by 90 m, it stabilized at 7.3 MPa
(see Fig. 17(b)). The displacement of measuring point ‘1’
on the roadway roof changed little during the process of
gob-side entry retaining. But measuring point ‘2’ and
measuring point ‘3’ began to deform when they are 30 m
ahead of the working face, and stabilize at 273 mm and 78
mm respectively when they lagged the working face by 90
m (see Fig. 17(c)). Same as scheme A, the displacement of
each measuring point in the coal side has little change. The
displacement of measuring point ‘4’ with the most
significant displacement was stable at 1.8 mm when lagging
the working face by 90 m (see Fig. 17(d)).

4. Verification of the used approach
According to the results of the numerical simulation, the

supporting form of Scheme B was adopted to support the
beltgate of the 6-2up312 working face. To ensure the
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Fig. 19 Deformation of surrounding rock during the gob-
side entry retaining

stability of the surrounding rock of the gob-side entry in the
dynamic pressure zone, a coordinated support scheme of
“CRLD cable + steel bolt + hydraulic prop + steel beam
with corrugated edges+ U-shaped steel” was proposed (see
Fig. 18(a)). Before mining, the roadway roof adopted the
combined support method of “CRLD cable + steel bolt +
steel mesh + W steel belt”. After the coal mining, the
hydraulic prop + steel beam with corrugated edges “ was
used for temporary support in the dynamic pressure zone of
the gob-side entry. And then the * hydraulic prop + U-
shaped steel + diamond mesh” was used for gangue
retaining support on the gravel side (see Fig. 18(b)). After
the gob-side was stabilized, temporary supports such as
hydraulic prop and steel beam with corrugated edges could
be removed.

The field test results shown that in the process of the
GEFRC, the roadway roof and coal side began to deform
when the leading working face is 26 m. The deformation of
the roadway surrounding rock speeded up when the lagging
working face was 17 m. And the deformation of the
roadway surrounding rock reached initial stabilization when
the lagging working face was 96 m. At this time, the roof
deformation was 224 mm. And the coal side deformation
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Fig. 20 Effect of the gob-side entry retaining

was 69 mm. When the lagging working face was 162 m, the
temporary supports such as single pillars and lace beams
were removed. And the roadway surrounding rock
undergone secondary deformation. But the deformation
speed was relatively slow. When the lagging working face
was 243 m, the surrounding rock deformation of the goaf
roadway stabilized again. Finally, the roof deformation was
256 mm. And the coal side deformation was 85.6 mm (see
Fig. 19). After the gob-side entry was stable, the normal
using could be guaranteed when the next working face
mining (see Fig. 20).

5. Discussions

The discreteness of rock and soil has an important
impact on the accuracy of numerical simulation results in
geotechnical engineering. Therefore, the using of finite
element software to numerically simulate engineering
problems encountered in geotechnical engineering has its
own limitations. However, when using the universal distinct
element code to numerically simulate engineering problems
encountered in geotechnical engineering, the large scale of
the engineering model and a large number of joints and
block divisions often make numerical calculations difficult.

To solve the above problems, this research used the
finite element software FLAC-3D to simulate the global
model of the mining stope and its overlying rock, and
obtained the stress of the beltgate surrounding rock in the 6-
24312 working face. Then, the universal distinct element
code 3DEC was used to carry out a numerical simulation on
the process of gob-side entry retaining under different

supporting forms to evaluate the supporting effect of
different supporting forms.

The research results shown that based on the
technological characteristics of gob-side entry retaining, by
combining FLAC-3D and 3DEC, not only could the
numerical calculation efficiency be improved, but also the
accuracy of the numerical simulation could be improved.
Field test results and the numerical simulation results were
in good agreement. Besides, the numerical simulation
results of different supporting forms shown that the support
using the high-prestress CRLD cable could greatly improve
the integrity and bearing capacity of the surrounding rock of
the gob-side entry. The supporting form would not only
aggravate the deformation and destruction of the gob-side
entry but also easily cause the stress concentration of the
coal side, which would cause accidents such as roof fall and
rockburst.

The field test results shown that the temporary support
in the dynamic pressure zone of the gob-side entry played
an important role in maintaining the stability of the roadway
surrounding rock and controlling the deformation of the
gob-side entry. It should be noted that when the gob-side
entry reached initial stabilization, the withdrawal of the
temporary support would cause the gob-side entry to
deform again.

6. Conclusions

In this paper, numerical simulation, theoretical analysis
and field tests were used to conduct in-depth research on the
adaptability of different supporting forms of the beltgate in
the 6-2up312 working face when gob-side entry retaining.
The main conclusions were as follows:

(1) Aiming at the characteristics of geotechnical
engineering, based on in-depth analysis of the technology of
the GEFRC, a global-finite and local-discrete modeling
approach was proposed. The field test results were in good
agreement with the numerical simulation results, which was
indicated that this method could accurately evaluate the
roadway support form in the process of the gob-side entry
retaining, and provide a reasonable and effective way for
the support design and optimization of the gob-side entry.

(2) Numerical simulation results shown that the “steel
bolt + CRLD cable” support formed an inverted “J”’-shaped
stress-bearing area in the surrounding rock of the gob-side
entry. This support form could greatly increase the integrity
and bearing capacity of the surrounding rock of the gob-
side entry under the influence of mining stress. And the bed
separation could be reduced effectively.

(3) Based on the numerical simulation of the different
supporting forms of the beltgate during the gob-side entry
retaining, the collaborative supporting scheme of “CRLD
cable + steel bolt + hydraulic prop + steel beam with
corrugated edges + U-shaped steel” was proposed. Field test
results shown that the maximum subsidence of the roadway
roof was 256 mm while the maximum amount of the coal
side displacement was 85.6 mm, which was indicated that
the support scheme could effectively control the
deformation of the surrounding rock during the process of
the GEFRC, and could meet the needs of safe production.
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