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Abstract

To explore the mechanism of roof directional breaking in gob-side entry formed automatically without coal pillars, the
numerical simulation was used to study the deformation movement of roof, the deformation evolution of roadway, and the
stress distribution of roadway under roof directional breaking and non-roof directional breaking. Based on the results, the
deformation movement of roof is divided into three stages: the goaf roof collapse stage, the basic roof deformation stage,
and the basic roof stability stage. The goaf is filled with gangue due to the broken expansion characteristics of the collapsed
rock under the roof directional breaking. Due to the supporting force of gangue, the deformation of the basic roof under the
roof directional breaking is smaller than that under the non-roof directional breaking, which reduces the influence of the
deformation of the basic roof on the deformation of the roadway roof and improves the integrity of the roadway. At the same
time, roof directional breaking cuts off the stress transfer path of partial roof, which weakens the peak stress convergence
on the arc side, transfers the peak stress convergence to deeper, and improves the stability of roadway. Finally, a field test
was carried out to further verify the accuracy of the numerical simulation. The field test results are in good agreement with
the numerical simulation results. The roadway deformation is small and meets the requirements of safety production. It is
proved that roof directional breaking plays a positive role in improving the stability of the roadway.

Keywords Roof directional breaking - Gob-side entry retaining - Roof movement - Deformation evolution - Stress
distribution

1 Introduction

Longwall mining has made an enormous contribution to
underground coal mining in the world [1-4]. In the process
of longwall mining, a coal pillar is usually needed between
adjacent working faces to protect the roadway in the next
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working face. With the continuous mining, the overlying
rock on the working face continues to rotate, deform, and
collapse, which will not only causes strong mine pressure
on the working face [5—7] but also causes the stress conver-
gence of the remaining coal pillars [8—10], and ultimately
leads to spalling of the roadway side and destruction of the
roadway roof [11, 12]. At the same time, the remaining coal
pillars will also cause waste of resources. For example, the
strike length of longwall mining plate in Svea Nord Mine is
2500 m, and the height of mining is 4 m [13]. The width of
the remaining coal pillar between adjacent working faces is
40 m, which means that each mining face will lead to about
600,000 tons of coal resources waste.

To avoid the waste of coal resources caused by remain-
ing coal pillars, it is proposed to use a filling body instead
of coal pillars, such as gangue filling [14] and concrete
filling [15]. Although this method increases the recovery
rate of resources, the stress convergence still exists in the
position of filling body, which greatly reduces the safety
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and stability of roadway. In order to further solve the safety
problem of roadway, the author’s research team [16, 17]
proposed a technology of gob-side entry formed automati-
cally without coal pillars (GEFAWCP) based on roof direc-
tional breaking (RDB). The RDB fundamentally changes
the roof structure, and the stress distribution of roadway was
optimized. One side of the roadway is formed by collapsed
rock and the other by solid coal, which automatically form
the roadway behind the working face. The support of goaf
gangue reduces the rotation deformation of basic roof, which
reduces the stress convergence and deformation of roadway
and improves the stability of roadway.

Since then, many scholars have adopted different meth-
ods to study the deformation movement of roof, the defor-
mation evolution of roadway, and the stress distribution of
roadway under RDB. Wang et al. [18, 19] analyzed the dis-
tribution and evolution of mining stress during RDB and
roadway retaining through similar simulation experiments
and revealed the control mechanism of roadway under the
action of RDB. Yang et al. [20-22] analyzed the influence
of different fracture positions of the basic roof on the sup-
port and deformation of the roadway. By using the RDB
to change the fracture position of the basic roof, the safety
of the roadway is ensured. The mechanical analysis of the
stress and deformation of the roadway during RDB and
retaining was carried out, and the control countermeasures
of roadway deformation were put forward. Wang et al. [23]
used Mohr—Coulomb theory to analyze the stress state and
variation characteristics of roadway during gob-side entry
retaining and proposed the effective control countermeas-
ures. Gao et al. [24] analyzed the rock pressure law of gob-
side entry retaining under the influence of faults and put
forward the corresponding control technology. Compared
with the traditional fault crossing, the deformation of sur-
rounding rock was decreased and effectively controlled. Liu
et al. [25, 26] studied the rock fragmentation effect under
the action of RDB and analyzed the control mechanism of
rock-broken expansion coefficient on the stability of key
rock blocks. Yang et al. [27] studied that the destruction
of roadway is mainly caused by local tensile stress without
support; therefore, an active flexible support method is pro-
posed to improve the tensile stress state of roadway, and the
field application results show that the support technology is
feasible. Zhang et al. [28, 29] studied the movement process
of roof strata under RDB and designed the parameters of
RDB. The results showed that reasonable RDB parameters
could be effective.

Through the study of previous scholars, it can be known
that the roof rock above the goaf can be collapsed by RDB,
and then the rock-broken expansion characteristics are used
to support the goaf roof, which reduces the influence of roof
deformation of goaf on the deformation of roadway roof,
optimizes the stress distribution of roadway, and finally

@ Springer

improves the stability of roadway. However, previous stud-
ies mainly focused on the deformation of roadway and the
stress characteristics of supporting structure. These data
can be obtained through field monitoring. Few scholars pay
attention to the caving of gangue in goaf and the roof move-
ment process under gangue support, because these results
are not easy to be monitored on site. Therefore, the scope of
this study is to analyze and simulate the roof deformation
process under the conditions of roof directional breaking and
non-roof directional breaking (NRDB), and to clarify the
influence of roof strata movement at different stages on the
deformation and stress distribution characteristics of road-
way. The objective of this study is to identify the mecha-
nism of DRB for GEFAWCP. Finally, field test verification
is essential to verify the accuracy of numerical simulation,
because the most effective way to verify the accuracy of
numerical simulation is to prove it in the field test.

2 Engineering Background
2.1 Project Summary

Ningtiaota coal mine produces 18 million tons of coal annu-
ally and is located in Shaanxi Province, China. There are 7
stable coal seams that can be mined. At present, the main
coal seam is 27%# coal, with an average thickness of 4.11 m
and burial depth of 115-170 m. The test working face is
S1201-II working face with a length of 280 m and a strike
length of 2344 m, and the layout of S1201-II working face
is shown in Fig. 1a. The automatically formed roadway is
the ventilation roadway of the working face, and another
roadway in working face is formed in advance excavation.
Lithology and thickness of roof and floor are shown in
Fig. 1b.

2.2 Technical Process of GEFAWCP

To better study the mechanism of RDB, it is necessary to
understand the technical process of GEFAWCP. In this tech-
nique, the roadway on one side of the working face is auto-
matically formed during mining. As shown in Fig. 2a, the
roadway is formed by the cutting of the shearer. The drum
of the shearer is circular; therefore, the shape of the side
near the solid coal of the roadway is arc, which is called the
arc side. As shown in Fig. 2b, after the roadway is formed,
the shearer is far away from the roadway and mining at the
working face. Because the working face is long, the shearer
needs to work in the working face for a period, and there
is enough time to support the roadway during this time.
The roadway roof is supported by high pre-tightening force
anchor cable, and the arc side is supported by anchor bolt.
As shown in Fig. 2c, after the support of the roof and the arc
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Fig. 1 Engineering conditions of S1201-II working face

side is completed, the RDB is implemented through the roof
directional breaking device (RDBD) [30, 31], and support is
carried out on the side of the goaf. As shown in Fig. 2d, after
the mining of the working face, the roof rock after RDB fall
to the goaf to form gangue, and the rock has the character-
istics of broken expansion [30]. The roadway is retained by
the support of gangue in the goaf and roadway support. The
retained roadway can be used during the next working face.
Moreover, it is not necessary to place coal pillars between
adjacent working faces when using this method.

3 Numerical Modeling

3.1 Modeling

In this paper, the numerical simulation method is used
to study the deformation evolution and stress distribution

characteristics of roadway in GEFAWCP. In essence, the
Universal Distinct Element Code (UDEC) can not only
simulate the movement, deformation, and complete strip-
ping of rock strata but also clearly simulate the stress
change and transmission. Therefore, the UDEC software
was used to analyze the roof movement, deformation
evolution law, and stress distribution characteristics of
roadway.

A numerical model has been developed based on the
geological situation of S1201-II working face. As shown
in Fig. 3, the model size is 150 m*60 m, simulating the
cross section of longwall face. To eliminate the effects of
boundary conditions, the model retains the region with a
width of 30 m on the left side of the model. To study the
stress distribution characteristics of arc side, the region
with a width of 50 m is retained on the right side of the
model. The in situ stress measured by the borehole stress
method, the vertical stress is 2.5 MPa, and the horizontal
stress is 1.25 MPa. Horizontal and vertical displacements
of the model are constrained at the lateral and bottom
boundary of the model, respectively. Considering that the
fracture and collapse behavior of rock strata are mainly
dominated by the discontinuous surface in rock mass, the
elastic—plastic model is adopted to the complete rock mass
and the coulomb slip model is adopted to and the contact
surface. Based on the cantilever beam theory, a rectan-
gular block is used to simulate the fracture shape of the
collapsed rock mass in this model. The side near the coal
body of the roadway is the arc side. Therefore, the trigon
model is considered to avoid the severe fluctuation of the
stress near the arc side due to the uneven change of the
block shape, which affects the stress distribution results.

3.2 Calculation and Validation of Numerical Model
Parameters

The physical and mechanical parameters of intact rock in
the test working face were obtained by drilling sampling
and indoor physical and mechanical tests. There are some
cracks and joints in rock mass; so, it is necessary to ignore
the intact rock parameters. By obtaining the RQD value of
the intact rock, the Young’s modulus of the intact rock (E;)
is converted to the Young’s modulus of the rock mass (E,,)
by using the RQD- E,/ E, relationship [31, 32].

En — 1(0-0186ROD-1.91
E.

ey

Then, the unconfined compressive strength of rock mass
is obtained by using the relationship between the ratio of
unconfined compressive strength (o,,,/0,;) and the ratio of
Young’s modulus (E,/ E;) [33, 34].
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Fig.2 Technical process of GEFAWCP

Fig.3 Numerical simulation
model

cm Em !
(%) ®
When the failure mode of rock mass cannot be evaluated,
the average value of # is 0.63.
As shown in Table 1, the reasonable estimation of tensile
strength of rock mass is 1/10 of compressive strength [35].
According to the obtained Young’s modulus and the Pois-

son’s ratio (v), the bulk modulus (K) and shear modulus (G)
can be calculated by the following formula [36]:
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Before numerical simulation, the parameters and simu-
lation results of rock should be verified according to the
field measured data. This is achieved through unconfined
compression tests on numerical samples. The shape and size
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Table 1 Physical and mechanical parameters of intact rock and rock mass
Lithology Density (kg-m™) Height m Intact rock RQD Rock mass
6., (MPa) E, (GPa) E, (GPa) 6,,,(MPa) 6.,,(MPa)
Overlying strata 2000 30 13.13 7.84 74 2.29 6.05 0.61
Medium sandstone 2280 14 22.70 10.16 92 6.43 17.01 1.70
Siltstone2 2040 2 16.26 9.25 83 3.98 9.56 0.96
Coal seam 1260 4 15.30 8.69 82 3.58 8.76 0.88
Siltstonel 2410 10 29.60 19.65 87 10.04 19.38 1.94
overlying strata of the calibrated specimen grid are the same as those of the
20 - Medium sandstone mining model.
— Siltstone2 . .
18 4 _C:,M " The normal stiffness (k,) and shear stiffness (k) of the
164 |———Siltstonel contact parameters are iteratively calibrated by numerical
14l unconfined compression tests. The loading rate is 0.1 m/s.
& o The calibrated stress—strain curve by UDEC is shown in
H 0 Fig. 4. The parameters of calibrated rock mass in UDEC are
ERRUE . .
2 shown in Table 2. The error of calibrated rock mass param-
Z % eters in UDEC is shown in Table 3.
6+
44 3.3 Model Support Parameters
2 4
0 i i i : The roof of ventilation roadway in the S1201-II working face
0.0 0.2 0.4 0.6 0.8

Axial strain(%)

Fig.4 The axial stress—strain curve of UDEC specimen under uncon-
fined compression

is supported by five anchor cables with a length of 10.5 m.
Hydraulic support is installed on the side near the goaf, and
bolt support is used on the side of the arc side. The anchor
cable is simulated by the cable element, the bolt support is
simulated by the bolt element, and the temporary support
is simulated by the support unit. The parameters of anchor
cable, bolt support, and temporary support are shown in
Table 4.

Table 2 Parameters of

calibrated rock mass in UDEC

Table 3 Error of calibrated rock
mass parameters in UDEC

Lithology Block parameters Contact parameters

E, (GPa) v k, (GPam™) K, (Gpam™) C(MPa) &i(°) ol (MPa)
Overlying strata 2.14 020 774 310 2.43 4091 0.76
Medium sandstone  6.63 0.26 1788 715 6.29 4133  1.32
Siltstone2 4.07 0.23 1236 494 4.48 3845 094
Coal seam 3.73 0.21 1158 463 3.96 39.69 0.89
Siltstonel 10.40 0.28 2313 925 8.6 40.81 1.72
Lithology E,, (GPa) G, (MPa)

Target Calibrated Error (%) Target Calibrated Error (%)

Overlying strata 2.29 2.23 2.6 6.05 6.03 0.3
Medium sandstone 6.43 6.48 0.7 17.01 17.00 0.1
Siltstone2 3.98 2.62 0.8 9.56 9.47 0.3
Coal seam 3.58 3.54 1.1 8.76 8.74 0.2
Siltstonel 10.04 9.98 0.6 19.38 19.61 1.2
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Table 4 Support parameters

Type Parameters Value
Cable Density (kg/m®) 7500
Elastic modulus (GPa) 200
Length (m) 10.5
Diameter (mm) 21.8
Tensile capacity (KN) 530
Resin-bonded stiffness (N/m?) 2x10°
Bond Strength (N/m) 4%10°
Pre-tightening force (KN) 280
Bolt Density (kg/m®) 2100
Elastic modulus (GPa) 200
Length (m) 1.6
Diameter (mm) 18
Tensile capacity (KN) 300
Resin-bonded stiffness (N/m?) 1x10°
Bond strength (N/m) 3%x10°
Pre-tightening force(KN) 50
Support Axial stiffness (GPa/m) 3
Height (m) 3.8
Diameter (mm) 600
Compressive yield strength (MPa) 40

4 Analysis of Numerical Simulation Results
4.1 Analysis of Roof Deformation Process

The RDB state and NRDB state were simulated and com-
pared. In the RDB state, the height of RDB is 9 m and
the angle of RDB is 10°. To simulate the roof deforma-
tion movement and the broken expansion characteristics
of gangue in the goaf, after the formation of the roadway,
2 m was mined each time along the direction far from
the roadway, and 20,000 steps were operated to make the
roof rock completely collapse in the goaf. The results of
roadway roof deformation are shown in Figs. 5 and 6. To
facilitate the analysis, in 0-600,000 steps, the results of
roof deformation are recorded every 60,000 steps, and in
600,000-160,000 steps, the results of roof deformation
are recorded every 200,000 steps. It should be noted that
some operational steps are chosen as the beginning/end of
a certain stage to describe the stage of roof deformation
more accurately. The point with the maximum deformation
of basic roof is selected to record and analyze. The loca-
tion of the monitoring points is shown in Figs. 5o and 60.

The basic roof near the roadway side rotates in a can-
tilever shape, and the point with the maximum deforma-
tion of the basic roof represents the rotation deformation
degree. For ease of analysis, the deformation coefficient
of the basic roof is defined as follows:
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where M is the height of the mining, and H is the deforma-
tion of the basic roof.

The larger deformation of the basic roof, the larger defor-
mation coefficient of the corresponding basic roof. The
deformation coefficient monitoring results of the basic roof
are shown in Fig. 7.

According to the monitoring results, the deformation
movement of roof can be divided into three stages. In the
NRDB state, as shown in Fig. 5a—d. In the mining process,
the immediate roof continued to collapse, the basic roof did
not have any obvious deformation, and the deformation coef-
ficient was almost 0. Therefore, this stage is called the first
stage: the goaf roof collapse stage. As shown in Fig. 5d—o,
the basic roof begins to rotate and deform. During the defor-
mation of the basic roof, the gangue formed by the collapse
of the immediate roof cannot fill the goaf. There is a large
space in the goaf, and the angle with large rotation defor-
mation of the basic roof can contact the gangue. When the
numerical model runs to Fig. 5n, the rotational deformation
of the basic roof touches the gangue in the goaf, then the
basic roof slowly reaches a stable state under the support of
the gangue, which is called the second stage: the basic roof
deformation stage. As shown in Fig. 5n, o, the basic roof
reaches a stable state and no longer deformed, and the final
deformation coefficient of the basic roof reaches 0.99. The
basic roof finally reaches almost the maximum deformation.
This stage is called the third stage: the basic roof stability
stage.

In the RDB state, as shown in Fig. 6a to c. In the mining
process, because of the influence of the RDB, the immedi-
ate roof, and part of the basic roof continue to collapse,
there is no obvious deformation of the basic roof above the
height of RDB, and the deformation coefficient of the basic
roof is almost 0. This stage is called the first stage: the goaf
roof collapse stage. As shown in Fig. 6¢-1, the basic roof
above the height of RDB begins to rotate and deform. Due
to the effect of RDB and the broken expansion character-
istics of rock, the goaf was filled with gangue. The small
angle of the rotation deformation of the basic roof contacts
the gangue. When the numerical model runs to Fig. 6j, the
rotation deformation of the basic roof contacts the goaf, and
the basic roof reaches a stable state under the support of
the gangue. This stage is called the second stage: the basic
roof deformation stage. As shown in Fig. 6l-o, the basic
roof reaches a stable state and no deformation occurs. The
deformation coefficient of the final basic roof reaches 0.50,
and the deformation degree of the basic roof is small. This
stage is called the third stage: the basic roof stability stage.

Comparing the deformation movement of roof under
the condition of NRDB and RDB, it can be seen that the
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(a) step 60000 (b) step 120000

(e) step 300000

(m) step 1200000 (n) step 1480000 (o) step 1600000

Fig.5 Roof deformation process with the NRDB state

deformation movement of roof is divided into three stages.
During the first stage, because the RDB cuts off part of the
basic roof, the bearing capacity of the basic roof decreases in
the RDB state. Under the action of overlying strata, the basic

roof deforms first, as shown in Fig. 7. During the second
stage, the deformation coefficient of the basic roof continues
to increase in the RDB state. When the basic roof does not
contact the gangue in the goaf, the bearing capacity of the
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(a) step 60000

(d) step 230000

|

(g) step 420000

(j) step 600000

i |
(m) step 1200000

Fig.6 Roof deformation process with the RDB state

basic roof is small. The deformation coefficient of the basic
roof in the RDB state is larger than that in the NRDB state.
After the basic roof touches the goaf in the RDB state, it is
slowly stable under the support of the gangue, and the basic
roof has not touched the goaf in the NRDB state. Therefore,
after a period of contact with the goaf, the deformation coef-
ficient of the basic roof in the RDB state is less than that
in the NRDB state. The basic roof in the RDB state first
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reaches a stable state, and the deformation coefficient of the
basic roof is less than that in the NRDB state. The stage that
has the greatest impact on the deformation of basic roof
is the basic roof deformation stage. The deformation coef-
ficient of the basic roof in NRDB state is larger than that in
RDB state. When the basic roof reaches a stable state, the
steps of numerical model in NRDB state are greater than that
in RDB state, which is mainly due to the influence of RDB.
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Part of the basic roof collapsed into the goaf to form gangue,
the goaf is filled with the gangue and supports the basic roof,
so that the basic roof in RDB state can reach a stable state
faster and reduce its deformation degree.

4.2 Analysis of Roadway Deformation Evolution
Law

To clarify the influence of roof deformation movement on
roadway roof deformation in RDB, the deformation of road-
way roof was monitored. The monitoring point was located
in the middle of roadway roof, and the deformation and
deformation velocity of roadway roof were analyzed.

In the NRDB state, as shown in Fig. 8, the deformation of
the roadway roof in first stage is 15 mm due to the immediate
roof collapse of the goaf. The deformation of the roadway
roof in second stage is 586 mm due to the deformation of

Step(10%)

the basic roof, and the final deformation of roadway roof is
601 mm. In the RDB state, the roadway roof deformation
in the first stage is 5 mm. Compared with the NRDB state,
the roadway roof deformation decreases by 66.7% before
the deformation of the basic roof. Whether the RDB state
or NRDB state, the deformation of roadway roof during
the first stage is very small. During the second stage, the
deformation of roadway roof is 210 mm. Compared with the
NRDB state, the deformation of roadway roof is reduced by
64.2%, and the final deformation of roadway roof reaches
215 mm. Compared with the NRDB state, the final defor-
mation of roadway roof is reduced by 64.2%. Since then, it
has entered the third stage. In this stage, the deformation is
no longer generated, and the roof deformation is no longer
changed. This is because the basic roof is supported by the
gangue and reaches the equilibrium state. During the defor-
mation process of the roadway roof, the deformation speed

Fig.8 Comparison of roadway T - 0.06
roof deformation data under : L 11
RDB state and NRDB state 600 |- —— Roof deformation (RDB)
—— Roof deformation speed (RDB) .
—— Roof deformation (NRDB) (148.601) o004 z
. Roof deformation speed (NRDB) 1 %
E 400 [ g
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% 2.
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:3 200 é
E 99.215) “S
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0 157 2
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2200 1 ! 0.02
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Step(10%)
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of the roadway roof under the RDB state is less than that
under the NRDB state.

The final deformation of roadway surrounding rock is
shown in Fig. 9. As shown in Fig. 9a, the roadway roof and
arc side are damaged under the NRDB state. At this time, the
roadway can not meet the requirements of normal produc-
tion, and there is a great potential safety hazard. The roof
and arc side of roadway is intact in the RDB state. As shown
in Fig. 9b, the deformation of roadway surrounding rock
is small, and the basic roof has reached a stable state and
meets the normal production requirements. This is because
the RDB leads to the collapse of the immediate roof and
part of the basic roof to the goaf during the mining. The
goaf is filled with gangue. When the basic roof is rotated
and deformed, it only needs a small rotation angle to contact
the gangue, the basic roof is supported by the gangue and
reaches a stable state.

4.3 Analysis of Roadway Stress Distribution
Characteristics

To analyze the influence of RDB on the stress distribu-
tion characteristics of the arc side, the stress distribution
of the arc side is monitored. In the monitoring process, it
is found that the stress convergence is formed in the arc
roadway side, and the position and size of the stress conver-
gence are constantly changing during the operation of the
whole model. In order to facilitate the analysis, the stress
distribution characteristics under the final state are selected
for analysis, which does no effect the analysis results. As
shown in Fig. 10a, it shows the distribution characteristics

Fig.9 Final deformation of
roadway

- D

(a) NRDB state

Fig. 10 Stress distribution of Stress/MPa
arc roadway under RDB state g
and NRDB state 20 m
-8.0

-7.0

6.0
-5.0
-4.0 .

>
B iR

3.0

2.0 !

"-Ol [ ARl
0.0

1.0

(a) NRDB state
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of stress under the NRDB state. In the mining process, the
stress redistribution, the peak value of stress convergence
in the arc side reaches 10.7 MPa, and the maximum stress
is 1.9 m away from the arc side. In the RDB state, as shown
in Fig. 10b, the peak value of stress convergence in the arc
side is 8.3 MPa, which is reduced by 22.4%. This is because
the RDB makes some of the basic roof collapse in advance,
the basic roof of the collapse forms gangue, which is full
of goaf to a greater extent. The rotation deformation angle
of the basic roof decreases and the stress convergence of
the arc side is weakened. The maximum stress peak under
RDB state is 3.1 m away from the arc side, and the distance
increases by 63.2%. This is because the RDB blocks the
stress transfer from the roof of some goaf to the side of the
roadway and transfers the stress transfer path to the deep
part of the arc side. In summary, the RDB changes the stress
transfer path, weakens the stress convergence degree of the
arc side, and improves the stability of the arc side.

5 Field Test Verification

5.1 Monitoring Method of Roadway Roof
Deformation

In order to verify the accuracy of the numerical simulation,
we carried out field tests and monitoring. Because the road-
way may have safety problems such as large deformation and
poor stability in the state of NRDB, it is difficult to carry
out field tests. We only carried out field verification for the
state of RDB. In the numerical simulation, the parameter

(b) RDB state

Stress/MPa I
-11.0
-10.0
9.0
-8.0 .
-1.0
-6.0

.
5.0 ‘
a0 \'\{
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Fig. 11 Schematic diagram of on-site monitoring

selection in the state of RDB and NRDB is consistent, so it
is effective to only verify the state of RDB.

In the mining process of working face, in order to moni-
tor the deformation of the roof of the roadway, a monitoring
point is set every 20 m in the middle of the roadway. The
data recording frequency of the monitoring point is once a
day. There are two fixed personnel to monitor the data. As
shown in Fig. 11, due to the influence of equipment con-
struction near the working face, the data measurement of
the field monitoring point is started from 20 m behind the
working face. The RDB and roadway support at monitoring
points have been completed. Because the working face has
been mined a distance forward, there is some roof deforma-
tion data that cannot be monitored. However, this does not
affect the use of field measurement data to verify the numeri-
cal simulation results.

5.2 Analysis of Monitoring Results

The field monitoring results and numerical simulation
results are shown in Fig. 12. The deformation results of two
monitoring points were selected for analysis, point A and
point B. Due to the influence of the equipment in the road-
way, the monitoring points are arranged at a distance behind
the working face, and the immediate roof of the working face
has collapsed before the layout of the monitoring point. The
roadway roof has been affected by the collapse of the imme-
diate roof, and a part of the displacement has been generated.
Therefore, during the monitoring period, the deformation of
the working face is mainly affected by the deformation of the
basic roof. The roadway roof deformation increases rapidly
in the range of 20-140 m behind the working face. After
220 m away from the working face, the deformation area of
the roof is stable, indicating that the deformation of the basic
roof is gradually reduced and stabilized after touching the

Distance behind the working face(m)

Fig. 12 Numerical simulation results and field monitoring results of
roadway roof deformation

gangue. At the same time, due to the broken expansion char-
acteristic of rock, the goaf is filled with gangue. The defor-
mation of the basic roof is small, and the final roof reaches
a stable state. The final deformation of the two monitoring
points is 181 mm and 176 mm respectively, with an average
of 178.5 mm. The roadway state in the field is good, and the
roadway roof remains stable. It can be seen from Fig. 12
that the field monitoring results are in good agreement with
the numerical simulation results. In addition, the numerical
simulation records the roof displacement data at the early
stage of roadway formation, and this part of the data cannot
be obtained in the process of field monitoring, which reflects
the advantages of numerical simulation to a certain extent
and can help us to obtain more comprehensive data, which
is beneficial to the field engineering application.

6 Discussion

In this paper, the deformation movement of roof under RDB
state and NRDB state are simulated by numerical simula-
tion, which is divided into three stages. The deformation
evolution law and stress distribution characteristics of
roadway surrounding rock are analyzed. Through the field
measured data, the results are consistent with the numerical
simulation, which verifies the effectiveness of the numerical
simulation.

Under the RDB state, the roof deformation movement is
divided into three stages, which is the same as the theoretical
research of many scholars. From their research theory, we
can know that after the RDB, the roof strata in the range of
RDB fall to the goaf to form gangue, which is full of goaf,
as shown in Fig. 13a, this is consistent with the first stage:
the goaf roof collapse stage (Fig. 6a—g). With the continu-
ous deformation of the basic roof, the gangue is compacted,
as shown in Fig. 13b, which is consistent with the second
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Fig. 13 Theoretical analysis model of roof deformation movement under RDB state

stage: the basic roof deformation stage (Fig. 6h—m). Finally,
the basic roof reaches a stable state, as shown in Fig. 13c,
which is consistent with the third stage: the basic roof stabil-
ity stage (Fig. 6n—0). The results of this study are consistent
with the theoretical analysis of other scholars [21], which
further verifies the effectiveness of numerical simulation in
theory.

It is not difficult to obtain from the results of this paper
that the stability of roadway is mainly affected by the defor-
mation of the basic roof. The basic roof deformation stage
accounts for more than 97% of the total deformation of the
roof. Therefore, it is essential to control the deformation
of the basic roof. RDB is a very effective method. On the
one hand, RDB causes more rock to collapse, and the goaf
is filled with gangue, which supports the basic roof and
reduces the deformation of the basic roof. On the other hand,
RDB changes the stress transmission path of roof, weakens
the peak stress convergence of arc side, and improves the
stability of roadway.

At present, we have done experiments in shallow and
medium-thick coal seams and achieved good results. For
deep coal seams, we have not done more research. However,
it is foreseeable that due to the increase of ground stress, the
roadway bears greater stress, and the support of the roadway
needs to be changed, which may increase the cost. Addition-
ally, when GEFAWCRP is applied in thin coal seam, it is also
necessary to change the design of RDB according to the
thickness of coal seam, such as the height of RDB, which is
determined by mining height and bulking coefficient. In gen-
eral, in the face of different mining conditions, GEFAWCP
needs to make corresponding changes, which will be the
focus of our future research.

7 Conclusion
(1) The numerical model of deformation movement of roof

under the RDB state and NRDB state was established.
The whole process of deformation movement of roof in

@ Springer

the mining process was simulated. The characteristics
of deformation movement of roof were analyzed. The
deformation movement of roof was summarized into
three stages: the goaf roof collapse stage, the basic roof
deformation stage and the basic roof stability stage.
The deformation coefficient of basic roof under the
NRDB state was larger than that under the RDB state,
and the continuous steps of the basic roof deformation
stage were longer.

(2) The influence of roof movement at different stages on
the deformation of roadway roof under the RDB state
and the NRDB state is compared. Among them, the
basic roof deformation stage has the greatest influence
on roof deformation. Compared with the RDB state,
the goaf is filled with gangue under the RDB state.
When the basic roof is rotated and deformed, it only
needs a small rotation angle to contact the gangue.
The basic roof is supported by the gangue in the goaf
and reaches a stable state. which reduces the defor-
mation of roadway roof and improves the stability of
roadway roof.

(3) The RDB can effectively improve the stress distribution
of the arc side. The RDB cuts off the stress transfer
path of some goafs roof, weakens the peak stress con-
vergence on the arc side, and transfers the peak stress
convergence to the deep part of the arc side, which
improves the stability of the arc side.
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