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Abstract

The application of gob-side entry retaining (GER) in steeply pitching seam longwall mining with a hard roof has always been a
difficult problem. Based on the simplified roof beam mechanical model, the traditional gob-side entry retaining by packing
(GERP) roof structure evolution process and its problems with use in steeply pitching seams are analyzed. Therefore, based on
the unique characteristics of the gangue rolling and accumulating in the steeply pitching seam, this contribution proposes an
innovative method of gob-side entry retaining by roof cutting (GERRC) in steeply pitching seam and details its technical process.
The roof structures of the GERRC and the GERP are compared. Taking the Chang Gouyu Coal Mine as a case study, field
experiments were carried out. This research finds that the GERRC can both overcome the impact of rolling gangue on roadside
support and make the rolling and stacking gangue become a roadside support. The roof structure of the GERRC is in a one-time
statically indeterminate state, which is conducive to the stability of the roadway. In the field test, the total displacement of the
roadway roof and floor is 97 mm, the supporting pressure of the serried single props is less than 28 MPa, and the props have no
obvious bending phenomenon.

Keywords Steeply pitching seam - Gob-side entry retaining (GER) - Gob-side entry retaining by roof cutting (GERRC) - Structural

evolution

1 Introduction

Gob-side entry retaining (GER) refers to maintaining either
headentry or tailentry behind the working face by constructing
a fill-in sidewall on the gob side with special support to be
reused for the next panel [1, 2]. This technology has obvious
advantages in improving coal recovery, and reducing roadway
development, while solving the problem of gas accumulation
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at the upper corner [3, 4]. According to the different roadside
supports, the GER can be divided into the traditional gob-side
entry retaining by packing (GERP) and gob-side entry
retaining by roof cutting (GERRC). The GERP means that
the packed gangue, concrete, or high water material along
the edge of the gob is used as roadside support during the
process of mining [5-9]. The GERRC entails cutting the roof
at the edge of the gob and using the mine pressure for caving
and forming the roadway [10].

The GERP has been developed for more than 30 years and
has achieved many beneficial results in terms of roadway sta-
bility control [11, 12], roof structure movement [13—16], and
packing body mechanical properties [17, 18]. For a steeply
pitching seam (35°~55°), the natural stop angle of gangue in
the gob is less than the coal seam dip angle, and thus, the
gangue will naturally roll and accumulate in the lower end
of the working face. The falling gangue has a great impact
force and often causes personal injury, limiting the application
of the GER in a coal seam with a steeply pitching seam [19].

The GERRC is a new technology proposed within the last
5 years. With the popularization and application of the “110
construction method” (meaning that only the first working
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face in the mining area just needs one advanced roadway
excavation; the other following working faces do not need
advanced roadway excavation by using the GERRC
technology) [20], the technology and relevant theories
of the GERRC are gradually being developed. M.C.
He and co-workers [21-23] put forward the idea of
the GERRC and developed related supporting equip-
ment. Sun et al. [24] studied the key technology of roof
cutting in the thin coal seam. Gao et al. [25] analyzed
the influence of roof cutting on roof collapse. Wang
et al. [26] found that the surrounding rock stress of the
GERRC is significantly less than that of the GERP. At present,
the GERRC is mainly applied in near-horizontal coal seams
and rarely in steeply pitching seams.

Based on the unique characteristics of gangue rolling and
accumulating in the gob of steeply pitching seams, this paper
proposes an innovative method, the GERRC in steeply
pitching seams. A comparative analysis between the
GERRC and the traditional GERP shows that the GERRC is
not only better than the GERP with regard to the roof structure
of the roadway but can also turn the disadvantages of the
gangue rolling impact into the advantages of roadside support.
The technological process of the GERRC in a steeply pitching
seam is described in detail and tested in the Chang Gouyu
Coal Mine.

2 Roof Structure of the GERP and its
Limitations in the Steeply Pitching Seam

2.1 Hard Roof Breaking Position

Previous studies [27] have shown that with the advance of the
working face, the first weighting of the roof'is “O-X" breaking
(the broken line of the roof at the edge of the gob is O-shaped
inside the gob X-shape, as shown in the red dotted line in
Fig. 1a), and the periodic weighting on both ends of the work-
ing face forms an arc triangle. When the arc triangular block

reaches the limited span and the side support of the roadway
does not play an effective supporting role, the arc triangular
block is easy to break at the solid coal side. The GERP is
under the arc triangle (Fig. 1b).

2.2 Roof Structural Evolution of the GERP

The roof structural model of the GERP is shown in Fig. 2.
According to the different roof structures of the GERP, the
roadway can be divided into three areas: advance area of the
working face (area I), arc triangle block unbroken area in the
gob (area II), and arc triangle block broken area in the gob
(area III). In area I, the roof above the roadway is not broken,
and thus, the roof structure is a clamped-clamped beam (Fig.
2(a)). In area 1, the roof of the roadway is intact above the coal
pillars and broken on the side of the gob, and thus, the roof
structure is a long cantilever beam with one side fixed and the
other side free (Fig. 2(b)). In area III, the roof is broken on the
side of the coal pillar with the weight of the overburden
completely borne by the roadside support and the coal pillar,
and thus, the roof structure is a simply supported beam (Fig.
2(c)). The longer the cantilever is, the greater the stress that the
roadside support needs to bear is, and thus, the worse the
roadway stability is. The length of area II can be calculated
by Eq. 1 [28]:

V2h 4R, tan’a
Linax = 7 - (1)
gcosa 3

where L, is the limited span of the arc triangle block, m; / is
the thickness of the roof, m; « is the dip of the coal seam, °; ¢
is the uniform load of the overburden, MPa; and R, is the
tensile strength of the roof, MPa.

2.3 Limitations of the GERP in a Steeply Pitching Seam

In the working face of a steeply pitching seam with hard roof,
the roof easily produces a large area of suspended roof at the

Fig. 1 Main roof “O-X" breaking
pattern: a top view, the A-A line is
the vertical section of roof and b
vertical section of roof

Arc triangle

-—een en e am e

Gangue

Roadside support

N _——_—
,c
N
yd

V/{VY X
T

Roadway

support line

@ Springer

Z Roadway
Roadside Fracture A-A
Arc triangle
(a) (b)



Mining, Metallurgy & Exploration (2020) 37:1079-1091

1081

&

Coal seam <:>

Roadside support N

( ) Roadway

Immediate
Roof

Gob
! coal side side

Ingerated

| coal side
L |

Ingerated

Ingerated
coal side side

side

(a) (b)

(c)

Fig. 2 The roof structural evolution of the GERP: (a) fixed-end, (b) long cantilever beam, and (c) simply supported beam. ¢; (i=1, 2, 3) is the uniform

load of the overlying strata

lower end of the face. The falling gangue is in the
middle, and the upper part, of the gob slides and rolls
toward the lower part of the working face. After the
acceleration of the falling gangue caused by the inclined
length of the working face, the supporting structure of
the roadway is destroyed by the great impact force. The
falling gangue frequently causes accidents and economic
loss, which limits the application of GERP in steeply
pitching seams. Three gangue rolling accidents hap-
pened when the GERP was used in the 1501 working
face, including two minor injury accidents and one se-
rious injury accident.

The movement of the falling gangue in the middle and
upper parts of the gob can be divided into three stages, i.e.,
free falling stage, sliding stage, and rolling stage. The impact

force of gangue in the rolling stage is the largest, as shown in
Fig. 3.

3 GERRC in Steeply Pitching Seam

In the working face with hard roof, the area of the suspended
roof in the gob is large. The falling gangue in the middle and
upper parts of the gob can directly impact the roadside support
and rush into the transportation roadway of the working face.
How to effectively avoid the impact of falling gangue in the
middle and upper parts of the gob on the roadside support is
the key to the problem. Based on the analysis of the caving
characteristics of the hard roof in the steeply pitching seam
and the technology of roof cutting, the method of the GERRC
in a steeply pitching seam is put forward.
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Fig. 3 Movement process of
falling gangue

3.1 Technical Principle of the GERRC

The hard roof at a certain distance to the front of the working
face of the transport roadway is cut so that the hard roof at the
lower end of the working face will fall with mining. The
falling gangue is close to the roadside support, and in the free
falling stage, the impact force on the roadside support is the
smallest. The falling gangue piles up in the lower part of the
working face under the action of the roadside support and is in
a loose state, which buffers the falling gangue in the middle
and upper parts of the gob and reduces its impact on the
roadside support (Fig. 4a).

Main Roof

Immediate
Roof

Roadside support body

(a)
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Free fall stage

Under the action of overburden pressure, the lower main
roof lags behind the immediate roof fracture along the cutting
seam position and compacts the accumulated gangue. The
compacted gangue has a certain bearing capacity, which sup-
ports the roof together with the roadside support body (Fig.
4b). The accumulated gangue can be easily compressed at the
early gangue accumulation stage and has a strong bearing
capacity in the later stage, which shows the self-bearing char-
acteristic of “early flexible and later strong” [17]. Ultimately,
the rock surrounding the roadway forms a steady-state control
system consisting of gangue, a roof beam structure, and a solid
coal wall.

Main Roof
fault block

(b)

Fig. 4 Technical principle of the GERRC: a falling gangue piles up and b it compacts the accumulated gangue
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3.2 Technical Process of the GERRC

The whole technological process of the GERRC in a steeply
pitching seam is shown in the Fig. 5. The technical process of
the GERRC is divided into three steps.

First, the support step is described (Fig. Sa). In front of the
working face, a row of constant resistance large-deformation
anchor cables (CRLAC) is added near the working face to
strengthen the roof support. The CRLAC mainly consists of
the constant resistance body, steel strand, pallet, and lock set.
When the force of the anchor cable is less than the constant
resistance value, the steel strand is in an elastic working state.
When the force is greater than the constant resistance value, the
cone in the constant resistance casing slips along the inner wall
of the casing, and at this time, the structural deformation of the
constant resistance device is used to resist the applied load until
the surrounding rock is stable again. The principles of the
CRLAC and constant resistance yield characteristics are shown
in Fig. 6 [25]. The maximum working resistance of the CRLAC
1s 350 kN, and the allowable maximum deformation is 400 mm.

Second, the cutting step is described (Fig. 5b). In front of
the working face, the blasting borehole is set near the working
face, and the charging blasting is carried out to cut off the hard
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Fig. 5 The technological process of the GERRC in a steeply pitching seam: a support, b cutting, and ¢ protecting

roof. The blasting uses an energy gathering tube (EGT) to
form directional cracks after blasting. The height of the roof
cutting should be greater than that of the collapsed roof re-
quired for filling in the gob and is related to the collapse and
height of the rock. The cutting angle should make the rock
strata fall directly without forming a hinged structure. The
EGT is shown in Fig. 7. The calculation formula of the cutting
height is as follows [24]:
mo

H=—2

k=1 @)

where H is the cutting height required for filling in the gob, m;
my is the mining height of the coal seam, m; and £ is the initial
coefficient of bulk increase, generally, 1.25-1.35.

Third, the protecting step is described (Fig. 5c). After the
work surface is advanced, the serried single props are used
timely behind the working face as a gangue blocking device
and roadside strengthening support. The broken gangue rolls
down to the lower part of the working face due to gravity,
resulting in a lateral impact force. The gangue blocking device
resists this lateral deformation. In addition, since the
supporting structures concentrate near the slit side, the sinking
on the slit side is more obvious than that on the solid
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Fig. 6 CRLAC principle and resistance yield characteristics: a principle of the CRLAC and b constant resistance yield characteristic curve
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1

Fig. 7 Energy gathering tube (EGT)

coal side. Therefore, the roadside support undergoes a
certain degree of yielding. The working characteristics
of the single prop is shown in Fig. 8 [27]. When the
force exceeds the working resistance, hydraulic fluid
will leak out of the prop, and the length of the prop
will shorten. The prop exhibits excellent resistance to
constant pressure and bending. The working resistance
of those props is 300 kN.

3.3 Roof Structural Evolution of the GREEC

As shown in Fig. 9, the roof beam successively undergoes
four states: clamped-clamped beam, one-time statically inde-
terminate beam with one side fixed and the other simply sup-
ported, short cantilever beam, and one-time statically indeter-
minate beam with one side fixed and the other simply sup-
ported. According to the different connection states between
the roadway roof and the both sides of the roadway, the
GERRC is divided into four areas: ahead of the working face
(area I), roof cutting (area II), dynamic pressure (area III), and
pressure stabilization (area V).

3.4 Difference Analysis of the Roof Structures
Between the GERP and the GERRC

Unlike the GERP, the roof structure of the GERRC has
changed significantly. The roof beam changes from a long

cantilever state simply supported on both sides to a short can-
tilever state with one side fixed and the other simply support-
ed. At this time, the roof beam is in a one-time statically
indeterminate state, which is more conducive to the stability
of the roadway. According to the structural mechanics, the
analysis is performed on the stresses of the simply supported
inclined beam and one-time statically indeterminate inclined
beam under a uniform load. The stress is shown in Fig. 2(c)
and Fig. 9(d). The lengths of the beams in Fig. 2(c) and Fig.
9(d) are /; and L, respectively.

In a simply supported inclined beam, the force of the road-
side support is

Iy
Ry =252 ®)
In a one-time statically indeterminate beam, the force of the
roadside support is
3q,'l
Ry =12 (4)
8
Assuming that ¢3 = g4" = ¢, the stress of roadside support
decreases.

_ 4q5,734qh,

ARy g

(5)
4 Case Study

4.1 Engineering Background

This paper takes the 1502 working face of the Chang Gouyu
Coal Mine as a case study. The length and width of the 1502
working face are 199 m and 87 m, respectively (Fig. 10a).

Number 15 coal is mined in working face 1502. It is anthracite
with a high degree of coalification. It is not easy to self-ignite

resistance (kN)

+aAP

PN—% AP

compression amount (mm)

(b)

Fig. 8 Working characteristics of the single hydraulic prop: a single hydraulic prop and b working characteristics. Py is the normal working resistance
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with a self-heating temperature of 650°. Coal dust is not ex-
plosive. Chang Gouyu Coal mine is low gas mine. The coal
seam depth is 880-920 m, with an average thickness of 2.3 m
and an average dip angle of 36° (Fig. 10b). The first immedi-
ate roof is a thin layer of carbonaceous siltstone, which can
easily fall. The second immediate roofis a thick siltstone layer
without fissure, which is difficult to make fall. The main roof
is a breccia layer with a developed joint. The upper 1501
working face was mined in the inclined direction from the
upper part to the lower part. The 1502 working face was
mined by the method of comprehensive mechanization, with
the roof managed by a caving method. The mining drilling
histogram of the 1502 working face is shown in Fig. 10c.

The physical and mechanical parameters of the no. 15 coal,
roof, and floor rock blocks were obtained in the laboratory.
Other rock formation parameters can be referenced from the
geological exploration report and the similar rock blocks pa-
rameter database in the UDEC manual [29]. According to
engineering experience, the parameters of the elastic modulus,
cohesion, and tensile strength of the rock mass are 1/5 of the
corresponding parameters of the rock blocks, and the Poisson
ratio of the rock mass is 1.2 times that of the rock blocks [30].
The calculated physical and mechanical parameters of the
rock masses are shown in Table 1.

The original support of the roadway is bolt and anchor
cable support. The supporting parameters are shown in Fig.
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Fig. 9 Roof structural evolution of the GERRC: (a) fixed-end, (b) one-
time statically indeterminate beam with one side fixed and the other
simply supported, (c) short cantilever, and (d) one-time statically

(c) (d)

indeterminate beam with one side fixed and the other simply supported.
g/ (i=1, 2,3, 4) is the uniform load of the overlying strata
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Fig. 10 Basic information of the 1502 working face of the Chang Gouyu Coal Mine: a working face mining engineering plan, b cut coal seam profile,

and ¢ drilling histogram

11. The spacing and row spacing of roof bolting of the road-

are 1000 mm x 1000 mm. The spacing of the cable is

way roof are 1000 mm % 1000 mm, and those of the roadside 4000 mm.
Table 1 Physical and mechanical parameters of rock masses
Lithology Rock mass properties Contact properties

Dkgm™> K/ G/ C/ o/ o/ o/ ky/ G/ ol oy/MPa

GPa GPa MPa ° MPa GPa GPa MPa °

15 Coal 1360 2.0 1.0 1.6 15 0.2 0.8 0.4 0 10 0
Mudstone 2300 3.0 1.0 2.0 20 0.1 0.6 0.3 0 10 0
Breccia 2900 21.4 11.0 5.6 37 5.14 15.4 10.3 0 15 0
Carbonaceous siltstone 2400 10.2 4.7 6.8 42 421 9.2 8.4 0 10 0
Siltstone 2600 12.0 7.0 3.0 40 1.7 11.0 10.0 0 30 0

D = density, K = bulk modulus, G = shear modulus, C = cohesion, ¢ = friction angle, o, = tensile strength, k, = normal stiffness, &, = shear stiffness, C;=
contact cohesion, ;= contact friction angle, o,; = contact tensile strength
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Fig. 11 Original support of the roadway: a cross-section diagram and b top view

Since the immediate roof'is a thick and hard siltstone layer,
the gob is prone to form a large area suspended roof. In the
GERP of'the 1501 working face, the rockfall in the middle and
upper parts of the gob has a great impact on the side support of
the roadway, and the bending rate of the serried single props
reaches 58.3%.

4.2 Optimization of the Roof Cutting Angle

When the rock collapses due to cutting, the rock mass easily
forms a hinge structure, especially in steeply pitching seams.
Therefore, the optimization of the cutting angle is very impor-
tant. In general, when cutting is vertical to the roadway roof,
the scope of dangling is the smallest. However, the dynamic
shear is easily generated in the process of gangue collapse,

L
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hindering the rock from falling. As the cutting angle increases,
the contact area between the bulging gangue and the roof
increases, and the support force of the roof is enhanced. This
response increases the hanging range of the roof beam and has
a negative effect on the entry being retained. A reasonable
cutting angle is not only conducive to the roof falling in the
gob but also optimizes the surrounding rock stress.

Based on the occurrence condition of the coal seam in the
1502 working face, the numerical simulations of surrounding
rock stress with three cutting angles, perpendicular to the roof
(dip angle of 127°), vertical (dip angle of 90°), and inclined to
the gob direction (dip angle of 60°), are carried out by using
the software UDEC 4.0. The initial model size is 120 m x
70 m. A fixed boundary is used on both sides and the bottom
of the model. The vertical stress of 21 MPa is applied to the

80MPa
70MPa
60MPa
50MPa
40MPa
- 30MPa
20MPa
10MPa
OMPa

(0

Fig. 12 Surrounding rock stress distribution with three cutting angles: a perpendicular to the roof (dip angle of 127°), b vertical (dip angle of 90°), and ¢

inclined to the gob direction (dip angle of 60°)
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upper part (overburden gravity). It is found that when the  (Fig. 12a, b); when the cutting angle is 60°, the roof
cutting angle is 127° or 90°, the hinged structure is  is completely collapsed, and the roadside support resis-
formed, which is not conducive to roof collapse tance is less than 20 MPa (Fig. 12c).
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4.3 Parameter Settings

According to the engineering geological conditions of the
1502 working face and the requirements of roadway surround-
ing rock control, the relative parameters are set as follows
(Fig. 13):

(1) Advanced support in headentry

Before cutting the roof, two rows of single props are added
to strengthen the support at 30 m in front of the 1502 working
face. The spacing and row spacing are 500 mm x 2000 mm.
The upper side of the roadway is supported by single props
and column caps, and the lower side is supported by single
props and metal hinged top beams. A CRLAC is added be-
tween the two rows of bolts in the upper part of the roadway,
and the CRLAC spacing is 1 m.

(2) Blasting roof cutting

Roadway roof cutting adopts cumulative blasting. The
charge method is hole bottom uncoupling continuous charge.
The blasthole depth is 20 m with a cutting angle of 60° and a
spacing of 0.5 m. The charge length is 18 m, and the sealing
length 2 m. The cutting area is at 20 m in front of the working
face.

(3) Roadside support

Behind the powered support, the roadside of the GERRC is
supported by serried single props with a column spacing of
0.3 m. To maintain the stability of serried single props and
prevent them from being overwhelmed by gangue, the side
supports, within 30 m behind the powered support, are added
on the inside of the serried single props with a spacing of 2 m.
The bush bundle is fixed on the outside of the serried single
props, which buffers the gangue from slipping into the

(b)

Fig. 15 GERC effects on the field application: a serried single props and b bush bundle and failing gangue

roadway. After the deformation of the roadway is stable, the
side supports could be removed.

4.4 Analysis of the Effect of the GERRC

Three measurement points are arranged on the serried single
props behind the 1502 working face to monitor the roadway
pressure of the GERRC. These three measurement points are
respectively arranged at 5 m, 20 m, and 30 m behind the
working face. The support resistances of the serried single
props are monitored in the mining process of the 1502 work-
ing face and shown in Fig. 14a. The KY-82 roof dynamic
instrument is arranged at 5 m behind the working face to
monitor the deformation of the roadway with time in the ad-
vancing process of the working face.

The absolute roof-to-floor convergence is relatively large
in the initial stage of GERRC and becomes stable later (Fig.
14b). The cumulative deformation of the roadway during the
entire process of GERRC is 97 mm, which is small. The prop
support resistances at these three measurement points range
from 18 to 28 MPa during the observation period.
Measurement point 1 (5 m) is in the dynamic pressure zone
during GERRC. During the advancement of the 1502 working
face, the support resistance of the prop increases abruptly on
the 20th day, and the prop is in the stage of constant resistance
and allowable displacement until the gangue exerts its effec-
tive bearing capacity. Measurement point 3 (30 m) is in the
pressure stabilization zone, and the prop support resistance is
basically maintained between 16 and 23 MPa. The actual ap-
plication effect of GERRC is shown in Fig. 15.

5 Conclusions

(1) The movement process of the gangue in the gob of a
steeply pitching seam is divided into three stages: free
falling stage, sliding stage, and rolling stage. When the
roof is hard, the roof in the lower part of the gob cannot
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easily fall, and the gangue in the middle and upper parts
of the gob has a great impact on the side support
of the roadway. By using the GERRC method, the
roof in the lower part of the gob will fall with
mining. The falling gangue in the lower part has
little impact on the roadside support. It buffers the
falling gangue in the middle and upper parts and
supports the roof after compaction.

(2) The roof structure of the GERRC is in a one-time
statically indeterminate state with one side fixed
support and the other simply support, which is
more conducive to the stability of the roadway than
the traditional GERP.

(3) Taking the 1502 working face of the Chang Gouyu Coal
Mine as a case study, after 50 days of observation, we
found that the total deformation of the roadway is
97 mm, the support resistances of the three measurement
points behind the working face are in the range of
18~28 MPa, the single hydraulic prop does not show
obvious bending and breaking phenomenon, and the size
of the GERRC fulfills the requirements of mine ventila-
tion and transportation.
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