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Abstract

The demand for gob-side entry retaining (GSER) technology is extensive in Chinese coal mines because of its outstanding
advantages. However, due to the occurrence of long-term roof movement disturbances, maintaining the conventional GSER
over long distances is difficult. The urgent demand for this technology and its difficult maintenance are prominent contradic-
tions faced in its application. In this paper, two characteristics of strata movement after mining that have great influence on
GSER are determined in a physical simulation experiment. One is that the roof layers, which are dominated by the key strata
(KS), collapse in multiple groups to form two-directional periodic pressures and superposed disturbances. The other is that
the movement of the main roof will experience three stages of deformation, as follows: bending subsidence before collapse,
sinking deformation at collapse and compressive deformation after collapse. In particular, the gradual compression of the
bulging gangue in the gob extends the disturbance cycle. Therefore, it is difficult to maintain the GSER over long distances
because of the long-term and multiple breaking disturbances of the roof layers. Mechanical models of KS breaking and
GSER are established, and a method to determine the timing and strength of KS disturbances are proposed. Making use
of the characteristics of staged collapse and fluctuating weighting of the overlying strata, an innovative technology named
short-staged GSER is proposed. This technology maintains the maximum length of GSER within the optimal length, which
ensures that the entry avoids superposed disturbances, and reduces the maintenance difficulty. The method for determining
the key technical parameters is discussed, and an engineering case in panel 24202 of the Shaqu Mine in China is presented.
From a back-calculation of measurements, the engineering practice demonstrates that the surrounding rock mass is stable,
and the deformed entry size is safe when the length of the short-staged GSER does not exceed 100 m.
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n)l The load formed by the n-layers on the first layer
The deformation of the outside of the filling wall
The deformation of the main roof prior to collapse
The deformation of the main roof at collapse
The deformation of the main roof after collapse
The total deformation of the main roof
Xy The horizontal distance from the breaking point of
the main roof to the entry
a The caving angle of the roof
) The space height from the filling wall to the imme-
diate roof
o, The tensile strength of the KS
oy, The largest load in the filling wall
Vi The volume force of the i-layer

1 Introduction

Gob-side entry retaining (GSER), which is retained along
a gob by one filling body during the mining period of a
longwall face, is a special type of entry that is substantially
affected by the mining activity during construction (Zhang
et al. 2016). Controlling the surrounding rock of a GSER
structure is one of the most difficult support problems in
a coal mine (Bai et al. 2015; Wang et al. 2015), in which
rock mechanics issues, such as overburden movement (Cao
and Zhou 2015), mining stress transfer and fracture instabil-
ity of the rock mass (Kan et al. 2013; Li et al. 2016a), are
encountered.

The demand for GSER in China’s increasingly complex
coal mining conditions is increasing due to the outstand-
ing advantages of GSER, such as improvements in the coal
recovery rate (Wang et al. 2016), reductions in the roadway
drivage rate, and the realization of simultaneous coal and
gas extraction (Yan et al. 2013; Zhang et al. 2012), mining,
and depressurized mining (Li et al. 2016b) in a coal seam
group. The contradiction between the technical demand for
and the difficulty in support is the main contradiction in the
application of GSER.

Many cases of GSER application exist in shallow coal
seams with optimal mining conditions (Yang et al. 2015).
However, GSER can be successfully employed twice in deep
coal mines with large mining heights or long distances. More
than half of the entries are damaged and destabilized by
excessive deformation after 200 m and need to be repaired
by machines before continued use (Zhang et al. 2014). The
machine operation in GSER with high concentrations of gas
and coal dust is very risky, as the entry is primarily used for
air return. This phenomenon indicates that using GSER over
long distances affects its normal use in many cases.

Many studies have attempted to innovate GSER technol-
ogy; the research directions include the following: (1) a new
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method for constructing an entry (Jiang et al. 2017; Zhang
et al. 2015). One type of GSER without an artificial filling
wall (He et al. 2017), which involves filling by a fracturing
roof, was proposed. (2) New technology to support entry
(Ma and Chen 2017; Ning et al. 2017; Ram et al. 2017). A
strong and high-prestressed anchor is effective in the basic
support of deep GSER (Kang et al. 2010). Drilling blasting
technology is applied in the condition of a hard immedi-
ate roof (Han et al. 2015; Huang et al. 2017, 2018; Zhang
et al. 2017), which provides a suitable stress environment
after pressure relief. (3) New technology for a filling wall
(Luan et al. 2018). A soft—hard backfill wall is proposed for
a gob-side roadway (Tan et al. 2015; Wang et al. 2011); the
bearing effect is better than the bearing effect for a common
hard backfill wall. A GSER structure is simultaneously con-
structed using a fully mechanized gangue backfilling mining
method (Gong et al. 2017). These studies are very useful
in the popular applications of GSER. However, long-term
roof collapse disturbance at the entry is unavoidable, and
controlling the surrounding rock for GSER is still difficult.

In this study, an innovative technology for GSER is pro-
posed based on the staged collapse characteristics and the
long-term subsidence of the overlying strata above a gob,
and an engineering case is presented. This technology pro-
vides a new method for resolving the contradiction between
the technical requirements and the support difficulty.

2 Staged Collapse of the Overlying
Strata Above a Gob and Its Long-Term
Disturbance to the Entry

2.1 Physical Simulation Scheme and Experimental
Method

Understanding the movement of the overlying strata can help
determine the GSER’s disturbance source (Islavath et al.
2016; Salmi et al. 2017). One physical simulation experi-
ment scheme was designed as a plane stress model, as shown
in Fig. 1. Its boundary conditions were as follows: horizontal
displacement constraints on the left and right boundaries,
displacement constraint on the bottom boundary, and stress
applied to the top boundary with a water bag.

The width, height and thickness of the model are 2.5 m,
1.4 m and 0.2 m, respectively, and the width and height of
the simulated rock mass are 250 m and 140 m, respectively,
with a geometric similarity ratio of 100:1. The model con-
tains 39 strata, including 4 key strata (KS). Each stratum is
formed by mixing sand, calcium carbonate and gypsum with
different proportions, and mica powder is used to simulate
the stratification. The surface of the model is painted white
to improve identification. One displacement measuring line
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is set for every KS, which are located 7 m, 17 m, 30 m and
70 m above the coal seam.

In the experiment, the mining height is 3 m, and the
mining distance is 192 m. The coal seam is mined from
left to right and is excavated every 5—-10 m. Then, excava-
tion continues after 5-30 min. During excavation, a three-
dimensional photogrammetric system was used to monitor
the deformation of the four KS, and a digital camera was
used to record the motion state of the strata.

2.2 Grouped Collapse of Roofs Above the Gob

The collapse process of the overlying strata during mining is
illustrated in Fig. 2. The roof layers above the gob collapse
from bottom to top, and each collapse causes a disturbance
to the surrounding rock mass. When the mining distances
are 40 m (Fig. 2a), 80 m (Fig. 2¢), 90 m (Fig. 2d) and 120 m
(Fig. 2f), the 1st KS to the 4th KS successively collapse,

and the fracture height continuously develops. When a KS
breaks, several soft rock strata above the KS are fractured
and subside to keep pace with the KS (Ju and Xu 2013). The
immediate roof separates from the original layer to the gob
after fracturing occurs and becomes a loose gangue to fill
the gob, whereas the main roof and the strata above the main
roof maintain structural contact with the lateral boundary,
and a load is applied to the lower rock mass through the
residual roof on the side of the gob. During the grouped roof
collapse, the fracturing of each layer will cause a disturbance
to the GSER.

A large separation space exists between the collapsed
rock strata and the adjacent unbroken rock strata, which
causes truncation of the roof stress and shunting to two
sides of the separation space. As observed in Fig. 2b—e, the
separation between the collapsed layers has closed or par-
tially closed, whereas the separation between the collapsed
rock layers and the unbroken rock layers has increased to
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! KS 1 ( Main roof')

Fig.2 Collapse process of the overlying strata during mining

its maximum. This space blocks the roof stress, which pre-
vents it from directly moving downwards, and the roof stress
moves downward through the trapezoidal rock mass on the
lateral side of the gob (Fig. 2d). The GSER in this area will
bear the stress.

2.3 Staged Subsidence of Roofs Above the Gob

The displacements of the four KS after each collapse are
shown in Fig. 3. Every layer appears as a “V” shaped dis-
placement after collapse, and the upper layers will exert
stress on the lower layers and further compress the lower
layers. When mining at 40 m, KS1 (the main roof) rotates
and rapidly sinks after fracturing occurs; the maximum
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subsidence is 2.10 m (Fig. 3a). Under the influence of the
caving angle, the hanging distances of the other KS are
smaller, and only a small deflection occurs. When min-
ing at 80 m, KS2 fractures and sinks; the maximum sub-
sidence is 2.27 m, which pressures KS1 to sink further
(Fig. 3b). At this point, KS3 bears a heavy load due to the
large number of overlying soft rock strata; thus, it also
sinks but does not break down. When mining at 90 m, KS3
collapses with a maximum subsidence of 2.27 m (Fig. 3c).
Similarly, the fracture of KS3 and the adjacent overlying
strata promotes further deformation of the lower strata.
When mining at 120 m, KS4 collapses with a maximum
subsidence of 1.89 m (Fig. 3d), which is driven by the
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Fig. 3 Displacement of each stratum when one KS collapses: a KS1 collapse; b KS2 collapse; ¢ KS3 collapse; and d KS4 collapse

large-scale overlying strata breaking off to compact the
cavity in the unconsolidated waste rock.

The deformation of each KS consists of three stages: the
bending deformation prior to collapse, the sinking defor-
mation at collapse and the compressive deformation after
collapse. The three stages of deformation differ at differ-
ent heights, as shown in Fig. 4. The maximum subsidence
for each of the four KS in the experiment are 3 m, 2.91 m,
2.85 m and 2.63 m. The three deformations of KS1, KS2,
KS3, and KS4 are 14.7%, 55.4% and 29.9%; 32.8%, 45.2%
and 22%; 67.9%, 12% and 20.1%; and 42.8%, 29.3% and
27.9%. The bending subsidence of the upper strata is sig-
nificantly higher than that of the lower strata, whereas the
instantaneous subsidence at collapse is significantly lower
than that of the lower strata, which indicates that the upper
strata are characterized by a “plastic beam”.

When one KS breaks, the subsidence continues, and
further deformation occurs when the upper strata collapse.
Considering KS1 as an example, Fig. 5a shows the dis-
placement curve before and after the collapse of KS1, and
Fig. 5b shows the change in the maximum subsidence of
KS1 at each stage. As the first caving of the immediate
roof has not been compacted and the KS1 subsidence is
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Fig.4 Proportion of deformation for each KS

only 1.66 m at the moment of collapse, the maximum total
subsidence is only 2.1 m. A subsidence of 0.9 m occurs
after caving due to the compaction of loose waste rock in
the gob.
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2.4 Disturbance Mechanism of GSER by Overlying
Strata Movement

According to the experimental results, the movement state of
the overlying strata is shown in Fig. 6. Roof fractures propa-
gate both vertically and horizontally as mining progresses:
the fractures in the same layer extend in the horizontal direc-
tion, and the fractures of different layers extend in the verti-
cal direction. The GSER is disturbed by these two fractures.
The immediate roof expands after collapse, with a bulking
coefficient of approximately 1.3—1.4, and is then compacted
under the pressure of the collapsed rock mass. The main
roof and the other strata are compacted under the pressure
of the subsequent rock collapse. This cycle repeats until the
pressure attains a certain value and the residual bulking coef-
ficient of the collapsed rock mass attains its minimum; then,
the overburden movement ends.

In the process of multiple roof fractures, the sloping block
on the edge of the mined-out area sinks as the bulking gangue
is compressed, which continues to exert pressure on the GSER
and creates maintenance difficulties for GSER structures cov-
ering long distances. When multiple KS break at a certain
time, a strong superposed disturbance will occur. The char-
acteristics of the roof movement can be applied to serve the

GSER; the key is to determine the timing of the roof collapse
and the strength of the disturbance.

To determine the timing of the roof collapse, a mechanical
model of KS breaking is established and is shown in Fig. 7.

The KS is supported by the adjacent layers prior to the
breakage; thus, it can be considered a fixed beam at both ends.
According to the maximal tensile stress criterion, the location
that bears the maximal tensile stress will break. At this point,
the length of the KS is L,, as follows:

20,
9

L =h (M

where hy_and o, are the thickness of the KS and the tensile
strength of the KS, respectively; g is the load on the KS,
which can be calculated by Eq. (2) or Eq. (3).

As the KS controls the overlying strata, the curvature of
each layer tends to be consistent. According to the principle of
a composite beam, the load g of the KS is as follows:
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Fig.7 Mechanical model of KS breaking: a before breaking; b after breaking

where (g,), is the load formed by the n-layers on the first
layer; E| and h, are the elastic modulus and the height of the
first layer; and y;, h; and E; are the volume force, height and
elastic modulus, respectively, of the i-layer.

When the overlying strata above the KS are weak and
fragile, the load g is as follows:

a=Y v 3)
i=1

According to the geometrical relationship of the collapsed
rock strata, the mining distance L, when the KS breaks is
expressed as follows:

20, 2H,
Ly = by =+ =2, )
q tan o

where H, is the vertical distance between the KS and the
coal seam, and « is the caving angle of the roof.

As shown in Eq. (4), the tensile strength, thickness, load,
distance to the coal seam of the KS and the collapse angle
of the roof affect the timing of the disturbance of the GSER
structure.

To determine the roof weighting strength, the mechani-
cal model of the surrounding rock structure of the GSER is
shown in Fig. 8. In the figure, A, i and &, are the thicknesses
of the immediate floor, the coal seam and the immediate
roof; x; is the horizontal distance from the breaking point of
the main roof to the entry; a and b are the widths of GSER
and the filling wall; § is the space height from the filling wall
to the immediate roof; L is the length of the sloping block
of the main roof; s, s., and s, are the deformation of the
main roof prior to collapse, at collapse and after collapse,
respectively; and s is the total deformation of the main roof.

The roof movement trend cannot be changed; accord-
ing to the rule of “given deformation”, the position of
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Fig. 8 Mechanical model of GSER

largest load bearing is the outside of the filling wall, and
the stability of the location determines the total stability
of the GSER.

K is the residual bulking coefficient of the immediate
roof, as follows:

s=s8,+ 5. +5,=h— (K- 1Dh,. 5)

The deformation of the outside of the filling wall s’ is
as follows:

;L (xg+a+Db)s

- (®)

E,, E and E, are the equivalent elastic modulus after
the mining injury occurs. According to Hooke’s law, the
largest load oy, in the filling wall is expressed as follows:

_ (p+a+b)s—6L

Ub _— .
hy | h—=6 . hy @)
(B+5+ i)

The maximum weighting strength can be calculated by
Eq. (7). The strength in each stage can be obtained by
replacing the total subsidence of the main roof with the
subsidence of each stage. When the maximum weighting
strength of the wall is defined, the maximum allowable
deformation can be calculated by Eq. (7).
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3 Innovative Technology for Short-Staged
GSER

3.1 Technology Concept

The grouped collapse of multiple strata over the gob will
cause a superposed disturbance to the GSER. The longer
the service time of the GSER is, the greater the disturbance
time. Therefore, a large amount of deformation accumulates
in a GSER that covers a long distance, which is prone to
instability and may need to be repaired repeatedly. Repairing
a GSER structure during the mining period is hazardous due
to the high concentration of gas and coal dust.

The roof movement process of the gob is “sink—frac-
ture—compaction—balance”, and the deformation of the
GSER corresponds to the process characteristics of “slow

Fluctuant deformation
: . KS collapse

Deformation

1
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Fig. 9 Optimal length of GSER

Fig. 10 Short-staged GSER

Entry 2
Pillar

Gob-side entry
retaining
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increase—rapid increase—decrease—stable”, as illustrated
in Fig. 9. In the peak deformation stage, the entry is not
only severely deformed but is also impacted by the roof
and destroys the wall. If the construction of the GSER ends
before the deformation reaches the allowable value, normal
use of the entry can be ensured. Therefore, a GSER whose
maximum length does not exceed the optimal length can
avoid a series of problems caused by a large deformation.
Based on the characteristics of a staged collapse and the
fluctuating weighting of the overlying strata, the layout of
entries can be innovated for short-staged GSER, and the
multi-breakage disturbance of the roof is averted.

3.2 Method for Short-Staged GSER

Figure 10 shows the construction method of a short-staged
GSER. Three entries are arranged for the working face; two
of these entries are arranged on the side of the GSER. Coal
pillars are preserved between the two entries, and a crosscut
is driven at intervals in the coal pillars. Fresh air exits from
entry 1 and entry 2 through the short-staged GSER, crosscut
and entry 3. During mining, the nearest crosscut at the back
of the working face is opened, and this crosscut is used to
return air. The remaining crosscuts are closed with wind
walls. At the rear of the working face, the wall along the gob
is filled; entry 2 forms a GSER. The maximum length of the
short-staged GSER is the distance L, between the crosscuts.
When the GSER reaches the next crosscut, the closing wall
in the crosscut is removed and opened. At the rear of the
GSER and entry 3, closed walls will be built to seal them.
Prior to mining the adjacent working face, the closed wall
in entry 2 and entry 3 are opened to repair the GSER that

Entry |

Backfilling wall
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has a large deformation. The GSER continues to service the
next working face, whereas the coal pillar is mined as part
of the working face.

3.3 Method for Determining Key Parameters

The timing of the disturbance to the GSER can be obtained
when the limit span of each KS over the gob is determined.
Based on the analysis of the roof structure, Eq. (1) is adopted
to obtain the limit span of each KS, and then Eq. (4) is used
to obtain the mining distance of the working face when the
KS breaks. According to the mining distance, the distur-
bance time of the KS is known.

Determining the optimal length is the key to implement-
ing a short-staged GSER to avoid instability caused by
excessive deformation. The largest load on the filling wall,
which is related to the roof displacement, can be calculated
by Eq. (7). To ensure that the largest load on the filling wall
does not exceed the maximum strength of the wall, the maxi-
mum allowable deformation of the roof can be back calcu-
lated. Then, the optimal length of a short-staged GSER is
obtained, combining the formation characteristics of roof
subsidence at different mining distances measured experi-
mentally or in a field test.

4 Case Study
4.1 Geological and Engineering Conditions

The Shaqu mine is located in Lvliang City, Shanxi Province,
China. Panel 24202 is designed to mine the #4 coal seam.
The coal seam contains one of the world’s best coking coal
due to its low ash concentration, low sulphur concentration,
low phosphorus concentration, medium volatility and excel-
lent adhesion. This coal has the reputation of being a “Chi-
nese coal treasure”. The average height, dip angle and burial
depth are 2.6 m, 4°, and 471 m, respectively. The maximum
absolute gas emission rate of panel 24202 is 65 m*/min. The
strata occurrence is shown in Table 1.

The width and length of panel 24202 are 210 m and
1030 m, respectively. Three roadways were designed as
follows: two roadways with an air entry and one roadway
with an air return entry. Crosscuts were set at 50 m intervals
between the belt entry and the air return entry (see Fig. 11
for details). A belt entry was planned for the GSER; the
entry was a rectangular section with a width of 4.2 m and a
height of 2.8 m. A combination support mode with a rock
bolt and an anchor cable was employed. The dimensions of
the bolt and cable for the roof are @22 mm X 2.4 m (density
of 5/m) and ®17.8 mm X 7.3 m (density of 5/m), respec-
tively. The bolt for the coal rib is @22 mm X 2.4 m (density
of 5/m).

Table 1 Strata occurrence in panel 24202

Accumulative Thickness (m) Lithology Remarks
thickness (m)
41.2 4.3 Mudstone
36.9 15.5 Medium sand- KS3
stone
214 2.1 Mudstone
19.3 1.0 #2 Coal seam
18.3 1.8 Mudstone
16.5 1.6 Fine sandstone
14.9 54 Medium sand- KS2
stone
9.5 0.5 Mudstone
9 2.1 Siltstone
6.9 3.1 Fine sandstone KS1
3.8 1.2 #3 Coal seam
2.6 1.0 Mudstone
1.6 0.8 Fine sandstone
0.8 0.8 Mudstone Immediate roof
0 2.6 #4 Coal seam Coal seam mining
3.7 Fine sandstone Immediate floor

4.2 New GSER Scheme

Due to the high gas content of the coal seam in panel 24202,
a GSER was provided in the belt entry during mining and
along the working face to form a Y-type ventilation system.
The Y-type ventilation system can resolve the problem of
frequent over-limiting of gas in a traditional U-shaped ven-
tilation system. In addition, the gas in the roof fracture zone
and gob can be extracted by the space of the GSER. While
ensuring the safety of the working face, coal and gas are co-
mined to maximize the resource recovery.

The conventional GSER method is shown in Fig. 12a.
During the mining period, belt entry will be provided for
the GSER along the total length; however, the deformation
of the entry will be gradually aggravated, and the cross-
section will considerably decrease to satisfy the demand. In
this manner, the rear entry needs to be repaired at the time
of mining. However, the return air at the entry has a high gas
concentration. A potential safety hazard exists in the repair
work, which hinders balancing production with safety.

The new GSER scheme design is illustrated in Fig. 12b.
Three entries were arranged on panel 24202. A short-staged
GSER was to be conducted in the belt entry, and construc-
tion was expected to be completed before the entry reached
the maximum deformation to ensure the stability of the sur-
rounding rock. On the GSER side at the front of the working
face, an area was extracted by a mining machine to support
the roof. After the hydraulic support was pushed over, the
gob-side filling was completed behind the working surface
and under the supported roof. Prefabricated blocks were

@ Springer



2770 C.Hanetal.
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piled into a wall. The blocks were constructed of cement,
fly ash, sand, gravel and additives. The dimensions of the
blocks were 800 mm X 180 mm X 120 mm. The blocks were
cemented with a paste of cement and water. The width of the
filling wall for the short-staged GSER was reduced to 1.6 m.
Thus, the ratio of width-to-height was 0.57, which is lower
than the value of 0.8—1.2 in conventional GSER structures.
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Determining the length of the short-staged GSER is the
key to ensuring the stability of the surrounding rock in the
service time. The tensile strengths of KS1, KS2 and KS3
are 4.5 MPa, 6.3 MPa and 7.9 MPa, respectively. The vol-
ume force of the overlying strata is 0.025 MN/m®. The cav-
ing angle of the roof is 70°. The length of the KS1 fracture
calculated by Eqgs. (1) and (3) is 24.6 m. From Eq. (4), the
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mining distance at fracture is 27.4 m. Similarly, the cal-
culated fracture lengths for KS2 and KS3 are 36.6 m and
87.6 m, respectively, and the mining distances at fracture
are 43.5 m and 103.2 m. The GSER will have been disturbed
by three roof fractures before the mining distance reaches
105 m.

When K=1.1, the total subsidence value of the main roof
is 2.2 m, according to Eq. (5). The strength of the filling wall
is 30 MPa, and the maximum space height (6) is 0.05 m. The
actual measured xy=12 m, E; =400 MPa, E=200 MPa, and
E, =320 MPa. The roof deformation and wall load at differ-
ent stages are back calculated by (7), as shown in Fig. 13.
When the wall load is 30 MPa, the maximal allowable roof
displacement is 1.5 m, and the mining distance is 110 m.
When the roof displacement is 2.2 m, the load applied to the
wall is 45.5 MPa, which substantially exceeds the maximum
load of the wall. Therefore, the maximal length of the short-
staged GSER is determined to be 110 m. Considering that
the space between two crosscuts is 50 m, the length of the
short-staged GSER is preferably 50 m or 100 m.

4.3 Analysis of Effect

To further ascertain the reasonable length, the maximal
length of the GSER in the early stage of the test was 150 m.
A cross-section method was used to monitor the deformation
of the maximal displacement point in the middle of the four
sides of the GSER, as shown in Fig. 14. In the first 20 m,
the deformations of the roof—floor and rib-rib were within
0.15 m. During the period of 20-30 m, the deformations of
the roof-floor and rib-rib were 0.4 m and 0.16 m, respec-
tively. A deformation jump exists from 30 to 40 m. This
deformation was caused by the breaking of KS1 and KS2.
The deformation maintained a slow growth but fluctuated
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Fig. 13 The maximal length of the short-staged GSER determined by
roof displacement and wall load
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Fig. 14 Deformation of GSER in panel 24202

from 90 to 110 m, which was caused by the KS3 breaking
disturbance.

Regarding the maintenance status, during the period of
0-60 m, the GSER deformed, but the stability of the sur-
rounding rock was excellent. From 60 to 110 m, small
cracks occurred in part of the wall, and a rupture gradu-
ally appeared in the ribs and floor. After 110 m, the rupture
of the surrounding rock was more distinct, as follows: the
coal body fractured and formed net bags, part of the rock
bolts broke in the coal rib, the filling wall was significantly
exfoliated, and the floor exhibited aggravated heave. When
the length was 150 m, the deformations of the roof—floor
and coal rib were 0.92 m and 0.51 m, respectively, and the
section reduced from 11.76 to 7.51 m?. The deformation of
the GSER was not stable and exhibited an increasing trend.

According to the monitoring results, the optimal length
of the short-staged GSER was 50 m, and the maximal length
should not exceed 100 m, which is one or two times the hori-
zontal distance between crosscuts. In a subsequent period,
this scheme was implemented. The effective section of the
short-staged GSER remained at a minimum area of 8.5 m?
during mining, which satisfied the demand for use, and the
phenomenon of instability occurred in the surrounding rock.

5 Conclusions

1. Roof fractures developing in two directions during the
mining process: the fractures in the same layer extend
in the horizontal direction, and the fractures of different
layers extend in the vertical direction. Each fracture will
cause a disturbance to the GSER, and the trapezoidal
rock mass on the side of the gob area is the transmission
path of the disturbance stress.

2. The deformation of each KS consists of three stages,

as follows: the bending deformation prior to collapse,

@ Springer
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the sinking deformation at collapse and the compressive
deformation after collapse. The underside entry should
be subjected to these three subsidence deformations.
Due to the gradual compression of the bulging gangue
in the gob, the KS will continue to sink after breaking,
which will exert pressure on the GSER for an extended
period of time and hinder the ability to maintain a GSER
that covers a long distance.

3. A method for determining the timing of the roof col-
lapse and the strength of the disturbance by the KS is
obtained.

4. An innovative technology named short-staged GSER
is proposed based on the characteristics of the staged
collapse and the fluctuating weighting of the overlying
strata. The GSER enables the entry to avoid multiple
fracture disturbances and reduces the maintenance dif-
ficulty.

5. In the engineering application of panel 24202 of the
Shaqu Mine in China, the reasonable distance for the
short-staged GSER is determined to be 50 m, and the
maximum distance is 100 m. The width-to-height ratio is
0.57, which is lower than the value of 0.8—1.2 obtained
by the conventional GSER method. A narrow wall satis-
fies the bearing requirements. Total maintenance of the
entry works well, which verifies the rationality of the
new technology.
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