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To solve the control problem of the surrounding rock of gob-side entry retaining under typical roof conditions in deep mines, we
conduct theoretical analysis, numerical simulation, and actual measurements. Starting from the plastic zone of the surrounding
rock, the serious damage area, the degree and scope of damage, and the dynamic evolution process of the surrounding rock of the
gob-side entry retaining are systematically analyzed under four typical roof conditions in deep mines; the expansion and evolution
laws of the plastic zone of the surrounding rock are expounded; and a key control technology is proposed. The results indicate that
(1) the plastic failure of surrounding rock was concentrated mainly on the coal side and on the floor, especially in the filling body.
The plastic zone of the surrounding rock of the gob-side entry retaining with the thick immediate roof was widely distributed and
deep, but the plastic failure of the filling body was not obvious. The plastic failure of the surrounding rock of the gob-side entry
retaining with the compound roof was mainly concentrated on the roof, filling body, and floor of the filling area. (2) According to
the typical roof conditions of the deep gob-side entry retaining, the order of the degree of damage to the surrounding rock was as
follows: thick immediate roof, compound roof, thin immediate roof, and thick-hard roof. (3) A “multisupport structure” control
system is proposed for the gob-side entry retaining in a deep mine, including measures for enhancing the bearing performance of
the anchorage system, increasing the strength of the cataclastic coal-rock mass, enhancing the bearing capacity of the filling body,
and increasing the bearing capacity on the tunnel side. The proposed technology was applied to the deep gob-side entry retaining
project in the east area of Panyi Mine, and it effectively fulfilled the reuse requirements of gob-side entry retaining in deep mines.

1. Introduction peak value of lateral abutment pressure. Furthermore, the
construction of large-scale intensive mines increases the

As shallow co.al. resources are depleted, coal mines W.ﬂl cross-sectional size of the roadway, which makes it more
gradually transition to the mining of deep coal resources in

China [1-3]. In the complex deep geomechanical environ-
ment, the challenges associated with coal mining increase
rapidly [4]. With the continued improvement of coal-

difficult to maintain the surrounding rock of the gob-side
entry retaining. In recent years, domestic and foreign re-
searchers have extensively studied the failure mechanism of

mining science and technology, gob-side entry retaining is a.nd control teghflolo.gy for the FOCk surrounding the g(?b—
being widely used in deep mines. However, the mining mode ~ Side entry retaining in deep mines by means of field in-
of gob-side entry retaining inevitably increases the influence ~ Vvestigations and measurements, theoretical analysis, phys-
of strong mining pressure, severity of mine pressure, and ical simulation tests, numerical simulations, and various
mining stress field, in addition to significantly increasing the ~ engineering practices [5-8].
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Ma et al. [9] and Wang et al. [10] proposed that the
deformation and failure of the roadway are caused by the
formation and development of a plastic zone, and the
malignant expansion of this plastic zone is the direct cause of
large deformation, loose failure, and support failure of the
surrounding rock, in addition to revealing the mechanical
expansion mechanism of the plastic zone of the rock sur-
rounding a mining roadway. Many scholars have studied the
plastic zone study of the surrounding rock. Liu et al. [11, 12]
studied the size, angle, and distribution characteristics of the
plastic zone of the rock surrounding the gob-side entry
retaining, obtained a variation law of the main stress and
expansion characteristics of the plastic zone, and clarified the
reasons for asymmetric deformation of the surrounding
rock. Xie et al. [13] studied the deviatoric stress and evo-
lution law of the plastic zone of the surrounding rock the
gob-side entry retaining under mining conditions and de-
veloped a partitioned asymmetric control strategy for the
surrounding rock. Jia et al. [14] studied the surrounding rock
of a mining roadway and proposed that the increase in the
principal stress ratio and large rotation of direction caused
butterfly leaf leaning on the roof in the plastic area, leading
to roof fall accidents. Yuan et al. [15] analyzed the distri-
bution characteristics of the plastic zone of a weak and
broken roadway and studied the degrees of influence of the
lateral pressure coefficient, cohesion, and internal friction
angle on the plastic zone. Luo et al. [16] revealed the in situ
stress characteristics of the Huainan coal mine area and its
variation law with lithology based on the in situ stress
measurement results obtained using the hydraulic fracturing
method in five coal-mining areas in Huainan, in addition to
analyzing the stress characteristics of the surrounding rock
and the change law of the plastic zone after excavation. Li
et al. [17] studied the influence of the distribution charac-
teristics of a butterfly blade plastic zone in a deep gob-side
entry roof and revealed the formation mechanism of “low
resistance and slight variation” in the butterfly blade plastic
zone of a deep roadway along a goaf. Wu et al. [18] analyzed
the spatiotemporal evolution law of the plastic zone and
stress of the surrounding rock for repeated mining roadway
and clarified the dynamic static combination mechanism of
changes in the plastic zone of the repeated mining roadway.
Meng et al. [19] studied the expansion law of the plastic zone
of the surrounding rock for different lithologies and clarified
the evolution process from local failure to overall roadway
instability. Hadjigeorgiou and Karampinos [20] conducted a
numerical simulation to study the influence of a roadway
excavation sequence on the plastic zone of the surrounding
rock and analyzed the control performance of different bolts
on the plastic zone. Wang et al. [21] analyzed the control
effect of full-face bolting and shotcreting technology on the
surrounding rock of a loose fractured roadway from the
perspective of controlling the scope of the plastic zone. Yin
et al. [22] derived a formula to determine the radius of the
plastic zone of the surrounding rock based on the modified
lade criterion and clarified the influence of partial stress,
intermediate principal stress, internal friction angle of rock,
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rock cohesion, and drilling radius on the antireflection
radius. To study the stress state and plastic zone range of the
surrounding rock of a tunnel wall and the surrounding rock
in front of a working face after the excavation of a circular
cavern, Wang et al. [23] performed FLAC3D simulation of a
circular cavern with various buried depths and revealed the
mechanical characteristics after excavation. Karampinos
et al. [24] studied the relationship between plastic zone
expansion and stress distribution in the surrounding rock of
a hard rock roadway based on field measurements. By using
the conformal mapping function theory, Lu et al. [25] de-
termined the shape and size of the plastic zone of the
surrounding rock of a circular roadway under non-
hydrostatic stress; the results indicated that the plastic zone
was elliptical, and its long axis was oriented along the di-
rection of the minimum in situ stress. Zareifard and Fahi-
mifar [26] derived the stress and displacement solutions of
the surrounding rock of a circular roadway and found that
the distribution of the plastic zone under a uniform stress
field has a decisive effect on the stability of the surrounding
rock of the roadway.

The above analyses indicate that the formation and
expansion of the plastic zone are extremely important for
stability control of the surrounding rock of the roadway.
Generally, the plastic zone of the surrounding rock of a
roadway is considered an important index for theoretical
analysis, numerical simulation, and engineering test effect
inspection or evaluation. However, few studies have focused
on the plastic zone of the surrounding rock of a gob-side
entry retaining in deep mines. In this paper, the space-time
evolution law of the plastic zone of the surrounding rock of a
gob-side entry retaining in a deep mine is studied by
combining theoretical analysis, numerical simulation, and
field measurement. Considering the actual conditions in
operational mines, a partition control technology for the
surrounding rock of the gob-side entry retaining in a deep
well is proposed to solve the challenges that arise due to the
continuous development of and changes in surrounding
rock fajlure in various disturbed areas.

2. Gob-Side Entry Retaining Types under
Typical Roof Conditions in Deep Mine

Based on a field investigation of deep gob-side entry
retaining in the east area of the Panyi Mine (depth of 800 m),
Dingji Mine (depth of 850m), Gugiao Mine (depth of
780 m), and Zhuji Mine (depth of 900 m), according to the
occurrence of coal-rock strata, the types of gob-side entry
retaining are roughly classified into four main types based on
the roof rock strength, the rock layer thickness, the relative
position of the rock strata, and the rock caving morphology:
thin immediate roof, thick immediate roof, thick-hard roof,
and compound roof; see Table 1.

Figure 1 shows the structure types of gob-side entry
retaining with thin immediate roof, thick immediate roof,
thick-hard roof, and composite roof.
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TaBLE 1: Classification standard of gob-side entry retaining under typical roof conditions in deep mine.

Number Type Lithologic Thickness (m)
Thin immediate Shale, mudstone, sandstone,
1 0.5-3.0m
roof and so on
Thick immediate Shale, mudstone sandstone,
2 >3.0m
roof and so on
3 Thick-hard roof Sandst(?ne, limestone, >5.0m
glutenite, and so on
Shale, mudstone, siltstone, The thickness of a single rock layer is less than the mining height, and there is
4 Compound roof

and so on

no thick-hard rock layer in the range of 5.0-8.0 m and above

(c)

FIGURE 1: Gob-side entry retaining types under typical roof conditions in deep mine. (a) Gob-side entry retaining with thin immediate roof,
(b) gob-side entry retaining with thick immediate roof, (c) gob-side entry retaining with thick-hard roof, and (d) gob-side entry retaining

with compound roof.

3. Plastic Zone Expansion and Evolution of Gob-
Side Entry Retaining under Typical Roof
Conditions in Deep Mine

The plastic zone size is an important basis for evaluation of
the stability of the surrounding rock. Control of the sur-
rounding rock in the roadway aims to stabilize the plastic
zone to avoid malignant expansion and roof fall. Next, a
numerical simulation method is used to systematically an-
alyze the area with serious damage, degree of damage, scope
of damage, and dynamic evolution process of the deep gob-
side entry retaining under typical roof conditions; to clarify
the expansion and evolution laws of the plastic zone of its
surrounding rock; and to determine the key parts that affect
the stability of the surrounding rock.

3.1. Construction of Numerical Model. To reveal the failure
mechanism of the deep gob-side entry retaining under
typical roof conditions, UDEC v.6.0, a discrete element
analysis software application, was used to establish a nu-
merical analysis model based on four typical roof conditions,
as shown in Figure 2. The dimensions of the model were
120 m (width) x 60 m. The coal seam, roof, and floor were
divided into blocks measuring 0.5m x 0.5m. The bottom
boundary of the model was fixed vertically, and the left and

right boundaries were fixed horizontally. The boundary
stress of 19.6 MPa was applied to the upper boundary of the
model, and the lateral pressure coefficient was set to 1.5.
Material constitutive model: the strain-softening model was
used for the coal seam, roof, and floor; the Mohr-Coulomb
model was used for the rest; and the Coulomb slip model was
used as the joint model.

Considering the geological conditions of the working
face in the east area of the Panyi Mine, four sets of simulation
schemes were developed. Scheme one represented the deep
gob-side entry retaining with a thin immediate roof, with an
immediate roof thickness of 2 m and main roof thickness of
5m. Scheme two represented the deep gob-side entry
retaining with a thick immediate roof, and the immediate
roof thickness was 8 m. Scheme three represented the deep
gob-side entry retaining with a thick-hard roof, and the hard
roof thickness was 8 m. Scheme four represented the deep
gob-side entry retaining with the compound roof, where the
designed thickness of each rock layer was the same, and the
average thickness was 1 m. The coal seam and floor con-
ditions in the four schemes were identical. The specific
mechanical parameters of the coal seam are listed in Tables 2
and 3. The width and height of the designed section size for
the deep gob-side entry retaining were 4.2m and 3.2m,
respectively, and the design width of the filling body was
3.0m. Based on an analysis and research conducted using
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FIGURE 2: Numerical analysis model of deep gob-side entry retaining with typical roof conditions. (a) Numerical model 1-gob-side entry
retaining with thin immediate roof, (b) numerical model 2-gob-side entry retaining with thick immediate roof, (c) numerical model 3-gob-
side entry retaining with thick-hard roof, and (d) numerical model 4-gob-side entry retaining with the compound roof.

TaBLE 2: Rock mass mechanical properties.

. _3, Bulk modulus Shear Cohesion Tensile . Ir.lternal Dilatancyangle
Stratum name Density (kg:-m™) (GPa) modulus (MPa) strength friction angle )
(GPa) (MPa) )

Overlying strata 2700 10.6 6.30 3.90 2.50 35 3
Fine sandstone 2724 7.87 3.38 3.26 2.19 28 3
Siltstone 2696 8.82 4.84 3.30 247 30 3
Sandy mudstone 2702 3.68 2.10 2.10 1.50 25 2
Mudstone 2678 3.35 2.10 1.80 1.60 24 2
Coal seam 11-2 1350 2.35 1.47 1.50 1.10 20 2
Mudstone 2781 2.65 2.20 1.90 1.46 34 2
Carbonaceous 2762 2.12 1.80 2.18 2.36 28 3
mudstone

Underlying strata 2732 9.91 4.92 3.26 2.19 30 3
Filling body 2680 6.87 3.30 3.16 2.19 28 3

TaBLE 3: Joints mechanical parameters.

Stratum name Normal stiffness  Tangential stiffness Cohesion Tensile strength  Internal friction Dilatancy angle
(GPa) (GPa) (MPa) (MPa) angle (°) ©)
Overlying strata 5.3 2.50 1.9 0.50 25 2
Fine sandstone 5.2 2.38 1.26 0.39 18 2
Siltstone 5.1 2.40 1.30 0.47 20 2
Sandy mudstone 2.6 1.70 1.20 0.5 15 1
Mudstone 2.5 1.50 1.36 0.39 18 2
Coal seam 11-2 2.0 1.30 1.10 0.10 10 1
Mudstone 2.7 1.30 1.21 0.50 15 1
Carbonaceous 2.3 1.40 1.30 0.60 14 1
mudstone
Underlying strata 5.4 2.50 1.76 0.50 20 2

the proposed numerical model, the strata pressure behavior
characteristics of the gob-side entry retaining in a deep mine
under typical roof conditions were determined.

3.2. Evolution Process Analysis of Plastic Zone of Surrounding
Rock. Based on the above research, we analyzed the fol-
lowing aspects based on the plastic zone expansion law of the
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surrounding rock to identify the area in the surrounding
rock with serious damage and the degree and scope of such
damage (Figures 3-6).

(1) Scheme 1. Evolution characteristics of the plastic
zone of the surrounding rock of gob-side entry
retaining under a thin immediate roof.

Figures 3(a)-3(f) show that as the working face
advances, the thin immediate roof in the goaf
collapses due to mining, and the overlying rock
activities of the gob-side entry retaining that lag
behind the lateral edge of the working face gradually
become violent. As a result, the roof above the filling
body first undergoes shear sliding failure and tensile
failure and then flows into the goaf due to plastic
extrusion. Second, plastic failure occurs in the
shallow coal mass of the solid coal side and the
sandy mudstone in the shallow part of the roadway
floor (especially under the filling body). Third, the
plastic zone of the roof develops from the right to
the left, the plastic zone of the coal side extends
from the surface to the inside and from the roof to
the floor, and the plastic zone of the floor develops
from shallow to deep and from the right to left.
Plastic failure then develops inside the backfill from
bottom to top and from right to left and runs
through the entire wall. Finally, the shallow and
deep plastic zones of the slope bottom are con-
nected successively.

The main distribution characteristics of the plastic
zone in the surrounding rock of the gob-side entry
retaining with the thin immediate roof were as
follows: (1) The plastic failure zone of the floor and
solid coal sides expanded to 2.5-3.5m or more. (2)
The plastic zone near the goaf edge above the filling
body was relatively concentrated. (3) The plastic
damage area of the filling body was large. (4) The
plastic damage area on the roof was small. Overall,
the shear plastic failure and tensile plastic failure
zones of the surrounding rock were mainly dis-
tributed at the goaf edge, in the coal-rock mass on the
solid coal side, and in the sandy mudstone on the
floor, and they exhibited an obvious asymmetric
state. These findings were consistent with the serious
deformation and failure of the gob-side entry
retaining with the thin immediate roof.

(2) Scheme 2. Evolution characteristics of the plastic
zone in the surrounding rock of the gob-side entry
retaining with a thick immediate roof.

Figures 4(a)-4(f) show that as the working face
advances, the immediate roof of the goaf collapses
over a large area, and sporadic plastic damage occurs
on the roadway roof on the side of the stope; the
plastic damage area on the floor is larger than that on
the roof. After 4000 calculation steps, plastic damage
occurred in the shallow and deep parts of the
roadway roof, and the solid coal side and floor plastic

area gradually increased and crossed each other.
After 6000 calculation steps, two parallel narrow
strips were formed in the roof plastic zone, and the
coal side and floor plastic zone overlapped and in-
terweaved. After 8000 calculation steps, the plastic
zone of the roof of the filling body gradually ex-
panded, and the two plastic zones of the roof ex-
tended to the roof above the solid coal side. After
10,000 calculation steps, the entire roof above the
filling body underwent plastic failure, and the plastic
zones of roof, coal side, and floor are connected for
the first time. After 12,000 calculation steps, the roof
was completely covered with the plastic zone and was
completely connected to the coal side and the floor,
and the floor of the filling body underwent small-
area plastic failure.

The distribution of the plastic zone in the sur-
rounding rock of the deep gob-side entry retaining
with the thick immediate roof exhibited the fol-
lowing characteristics: (1) The plastic failure zone
of the thick soft roof occurred over a broad range
(>5.0m), where two parallel plastic zones
appeared on the roof above the solid coal side, and
the plastic zone fully covered the roadway roof
and the roof above the filling body, which is the
most serious. (2) The plastic zone of the solid coal
side developed in a semiarc state and ran through
the plastic zone of the floor. (3) The plastic failure
zone of the backfill was located mainly on the
outer side, and its range was small and not ob-
vious. Overall, the shear plastic failure zone and
the tensile plastic failure zone in the surrounding
rock of the gob-side entry retaining with the thick
immediate roof ran through the entire area of the
surrounding rock, leading to internal inducement
of large deformation of the surrounding rock
under the thick soft rock condition.

(3) Scheme 3. Evolution characteristics of the plastic

zone in the surrounding rock of the deep gob-side
entry retaining with a thick-hard roof.

Figures 5(a)-5(f) show that as the working face
advances, plastic failure occurs first on the solid coal
side and the floor of the gob-side entry retaining with
the thick-hard roof, whereas only sporadic plastic
failure points appear on the roof. After 6000 cal-
culation steps, a plastic failure band appeared on the
roof outside the filling body and the roof above the
solid coal, but few plastic failure points were ob-
served on the roadway roof. After 10,000 calculation
steps, a narrow plastic failure zone was formed be-
tween the filling body and the roof shoulder angle in
the roadway, plastic zones in the roof above the solid
coal were visible and parallel to each other, plastic
zones of the coal side and floor were connected, and
damage to the filling body was initialized. After
12,000 calculation steps, the entire filling body
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underwent plastic failure and expansion deforma-
tion under a high-stress state.

The distribution of the plastic zone in the sur-
rounding rock of the deep gob-side entry retaining
with the thick-hard roof exhibited the following
main characteristics: (1) The plastic failure area of the
thick-hard roof was small, and plastic failure was
distributed only in a narrow range above the filling
body. (2) The plastic failure ranges of the solid coal
side and the floor were large, and they were con-
nected to each other, especially in the case of the
roadway floor and the floor under the filling body, at
depths of 3-4.5m. (3) The entire filling body un-
derwent plastic fracture and exhibited a state of
expansion deformation state. Overall, the shear
plastic failure zone and the tensile plastic failure zone
in the surrounding rock were mainly distributed in
the filling body, solid coal side, and sandy mudstone
floor, which was consistent with the serious defor-
mation and failure area of the surrounding rock
under the thick-hard roof condition.

(4) Scheme 4. Evolution characteristics of the plastic

zone of the surrounding rock of the deep gob-side
entry retaining with a compound roof.

Figures 6(a)-6(f) show that the immediate roof of
the goaf collapses as the working face advances. After
2000 calculation steps, shear slip failure and tensile
failure occurred on the roof and floor near the edge
of the goaf. The plastic zone of the roof was located

FIGURE 3: Plastic zone evolution process of deep gob-side entry retaining with thin immediate roof. (a) 2000 steps, (b) 4000 steps, (c) 6000
steps, (d) 8000 steps, (e) 10,000 steps, and (f) 12,000 steps.

directly above both sides of the filling body, and the
plastic zone of the floor was mainly located under the
filling body, and it was larger than those on the roof
and the coal side. With the continuous advance of
the working face, after 4000 calculation steps, the
plastic area in each part of the surrounding rock
gradually increased, and the plastic zone above the
filling body was connected to the plastic zone in the
roof of the roadway. After 6000 calculation steps, the
bottom corner of the filling body was also deformed,
which indicated that the load was large. After 10,000
calculation steps, the plastic areas of roof, side, and
floor begin to cross each other, and the plastic zone
in the floor corner of the filling body clearly ex-
panded. After 12,000 calculation steps, the filling
body and its roof and floor were completely covered
with the plastic zone, and the plastic zone of the
surrounding rock was connected as a whole. The load
acting on the roadside support body of the deep gob-
side entry retaining with the compound roof was
large, which indicated the need to further improve
the bearing strength of the filling body.

The distribution of plastic zone in the surrounding
rock of the gob-side entry retaining with the com-
posite roof mainly exhibited the following charac-
teristics: (1) The plastic deformation failure zones of
the roofs of the roadway and the solid coal side were
small and independent. (2) The plastic damage to the
bearing structure adjacent to the roadway was
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serious, especially that to the filling body and its roof.
(3) The plastic failure zone in the floor was mainly
concentrated under the filling body and on the floor
in the roadway. Overall, the shear plastic failure zone
and tensile plastic failure zone of the surrounding
rock of the gob-side entry retaining with the com-
pound roof were mainly distributed in the interior of
the immediate roof and filling body and on the floor
at the edge of the goaf.

Based on the four typical roof conditions, our analysis
of the plastic zone of the surrounding rock of the gob-
side entry retaining in a deep well was concluded as
follows: (1) The plastic failure of the surrounding rock
of the deep gob-side entry retaining with the thin
immediate roof was mainly concentrated on the coal
side and floor. In particular, the filling body was
heavily loaded and underwent severe plastic damage,
whereas the roof exhibited only dense plastic failure
points with no obvious changes. (2) In the deep gob-
side entry retaining with the thick immediate roof, the
plastic zone was deeply and widely distributed, and
the surrounding rock was severely deformed. The key
failure parts of the surrounding rock may have caused
overall deformation of the surrounding rock, but the
high-strength filling body was in the soft rock stratum

FIGURE 4: Plastic zone evolution process of deep gob-side entry retaining with thick immediate roof. (a) 2000 steps, (b) 4000 steps, (c) 6000
steps, (d) 8000 steps, (e) 10,000 steps, and (f) 12,000 steps.

with fast unloading speed, and therefore, its plastic
failure was not obvious. (3) The plastic failure zone of
the deep gob-side entry retaining with the thick-hard
roof was similar to that of thin immediate roof. (4)
The plastic failure of the surrounding rock of the deep
gob-side entry retaining with the compound roof was
mainly concentrated on the roadway side. Generally,
the damage range and severity of plastic deformation
of the surrounding rock of the deep gob-side entry
retaining under the four typical roof conditions
considered in this study can be arranged in the fol-
lowing decreasing order: gob-side entry retaining with
the thick immediate roof, gob-side entry retaining
with the compound roof, gob-side entry retaining
with the thin immediate roof, and gob-side entry
retaining with the thick-hard roof.

4. Guiding Application of Surrounding Rock
Plastic Zone in Support

4.1. Supporting Principle. It is very important to master the
formation and development law of the plastic zone in the
surrounding rock of the roadway. Based on the plastic
zone theory, design of the surrounding rock support for
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(d)

FIGURE 5: Plastic zone evolution process of deep gob-side entry retaining with thick-hard roof. (a) 2000 steps, (b) 4000 steps, (c) 6000 steps,

(d) 8000 steps, (e) 10,000 steps, and (f) 12,000 steps.

the gob-side entry retaining in a deep mine should be
based on the following principles:

(1) There are different designs of support schemes for
different areas of the surrounding rock. The gob-side
entry retaining in a deep mine is acted upon by a
nonuniform pressure stress field. In different stages
of the excavation process, the boundary depth of the
plastic zone varies in different parts of the sur-
rounding rock. The support scheme should be
designed according to the depth of the plastic zone in
different parts of the surrounding rock, especially the
length of bolt (cable), to ensure that the anchorage
foundation of each part is located in the stable elastic
zone outside the plastic zone to not only reduce
excess support but also avoid scenarios in which the
support has insufficient strength.

(2) Determine the key supporting parts. One should
grasp the shape characteristics, scope, and expansion
direction of the plastic zone of the surrounding rock;
determine the key area that can easily cause failure or
even collapse of the surrounding rock; and set it as
the key support position to avoid the influence of
plastic zone expansion on the anchorage foundation
during the service period.

(3) Improving the residual strength of the surrounding
rock surface and controlling its crushing and
swelling deformation are effective measures to
control the expansion of the plastic zone of the
surrounding rock. After roadway excavation, the bolt
(cable) support should be installed in time, and a
high preload should be applied to enhance the active
support function of the bolt (cable), improve the
residual strength of the surrounding fractured rock
surface, control its crushing expansion deformation,
and achieve the purpose of indirectly controlling the
expansion rate of the plastic zone to the surrounding
rock.

4.2. Engineering Application

4.2.1. Project Overview. The number 1221 (1) working face is
located near the turning end of the anticline in Panyi district.
The structural geological conditions at this face are generally
simple, and the buried depth exceeds 800 m. The attitude of
coal-rock formation is 90-130° < 1-8°, and this formation
belongs to the coal-bearing rock series of the upper Shihezi
Formation of the Permian system; the main lithology is
sandstone and mudstone. The main mining coal seam
number 11-2 is relatively stable, and the distribution of coal
seams is shown in Figure 7. This is a dangerous area, with a
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(d)

®

FIGURE 6: Plastic zone evolution process of deep gob-side entry retaining with compound roof. (a) 2000 steps, (b) 4000 steps, (c) 6000 steps,

(d) 8000 steps, (e) 10,000 steps, and (f) 12,000 steps.

gas emission of 10.08m’/t and simple hydrogeological
conditions. The strike length of the working face is 1293 m,
the slope length is 245 m, and the design section dimensions
of the section track roadway are 5m (width)x3.2m
(height). During mining, the semi-in situ method of gob-
side entry retaining was adopted in the section track
roadway, and the design section size was 4.2m x 3.2 m.

4.2.2. Technical Scheme for Surrounding Rock Control.
According to the engineering geological conditions of the
number 1221 (1) working face, the gob-side entry retaining is
under the typical thick-hard roof direct overburden con-
dition. Based on the expansion and evolution laws of the
plastic zone of the surrounding rock under this condition,
the “multisupport structure” control technology was
adopted, as shown in Figure 8.

The specific support parameters of the surrounding rock
before and after the deep gob-side entry retaining with the
thick-hard roof are shown in Figure 9.

(1) Specific Support Parameters of Section Track Road-
way. Roof support: each row was equipped with six
@22 mm x 2500 mm bolts and an L4800 mm M5
steel strip, and the spacing and row spacing were

900 mm x 800 mm. We used a ®22 mm x 7300 mm/
6300 mm anchor cable with 14# channel steel of
L2600 mm, and three holes in one beam were
arranged vertically in the 3-3 mode. A hollow
grouting anchor cable with a diameter of
®22 mm x L6300 mm was arranged at both ends of
the channel steel beam with an external angle of 15°,
and the spacing and row spacing for all anchor cables
were 1200 mm x 800 mm. A 10# galvanized iron wire
was used to  mechanically weave a
5600 mm x 1000 mm rhombic mesh.

Coal-Side Support Parameters. Each vertical row was
equipped with five ®22 mm x 2500 mm bolts and an
L1800 mm MS5 steel strip, and the spacing and row
spacing were set to 725 mm x 800 mm. Three anchor
cable beams were arranged along the roadway trend
by using ®22 mm x 7300 mm/6300 mm anchor ca-
bles and 14# channel steel of L3200 mm, with three
holes in one beam and the spacing and row spacing
of 1000 mm x 800 mm, to strengthen the deep sup-
port of the coal side. Moreover, 10# galvanized iron
wire was used to mechanically weave a
3400 mm x 1000 mm rhombic mesh.
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Histogram Stratum name Thickness (m)
IR . 0.1~1.3
Fine sandstone 0.6
0.3~4.2
Mudstone Ty
Carbonaceous mudstone %
1.5~7.2
Mudstone 77
Carbonaceous mudstone %
. 2.6~6.3
Siltstone =51
0.7~3.4
77777777777 Coal seam 11-2 73
e — 1.6~7.9
= Mudstone 42
. 0~4.1
Fine sandstone 25

FIGURE 7: Histogram of coal and rock strata in 1221 (1) working face.

The “multisupport structure” control technology of surrounding rock

==

Reducing over
support to avoid
insufficient support
strength

Improving the residual strength of
surrounding rock surface to control
the plastic zone expansion of
surrounding rock

To improve the compressive and
shear properties of the filling body,
the roof, filling body, and floor
form a composite bearing structure

FIGURE 8: “Multisupport structure” control technology of deep gob-side entry retaining with thick-hard roof.

(2) Reinforcement Parameters of Surrounding Rock be-

fore Gob-Side Entry Retaining. It is necessary to spray
concrete to seal the surrounding rock. In this study,
the thickness of the shotcrete layer was 70-100 mm,
and its strength was C20. A grouting operation was
carried out on the roof and on the coal side to
strengthen the surrounding rock. To this end, high-
grade 425# cement was used, and the slurry water:

cement ratio was 1:2, final grouting hole pressure
was 6-7 MPa, and the pressure stabilizing time was
3-5min.

(3) Gap Roof Reinforcement Parameters at the End of the

Working Face. Each row was equipped with four
®22 mm x L2500 mm bolts and an M5 steel strip
with a pretightening force of 60-80kN, and the
spacing and row spacing were set to
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FIGURE 9: Support scheme of surrounding rock (red represents premining reinforcement). (a) Support parameters of section track roadway
(unit: mm) and (b) support parameters of gob-side entry retaining (unit: mm).

700 mm x 800 mm. Two large-diameter
®22 mm x L8300 mm anchor cables were arranged
between the two rows of bolts; a preload of
80-100 kN was applied to the cables, and the spacing
and row spacing were 1000 mm x800mm. In

addition, a 10# galvanized iron wire was used to
mechanically weave a 5600 mm x 1000 mm rhombic
mesh.

(4) Bearing Capacity Parameters of Filling Body. Paste

concrete was selected as filling material, and its main
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FiGure 10: Deformation curves of deep gob-side entry retaining.

components were as follows: paste concrete mixed
with silicate, sand, fly ash, and water, as well as
additives. The 28-day compressive strength of the
concrete was 771-808 kN. Before the roadside, three-
dimensional reinforcing steel bars were preset in the
formwork. The reinforcing bars were replaced with
®22 mm x L2500 mm anchor rods and a 6 mm? grid
reinforcement mesh, which were connected to each
other to form a three-dimensional framework.

4.2.3. Effect Analysis. After adopting the above-described
scheme, three groups of surface-displacement-measuring
stations were installed before and after the gob-side entry
retaining in the number 1221 (1) working face to monitor the
deformation of the surrounding rock. The deformation
curve of the surrounding rock of the gob-side entry retaining
is shown in Figure 10.

Under strong dynamic pressure, within 250 m of the
lagging working face, the displacements of the roof, solid
coal side, and filling body were 152mm, 316 mm, and
30 mm, respectively, and the amount of floor heave was
371 mm. However, compared with the original support
system, the overall deformation of the surrounding rock was
controlled effectively, and the roadway section fulfilled the
ventilation requirements of the gob-side entry retaining.

5. Conclusions

(1) Based on the expansion law of the plastic zone of the
surrounding rock, the serious damage area, degree,
and scope of damage to the surrounding rock of the
gob-side entry retaining in a deep mine under four
typical roof conditions were systematically analyzed.
The decreasing order of deformation and degree of
damage are as follows: the thick immediate roof
condition, compound roof condition, thin imme-
diate roof, and thick-hard roof.

(2) Taking a deep gob-side entry retaining with the
typical thick-hard roof as an example, a control
system for a “multisupport structure” was proposed,
including measures to enhance the bearing perfor-
mance of the anchorage system, improve the
strength of the cataclastic coal-rock mass, enhance

Shock and Vibration

the bearing capacity of the filling body, and increase
the bearing capacity of the tunnel side. The proposed
system was applied to the gob-side entry retaining
project in the east area of Panyi Mine, where there
were no obvious separation and breakage in the deep
and shallow strata. The support structure was
complete, and it had a good maintenance effect on
the surrounding; that is, it fulfilled the ventilation
safety and reuse requirements of the gob-side entry
retaining in deep mines.
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