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Abstract: The control difficulty of whole coal cavern groups is greatly increased due to the charac-
teristics of soft rock with low strength, large sections, and the mutual influence of crossed cavern
groups. The large section gas storage cavern group is taken as the research background. In this
paper, the equivalent circle method is used to solve the loose circle of a rectangular roadway, and
numerical calculation is used to obtain the deformation and stress distribution laws of the surround-
ing rock under the excavation conditions of large section whole coal cavern groups (WCCG). The
deformation and failure mechanisms of the surrounding rock are revealed under the linkage impact
between large section whole coal cavern groups. The stratified reinforcement ring concept of “long
cable-bolt-grouting” (LBG) was proposed for the stability control of surrounding rock in the WCCG.
On the roof of whole coal cavern groups, the supporting configuration of a high-strength bolt with
a high pre-tightening force and the high-strength anchor with a high pre-tightening force were
determined. On the two sides and floor of the WCCG, the grouting scheme was determined. These
two supporting configurations in both the roof and sidewalls were applied to the large section gas
storage cavern group. The results show that the surrounding rock presents asymmetric deformation
and failure characteristics due to the large excavation area and complex structure. Tensile failure and
mixed tensile-shear failure mainly occur in the shallow part of the surrounding rock, while shear
failure mainly occurs in the deep part of the surrounding rock. The roof displacement curves show
a symmetric distribution and saddle distribution in the low- and high-negative pressure caverns,
respectively. The maximum displacements are on the left and right sides of the cavern roof. The
range of the loose rings is 3.34 m and 2.54 m, respectively, on the roof and the two ribs. The stratified
reinforcement ring support technology of LBG can effectively reduce the failure depth of surrounding
rock, and the surrounding rock is in a stable state. The study can provide a theoretical basis for the
layout of large section cavern groups and the stability control of surrounding rock.

Keywords: large section; cavern groups; stratified reinforcement ring; deformation of the surrounding rock

1. Introduction

With the development of automation and intelligence in coal mine production, more
and more large sections and super-large section cavern groups are required for large-scale
mining and the transportation of machinery and equipment. The cavern group of the mine
is relatively densely distributed. In deep geology, the rock mass is in a high-confining
pressure state. It greatly increases the difficulty of the maintenance of the cavern group,
and the serious deformation of the surrounding rock makes it easy to induce the instability
of the surrounding rock [1-3]. In particular, the failure of one of the cavern groups can
induce the linkage instability of the surrounding cavern, which will seriously affect the
safety and stability of deep, large section caverns [4,5]. A large deformation disaster occurs
in soft rock roadways and is usually characterized by high stress, large deformation, strong
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rheology, low strength, and difficult support. The deformation of soft rock often shows
obvious nonlinear large deformation characteristics, and it is difficult to support. Therefore,
the deformation mechanism and support technology of soft rock roadways with deep high
stress in the large section whole coal cavern groups have become a hot topic in the research
field of roadway support all over the world [6-8].

At present, many scholars have focused on these aspects of the research, including
classification methods, surrounding rock instability mechanisms, and reinforcement control
technology. In terms of classification methods, the cavern is divided on the basis of section
area and span in the field of coal mining. According to the section area, it can be divided
into small sections (<8 m?), medium sections (8-12 m?), large sections (12-20 m?), and
extra-large sections (>20 m?) [9]. According to the span, it can be divided into a small
section (<3 m), a medium section (3.1-4.0 m), a large section (4.1-5.0 m), and a super
section (>5.1 m) [10]. The stability of the surrounding rock is also affected by the depth,
excavation disturbance, and distance between the caverns. In terms of the failure and
instability mechanisms of the cavern, the deep surrounding rock presents rheological
instability and dynamic instability. He et al. [11] and Sun et al. [12] pointed out that
interbedded shear slip deformation mechanisms and high stress dilatation deformation
mechanisms are the main manifestations of asymmetric rock deformation and failure
mechanisms. Numerical methods have been used to evaluate the safety of cavern groups
and optimize the allowable pillar width [13-15]. Kang et al. [16,17] analyzed the rock
rheological properties from the perspective of time and space scales and believed that the
dynamic instability of deep surrounding rock was more frequent. Pan et al. [18] carried out
a similar simulation test of explosion loading and obtained the dynamic failure process of
the cavern under the action of an explosion load using digital speckle technology. Wang
et al. [19] used a large-scale geomechanical model test system to study the deformation and
failure response law of surrounding rock under the combined action of dynamic and static
loads. By evaluating the stress and strain distribution, the stress and strain concentration
can be easily determined [20]. The plastic zone can be assessed to determine whether
elements yield [21]. Wu et al. used the true triaxial simulation technique to establish a
model of the inclined strata and carry out high stress triaxial loading experiments. The
deformation mechanism of high stress inclined rock masses is discussed in detail [22].
Zhao et al. [23] aimed to propose a dual-medium model, including equivalent continuous
and discrete fracture media, to study the coupled seepage damage effect in fractured rock
masses. However, it is difficult and counterintuitive to quantify the stability degree of
the surrounding rock for large section whole coal cavern groups using these indices. The
linkage impact between large section whole coal cavern groups is rarely studied.

Meanwhile, many scholars have made in-depth explorations into the reinforcement
control technology of the surrounding rock. Wang et al. [23-26] proposed the asymmetric
phased control method for large section caverns and verified the rationality of the method
through field monitoring. Hou et al. [27,28] proposed methods of improving the stress
state and mechanical properties of roadways surrounding rock and rationally selecting the
support form of the roadway. New combined supporting system for weak floor reinforce-
ment in deep underground coal mines is proposed by Yang and Kang et al. [29,30]. Jiao
et al. [31] modified the traditional U-section steel group to effectively support and stabilize
the loose and thick coal seam roadway. Li and Yao [32] proposed the key technologies
of segmented roadway support after considering the time effect, local breakdown char-
acteristics, and fracture development. Li et al. [33] developed a high-strength anchorage
grouting support technology with a new type of high-strength hollow grouting bolt as
the core. The problems, such as the serious weak crushing of surrounding rock and the
frequent destruction of large section cavern supporting components, are solved. Singh
et al. [34] studied the causes of the failure of two wire ropes used at high stress levels in two
different coal mines in India. Rama et al. [35] conducted a detailed parameterized study
of a roof bolt breaking line support (RBBLS) and proposed an empirical formula for the
design of a RBBLS. An analytical solution for surrounding rock that took influences of water
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seepage, strain softening, dilatancy, and intermediate principals into account was given
and a grouting measure was provided to improve roadway stability by Yuan et al. [36]. The
deformation mechanical characteristics of weakly consolidated siltstone surrounding rock
are described and control techniques are proposed [37]. The above scholars have achieved
considerable achievements in the control of the surrounding rock in the cavern group.
However, the failure mechanism and stability control theory of the surrounding rock in the
whole coal cavern group need to be further perfected. With the increase of mining depth
and cavern section, it is more urgent to study the deformation law and control technology
under linkage impacts between large section whole coal cavern groups.

This paper aims for the stability of whole coal cavern groups with large sections and
provides technical support for the stability of similar large section cave groups. From the
background of practical engineering, the stress and deformation law of the surrounding
rock of the WCCG under different section sizes and side pressure coefficients are studied
by a numerical calculation method, and the deformation failure mechanism of the WCCG
is obtained under linkage impact between large section whole coal cavern groups. The
stratified reinforcement ring concept of LBG was proposed based on the obtained defor-
mation mechanism under linkage impact between large section whole coal cavern groups.
The surrounding rock control theory proposed can not only put forward a new control
solution for rock cavern stability but also improve the technical aspects of the WCCG. It
has important theoretical significance and practical value for the safe and stable production
of working faces.

2. Study Area

The coal mine is located in the southeast region of Shanxi Province and northwest of
Changzhi City. It is 8 km away from Tunliu County. The actual production capacity of the
mine has reached 7.1 million tons. Coal seam No. 3 is mainly mined. The inclined angle
of the No. 3 coal seam is from 0° to 7° in the east-west direction and from 0° to 22° in the
north-south direction. The roof and floor are basically stable, and the geological structure
is simple. According to the exploration data, the Taiyuan Formation, Shanxi Formation,
and Xiashihezi Formation are weakly water-bearing. The hydrogeological conditions of the
#3 coal seam are mainly simple type, and the local and regional geological conditions are
intermediate type to complex type.

The gas pump station is located in the No. 91 mining area, which belongs to the whole
coal cavern, including high- and low-negative pressure caverns. The relative positions of
the two caverns are shown in Figure 1. A large gas extraction pump and pipeline need to
be installed in the underground gas pumping station, which requires a large cavern size.
The cavern area reached 50 m?, and its support difficulty greatly increased. The section
of the connection roadway is a rectangular section with a size of 6.4 x 6.15 m2. The high-
negative-pressure cavern is a rectangular chamber divided into two sections. The length
of the roadway in the western section is 69.5 m, and the section size is 6.0 x 6.15 m2. The
eastern section of the cavern (small section roadway) is 25 m in length and 5.0 x 4.55 m?
in size. The low-negative pressure cavern is a rectangular chamber divided into two
sections. The length of the roadway in the western section is 60 m, and the section size is
7.4 x 6.75 m?. The eastern section of the cavern (small section roadway) is 20 m in length
and 6.0 x 4.55 m? in size. According to the exposure of surrounding rock in the cavern, the
lithologic characteristics of the roof and floor of the cavern are shown in Table 1.
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Figure 1. The relative positions of cavern groups.

Table 1. The lithologic characteristics of the roof and floor.

Name of Roof and Bottom

Name of Rock Thickness/m Lithological Characteristics

The rock color is gray-black and belongs to
the thick layer of fine-grained sand structure.
There are many argillaceous rocks, mainly

Upper roof Mudstone 7 composed of quartz and feldspar, followed
by other dark minerals. The rock mass is
argillaceous cement.
The color of the rock mass is black and
Immediate roof Sandy mudstone 29 belongs to a silty argillaceous structure. The

shape of the fracture is flat and has scratches.
The rock mass contains pyrite.

Immediate bottom

The rock mass is black in color and blocky in
Sandy mudstone 3.95 shape. The rock mass contains plant fossils
and argillaceous cement.

Lower bottom

The rock mass is gray in color and blocky in
Limestone 2.45 shape. The material quality is not pure and
contains mud.

3. Method and Material
3.1. Solve the Loose Circle of the Rectangular Roadway Based on the Equivalent Circular Method

Due to roadway excavation, surrounding rock stress will be redistributed. The original
stress state is destroyed, and the stress is transferred to the depth. Failure occurs when
the stress reaches or exceeds the strength of the surrounding rock. It is prone to roof
collapses and slough accidents. Especially in the excavation of large section whole coal
cavern group, each cavern group and intersection influence each other during excavation.
Stress superposition leads to a high local stress concentration coefficient in large section
caverns, which is more prone to deformation and failure.

The methods to solve the loose zone of a rectangular roadway mainly include the
equivalent circle method, the complex function method, and the pressure arch method. In
order to quantitatively solve the plastic range of the surrounding rock during excavation of
a rectangular cavern, the equivalent circle method is adopted to theoretically calculate the
influence range of the surrounding rock’s loose circle caused by the excavation of a large
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section cavern [38]. Based on the loose circle of the circular roadway, the loose circle of the
rectangular roadway is determined, and the plastic zone range of the rectangular roadway
is finally determined:
(1) Construction of the mechanical model of the equivalent circle method expression

In order to calculate the stress state of the roadway, the circular roadway is taken as
the theoretical analysis object, and the vertical stress is set as ¢y and the horizontal stress as

0. We can obtain:
0n = Aoy (1)

where A is the lateral pressure coefficient of the rock mass;
(2) Calculate the stress in the loose zone of the roadway surrounding the rock

For a circular roadway, the radial stress at any point is

o = 2 (1 m) - LA 14 3w - am) cos29)] @

The circumferential stress at any point is

oo = M#(l +m) + %(1 + 3m2) cos(26)], 3)

The shear stress at any point is

Tyo = Oy - %(1 — 3m? + 2m) sin(26), (4)

where m = ry2 /1,2

to is the radius of the circular roadway, m;
r1 is the radius of the loose ring, m;
6 is the polar angle of any point in the plastic zone of the surrounding rock, °;

(3) Determine the expression based on the equivalent circle method

The surrounding rock conforms to the Mohr-Coulom (M-C) constitutive by analyzing
the physical and mechanical strength parameters of the surrounding rock. When the Mohr—
Coulomb criterion is used to calculate the loosening range of the surrounding rock, its
plastic condition is:

\/(Ue — 1)’ + (270)°
oo + 0r + 2Cy cot pm

(26) ®)

sin gm =

where Cp, and ¢n, are the cohesion and internal friction angles of the surrounding rock mass,
respectively. 0g and T, are the circumferential stress and radial shear stress, respectively.
By substituting Equations (2—4) into Equation (5), we can obtain:

fn = kym* + kom® + kam? 4 kym + ks (6)

wherek; =9(1—A)
ko =6(1-A)(1+A)cos(20) +2(1—A7)
k3 = 4(sin? g — 3) (1 — A)? 052260 + (1 — 1) cos(26) + (1 — 64 + A2)
ks = 4(1— A)? cos(48) +2(1 — A)[(1+A) — (1+ A+ ZmE%m) . sin? ] cos(26)
ks = (14 A+ Xmtomy® g2 6 (1 - 2)2,
When 6 is given, the relationship between the radius of the plastic loosening circle and

the coefficient of lateral pressure of the roadway surrounding the rock can be obtained by
Equation (6). Then the radius of the loose circle in the surrounding rock is calculated to
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provide the theoretical conditions for roadway support. When A =1 and oy, = 0y, we can
substitute into Equation (6):

2

+ M) sin2 ¢m =0 )

fn = 4m* + (2

\%

Additionally the radius of the loosening ring can be obtained by Equation (7).

Oy
n= 7”0\/(UV + Cim cot @) Sin ¢m ®)

where ry is the radius of the circular roadway.
The stress change of the circular roadway can be obtained, as shown in Figure 2.

|

REE

compress ion zone

HERER

B

original rock stress

BEEEEEN

Figure 2. Stress distribution of the circular roadway.

At the interface of the elastic zone and the plastic zone, tangential stress og reaches
its maximum value, and the stress at the interface gradually diffuses to the depth of the
roadway (see Figure 1). When the elastic zone is exceeded, the surrounding rock stress
gradually returns to its initial stress state.

According to the plastic zone of the circular roadway, the plastic zone range of rectan-
gular roadway after excavation is also solved. Assuming that the width and height of the
rectangular roadway are 2c and 2d, the radius of the circular roadway is solved,

ro = V2 + d2. )

The equivalent circular radius is substituted into 7y to solve the radius range of the
loose circle of the roof and two sides of the rectangular roadway. It provides the reliability
basis for the design of roadway supporting parameters.

Therefore, the range of the loose circle is on the roof of the rectangular roadway:

ls=r—d (10)
The range of loose rings on both sides:
le=r—c (11

where d is half the height of the rectangular roadway, and c is half the width of the
rectangular roadway.
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Limestone——f
Sandstone———

Taking the cavern of the gas pump station as a case, the mechanical parameters of the
roadway are 1) = 4.84 m, ¢ = 30°, Cn =1 MPa, and o = pg = 10 MPa. By substituting into
Equation (8), we obtain, r; = 6.34 m.

By substituting r; into Equations (9) and (10), we get the height of the roof loose ring,
Is = 3.34 m, and the loose ring of the two sides, lc = 2.54 m. The range of loose circles
provides a theoretical basis for future roadway support technology.

3.2. Numerical Calculation

According to the geological conditions, the direction of extension of the large destress-
ing hole was in the x-axis (120 m), the axial direction of the cavern was in the y-axis (50 m),
and the vertical direction of the coal and rock mass was in the z-axis (40 m), forming a
numerical calculation model as shown in Figure 3. The M-C constitutive model was used in
the calculation. The boundary conditions of the model are as follows: the upper boundary
is free; the horizontal displacement of the boundary around the model is constrained; and
the bottom boundary is fixed. By excavating the model, the influence law of stress distribu-
tion and plastic zone distribution of the surrounding rock is simulated. The mechanical
parameters of rock strata are shown in Table 2.

Low negative §
pressure chamber

Overlying rock

High negative
pressure chamber

H =S
Sandy mudstone—¢ =)
Coal seam——— B
Mudstone ——>
Lower rock
| 120m
Figure 3. Numerical model diagram.
Table 2. Physical and mechanical properties of each stratum.
Bulk Modulus Shear Internal Friction Tensile
. . 3 .
Lithology Density/kg-m /GPa Modulus/GPa Angle/° Cohesion/MPa Strength/MPa
Overlying strata 2570 4.85 3.4 32 4.5 3.9
Limestone 2590 5.02 3.6 36 52 43
Fine sandstone 2512 3.51 2.5 33 3.4 3.0
Sandy mudstone 2500 3.04 2.2 30 2.3 2.5
Coal seam 1300 2.32 14 29 15 1.8
Mudstone 2200 2.8 1.8 28 2.6 22
Underlying strata 2550 4.5 32 31 3.1 3.5

The cavern of the gas pump station studied in this paper includes a low- and high-
negative pressure cavern. The numerical calculation model systematically studied the
deformation and failure laws of the surrounding rock for the whole coal cavern group. The
high- and low-pressure caverns are simulated according to the excavation sequence of the
practical project. The excavation process is divided into five stages: the first stage is to
excavate the connection roadway; the second stage is to excavate the western section of
the high-negative pressure system cavern, and the length is 69.5 m; the third stage is to
excavate the east section of the western section, and the length is 25 m; the fourth stage is to
excavate the western section of the low-negative pressure system cavern, and the length is
60 m; and the fifth stage is to excavate the east section of the low-negative pressure system
chamber, and the length is 20 m. It provides guidance for determining the supporting
parameters of the whole coal cavern group.
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4. Results and Discussion

4.1. Deformation Law of Surrounding Rock with Different Lateral Pressure Coefficients

The horizontal tectonic stress in the stratum has a great influence on the stability of
the surrounding rock after excavation of the cavern. In this study, a low-negative pressure
cavern was selected as the research object, and the influence of different lateral pressure
coefficients (y = 0.5, 1, 1.5, and 2) on the stability of the surrounding rock in the cavern was
analyzed. The nephogram of maximum principal stress and the figure of the plastic zone

were shown in Figures 4 and 5.

Contour of Max. Principal Stress
Plane: active on

Contour of Max. Principal Stress
Plane: active on
Caiculated by Volmetre Averaging
3.B073E+05

-5.2775E408

(b)

ontour of Max. Principal Stress
Plane: active on

Calculsted by. Volumetric Averaging

(d)

Figure 4. A cloud diagram of the maximum principal stress with different lateral pressure coefficients.

(@)y=0.5;(b)y=1.0;(c) y=1.5;and (d) y = 2.0.

@) (b) (c)

Figure 5. A cloud diagram of the plastic zone of the cavern with different lateral pressure coefficients.

(a)y=0.5;(b)y=1.0;(c)y=1.5;and (d) y =2.0.

(d)

Zone

Plane: active on

Colorby: State -Average
None
shear-n shear-p
shear-n shear-p tension-p
shear-p
shear-p tension-p
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The peak value of the maximum principal stress in the cavern gradually increases from
5.09 MPa to 6.71 MPa as the lateral pressure coefficient v increases (see Figures 4 and 5).
The stress concentration area on both sides of the cavern increases laterally and then
changes to longitudinal diffusion. When the lateral pressure coefficient y = 2.0, the stress
concentration area appears in the roof. The stress distribution of the vertical stress relative
to the maximum principal stress changes little with the lateral pressure coefficient. The
area of stress concentration near the cavern gradually increases, but the peak value of
vertical stress gradually decreases. With the increasing lateral pressure coefficient, the
plastic zone area of the cavern decreases. Additionally, under the influence of horizontal
stress, the scope of the plastic zone gradually decreases in the two sides of the cavern, so as
to gradually extend to the top and floor, and the distribution of the plastic zone changes
from a chunky distribution to a thin distribution.

4.2. Stress Variation Characteristics for the Whole Coal Cavern Group

In order to analyze the distribution law of stress and plastic zone in the cavern groups
with different heights, three sections were selected along the z-axis. The sections are located
at h = 3 m (the middle position of the large roadway), h = 5 m (the roof position of the large
roadway), and h = 8 m (the roof position of high- and low-negative pressure caverns) from
the coal seam floor. The simulation results are shown in Figures 6-8.

Contour of Max. Principal Stress
Plane: active on
Caleulated by: Volumetric Averagin;
7.4212E+04
0.0000E+00
-5.0000E+05
-1.0000E +06
-1.5000E +06
-2.0000E +06
-2.5000E +06
-3.0000E+06
-3.5000E +06

-8.0875E406

Contour of ZZ-Stress
Plane: active on
Calculated by: Volumetric Averaging
-2.9889E+06
-4.0000E+06
-6.0000E+06
-8.0000E+06

-1.4000E+07
-1.6000E+07

-1.8000E+07

-2.0000E+07
-2.2000E+07
-2.2461E+07

-1.0000E+07
I -1.2000E+07

(b)

Zone

Plane: active on

Colorby: State -Average
None
shear-n shear-p
shear-n shear-p tension-p
shear-p
shear-p tension-p

(©)

Figure 6. Surrounding rock variation characteristics for h = 3 m. (a) Maximum principal stress
distribution; (b) vertical stress distribution; and (c) plastic differential distribution.
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Figure 7. Surrounding rock variation characteristics for h = 5 m. (a) Maximum principal stress
distribution; (b) vertical stress distribution; and (c) plastic differential distribution.
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Figure 8. Surrounding rock variation characteristics for h = 8 m. (a) Maximum principal stress
distribution; (b) vertical stress distribution; and (c) plastic differential distribution.
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(1) The simulation resultath =3 m

The height of the roadway near the underground pumping station is 3.5 m, and the sur-
rounding rock variation in the position 3 m away from the coal seam floor is shown in Figure 6.

The distribution range of tensile stress generated by the excavation of the cavern is
larger than that of the roadway (see Figure 6a). The maximum principal stress is larger in
the area between the cavern groups, and the highest value is 8.09 MPa. The distribution
law of vertical stress is roughly similar, but the maximum vertical stress value is 22 MPa
(see Figure 6b). The larger the section of the cavern, the larger the scope of the plastic zone.
The failure mode of the surrounding rock is mainly shear failure (see Figure 6c¢);

(2) The simulation resultath =5m

The surrounding rock variation in a position 5 m away from the coal seam floor is
shown in Figure 7.

The peak values of the maximum principal stress and vertical stress decrease to
7.04 MPa and 19.3 MPa, respectively (see Figure 7a,b). The roof position of the roadway is
obviously in the tensile stress zone, and the stress concentration area of the vertical stress
begins to increase. The larger the section of the cavern, the greater the range of stress
concentration. The larger the section of the cavern is, the larger the scope of the plastic zone
is. The tensile failure occurs on the two sides of the cavern, the shear failure occurs in the
rest of the scope, and the overall scope of the plastic zone increases gradually;

(3) The simulation resultath =8 m

The surrounding rock variation in a position 8 m away from the coal seam floor, is
shown in Figure 8.

The peak values of the maximum principal stress and vertical stress decrease to
6.45 MPa and 15.6 MPa, respectively (see Figure 8a,b). In this section, the stress near the
cavern is not affected by the main roadway. The larger the section of the cavern, the greater
the stress on the surrounding rock, and obvious stress asymmetry occurs. The plastic
zone of the cavern continues to expand to the two sides as it moves away from the floor.
The larger the section of the cavern, the larger the scope of the plastic zone. The range
and distribution of the plastic zone obtained by numerical simulation are consistent with
the theoretical results. These results can provide theoretical support for determining the
supporting parameters, such as the length of the bolts and the cables;

(4) Stress distribution characteristics of cavern groups at different heights

Three sections were selected along the z-axis: the bottom of the cavern, the middle of
the cavern, and the roof of the cavern. The stress curves for different heights were obtained,
as shown in Figure 9.

The maximum principal stress of the roof attenuates sharply near the cavern and
shows obvious stress concentration on the two sides of the cavern (see Figure 9). The
variation trend of vertical stress is consistent with that of maximum principal stress. At
the boundary of the model, the maximum principal stress and vertical stress increase and
decrease sharply. In addition, the larger the section of the cavern, the greater the stress peak.
In the middle of the cavern, the stress peak of the surrounding rock increases as a whole,
and the distribution of the maximum principal stress is relatively stable among the cavern
groups while the vertical stress increases gradually from high to low. Compared with
the middle part of the cavern, the stress peak of surrounding rock near the bottom of the
cavern gradually decreases, and the maximum and minimum principal stresses between
the cavern groups show uniform distribution, but the influence range gradually decreases.
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Figure 9. Stress variation characteristics of different section heights in the cavern group. (a) The roof
position of the cavern; (b) the middle position of the cavern; and (c) the bottom position of the cavern.

4.3. Displacement Characteristics of the Whole Coal Cavern Group

The displacement cloud chart of the cavern group obtained by the numerical simula-
tion is shown in Figure 10.
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Figure 10. A cavern displacement cloud chart. (a) The vertical displacement cloud chart; and (b) the
horizontal displacement cloud chart.

The larger the section of the cavern, the greater the displacement of the roof caused
by the excavation of the cavern. The maximum displacements of low- and high-negative
pressure caverns are 103.2 mm and 92.4 mm, respectively (see Figure 11). The maximum
two-sided displacement is 160 mm and 125 mm, respectively. The roof displacement curve
of the low-negative pressure cavern is asymmetrical. The roof displacement of the high-
negative pressure cavern has a saddle-shaped distribution and reached a maximum in the
cavern roof left and right, respectively. The two sides of the cavern have an asymmetrical

arch distribution. It indicates that a two-sided displacement in the middle and upper parts
of the cavern is larger.

4.4. Control Technology and Application for Large Section Whole Coal Cavern Groups
4.4.1. A Novel Stratified Reinforcement Ring Concept of the LBG

According to the stress distribution nephogram and curve of the cavern group, the sur-
rounding rock of the roadway can be divided into internal and external bearing structures,
as shown in Figure 12.

Different stress states in the broken zone, plastic zone, and elastic zone require differ-
ent supporting strengths. The supporting effect should be coupled with the mechanical
characteristics of the surrounding rock to effectively control the deformation and failure of
the surrounding rock. A novel stratified reinforcement ring concept of “long cable-bolt-
grouting” (LBG) was proposed to control the deformation of a whole coal cavern group

based on the obtained deformation mechanism. The specific surrounding rock control
mechanism is as follows:

(1) The surrounding rock of the cavern is divided into the fracture zone, the plastic zone,
and the elastic zone from a shallow part to a deep part. The damage degree decreases
gradually, and the support strength required to achieve stability also decreases grad-
ually. The coordinated support of an anchor bolt, a grouting anchor cable, and a
long anchor cable can meet this requirement. In the shallow part of the surrounding
rock, the supporting density demand of a bolt, a grouted anchor cable, and a long
anchor cable is small, while the supporting strength demand is large. In the deep
surrounding rock, the support density demand decreases successively, and the sup-
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port intensity decreases correspondingly. By partitioning the surrounding rock and
adding reinforcement, a stable bearing circle that is consistent with the surrounding
rock can be formed. For the fracture zone (0-2.5 m), plastic zone (3-8 m), and elastic
zone (beyond 8 m), the coordinated support technology of an anchor bolt (3 m), a
grouting anchor cable (8.3 m), and a long anchor cable (15 m) has been proposed and
adopted to connect the broken zone, the plastic zone, and the elastic zone. Three kinds
of supporting equipment are arranged at intervals and form three stable bearing rings
of 0-3 m, 3-8 m, and 8-15 m from the shallow to deep layer of the surrounding rock;

(2) By using a high-strength and high-preload anchor cable support, the supporting
function of an anchor bolt cable and the bearing capacity of surrounding rock can
be fully demonstrated. In the early stages of excavation of a large section cavern,
the surrounding rock’s deformation speed is greater. A high-prestressed anchor bolt
and a cable support can not only provide greater initial support resistance but also
have good resistance-increasing performance, so that the rock strata in the broken
zone, the plastic zone, and the elastic zone are locked as a whole. The internal friction
angle and cohesion of the rock strata within the anchorage range can be improved
so as to realize active and timely support and effectively limit the development of
surrounding rock deformation and failure;

(38) Partition grouting reinforcement can improve the mechanical properties and stability
of the surrounding rock. The cable support, with its high strength and high preload,
can effectively control the deformation of the surrounding rock. However, primary
and new fissures in the surrounding rock will expand to a certain extent. In order to
achieve long-term stability of the surrounding rock, it is still necessary to improve the
strength of the rock by grouting. Partition grouting reinforcement is mainly used to
reinforce the fracture zone (0-2.5 m) and the plastic zone (3-8 m), respectively. Firstly,
low-pressure grouting of a shallow hole is applied to the fracture zone, and then high-
pressure grouting of the deep hole is applied to the surrounding rock in the plastic
area. The grouting effect can be improved effectively through the combination of
deep- and shallow-hole grouting. After grouting, the anchoring effect and supporting
stiffness of an anchor bolt and an anchor cable are further strengthened, and the
stability of the surrounding rock is further improved.

4.4.2. Determine the Surrounding Rock Control Parameters of the Whole Coal Cavern Group

The surrounding rock control parameters of the whole coal cavern group are deter-
mined based on the deformation and failure characteristics of the whole coal cavern group
and the above surrounding rock control theory. On the roof of whole coal cavern groups,
the supporting configuration of a high-strength bolt with a high pre-tightening force and
a high-strength anchor with a high pre-tightening force were determined. On the two
sides and floor of the whole coal cavern group, the grouting was determined. These two
supporting configurations, in both the roof and two sides, were applied in the large section
gas storage cavern group. The specific parameters are as follows:

(1) Roof support parameters of the cavern group

On the roof of whole coal cavern groups, the supporting configuration of a high-
strength bolt with a high pre-tightening force and a high-strength anchor with a high
pre-tightening force were determined.

In the roof and two sides of the cavern, the anchor cable specifications are ® 22 x 9300 mm?
and ® 22 x 8300 mm?, and the spacing and row layout are 1600 x 1600 mm? and 1500 x 1600 mm?.
The size of the bolt is ® 22 x 2400 mm? with high-strength ribbed steel. The size of the laying
metal mesh is 100 x 100 mm?, and a WD 280-2.7 steel belt is adopted. The thickness of the concrete
injection is 150 mm, and the roof is reinforced with a combined prestressed anchor cable. There are
five combined anchor cables, each of which is prestressed with a dimension of 22 x 12,300 mm?
and a spacing and row spacing of 2200 x 3200 mm?. The supporting form of the roadway is shown
in Figure 13;
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Figure 11. A cavern displacement diagram. (a) Roof displacement of a low-negative pressure
cavern; (b) roof displacement of a high-negative pressure cavern; (c) two-sided displacement of a
low-negative pressure cavern; and (d) two-sided displacement of a high-negative pressure cavern.
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Figure 12. A schematic diagram of the inner and outer bearing structures of the surrounding rock.
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Figure 13. The roadway support layout plan.

(2) Grouting parameters

Three holes are arranged in each row of the cavern sections. The top row holes are
1.5 m away from the roof, the bottom row holes are 1.5 m away from the floor plate, and
the middle holes are 3.3 m away from the floor plate. The holes are arranged in parallel.
The diameter of the grouting hole is 42 mm, and the depth of the hole is 3 m. A seamless
steel pipe is used as the grouting pipe. The hole sealing depth must be at least 1 m, and the
hole sealing device is used to seal the hole. Shallow-hole grouting pressure is 2.0-4.0 MPa
using a pneumatic single liquid grouting pump, and the diffusion radius is about 2 m.

5. Verification and Application
5.1. Numerical Simulation Results of LBG Control Technology

In order to study the control effect of the roadway surrounding rock with LBG tech-
nology and verify the rationality of the support scheme and parameters, a FLAC3D finite
difference program was used to simulate the stress and deformation of the roadway sur-
rounding rock. The stress and displacement nephograms are shown in Figures 14 and 15.

The stress and displacement nephograms (Figures 14 and 15) show that the LBG
control technique can effectively improve the stress state of the surrounding rock in the
chamber groups. The tensile stress of the surrounding rock is reduced, and surrounding
rock control technology plays an active supporting effect. The maximum principal stress
is reduced. The two-sided displacement and roof subsidence are reduced, and roadway
deformation is completely controlled within the required range, which ensures the stability
of the surrounding rock. It shows that LBG control technology is reasonable.

5.2. Engineering Practice

The supporting configurations in both the roof and sidewalls above were applied to
the large section gas storage cavern group. In order to verify the rationality of the proposed
surrounding rock control technology, a roof separation instrument and a borehole peeping
instrument are arranged in the reinforcement section of the cavern to monitor the surface
displacement change of the cavern. Eight measuring stations are arranged in the main
body of the cavern (measuring stations 2-7) and the connecting crossover points of the
cavern (measuring stations 1 and 8). The monitoring diagram and results are shown in
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Figures 16 and 17. The field monitoring results and numerical simulation results on the
maximum deformation of the surrounding rock are compared (Figures 18-20).
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Figure 14. A stress cloud chart of LBG control technology. (a) A vertical stress cloud chart of LBG
control technology; and (b) a maximum principal stress cloud chart of LBG control technology.
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Figure 15. Displacement cloud chart of LBG control technology. (a) A horizontal displacement cloud
chart of LBG control technology; and (b) a vertical displacement cloud chart of LBG control technology.
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For measuring stations numbers 2-7 located in the main position of the cavern, the
deformation of the surrounding rock in the cavern can be divided into three stages over
time. They are the rapid deformation stage, the slow deformation stage, and the stable
deformation stage. Within 10 d after excavation, the cavern is at the stage of rapid de-
formation. The maximum roof subsidence, bottom drum displacement, and two-sided
displacement are 31 mm, 24 mm, and 46 mm, respectively. On the 15th day, the support
technology of LBG was applied, and the excavation cavern began to increase slowly, which
belongs to the slow deformation stage. Roof subsidence, bottom drum displacement, and
two-sided displacement are 54 mm, 52 mm, and 79 mm, respectively. The deformation of
the surrounding rock is almost constant after 74-95 d of excavation, which is the stable
stage of deformation.

For the No. 1 and No. 8 measuring stations at the intersection and the connection of the
roadway, the roof subsidence of the surrounding rock and the two-sided displacement are
85 mm, 91 mm, 125 mm, and 130 mm, respectively, and the bottom drum displacements are
77 mm and 79 mm, respectively. This is because measuring stations 1 and 8 are located in the
passageway, and the roadway deformation is large due to the influence of concentrated stress.

Meanwhile, Figures 16-18 show the field-measured results are in good agreement
with the numerical results. The monitoring results show that the deformation and failure of
the surrounding rock in the cavern are obviously reduced by using a LBG control scheme.
According to the peeping results of the drilling hole, the failure depth of the surrounding
rock is only within 2 m of the surrounding rock, and there were no large tensile and
shear failure areas. An anchor bolt and cable can play a better anchoring role. The novel
support technology of a LBG can ensure the long-term stability of the cavern. There is no
stratification within 2-15 m of the surface of the cavern.

6. Conclusions

In view of the problem of controlling the surrounding rock in large sections of whole
coal cavern groups due to the influence of soft surrounding rock and a large section, this
study proposes an innovative LBG support technology and obtains the following innovative
conclusions, different from the perspective of improving the stress state of the surrounding rock:

(1) A mechanical model for WCCG with a rectangular roadway is established and solved
based on an equivalent circular method. The theoretical calculation results showed
that the heights of a loose ring in the roof and its two sides are 3.34 m and 2.54 m,
respectively. It provides guidance for determining the supporting parameters of the
whole coal cavern group;

(2) A numerical model under different section parameters is established for the linkage
impact between whole coal cavern groups and the large section. With the increase
of the lateral pressure coefficient, the stress concentration area on both sides of the
caverns first increases laterally and then changes to a longitudinal diffusion. The
plastic zone of the cavern tends to decrease with an increase in the lateral pressure
coefficient. The range of the plastic zone decreases gradually on the two sides of the
cavern, thus extending gradually to the top and bottom floors. The distribution of the
plastic zone changed from stocky to tall. The stress and deformation mechanisms of
the surrounding rock provide the basis for the control theory and parameters of the
surrounding rock in the WCCG with a large section;

(8) The surrounding rock of the whole coal cavern group presents an asymmetric pressure
relief form due to the excavation of the cavern. Far away from the surface of the cavern,
the stress gradually increases, and the stress concentration appears in the depths. The
stress concentration on the two sides is greater than that on the top and bottom. In
the shallow part of the surrounding rock, tensile failure or tensile shear failure mainly
occurs, and shear failure mainly occurs in the deep part of the surrounding rock. The
bearing capacity of the surrounding rock is greatly reduced due to the excavation of
the cavern. It is necessary to improve its stability through active, strong support;
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(4) The stratified reinforcement ring concept of a LBG is proposed based on the obtained
deformation mechanism to control surrounding rock deformation of the WCCG. The
supporting technology of an anchor bolt (3 m), grouting anchor cable (8.3 m), and
a long anchor cable (15 m) is proposed and adopted to connect the broken zone,
the plastic zone, and the elastic zone in the gas storage cavern group with the large
section. The roof subsidence and two-sided displacement are controlled at 140 mm and
120 mm, respectively, by using the supporting scheme of a LBG, and the surrounding
rock deformation in the caverns is obviously reduced. The results of the numerical
simulation and the field monitoring show that the LBG technology is effective for the
stability control of the WCCG.
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