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Abstract: Sudden falls of large-area hard roofs in a mined area release a large amount of elastic
energy, generate dynamic loads, and cause disasters such as impact ground pressure and gas
outbursts. To address these problems, in this study, the sleeve fracturing method (SFM) was applied
to weaken a hard roof. The numerical simulation software FLAC®P was used to develop three
models based on an analysis of the SEM working mechanism. These models were applied to an
analysis of the fracturing effects of various factors such as the borehole diameter, hole spacing, and
sleeve pressure. Finally, the results of a simulation were validated using experiments with similar
models. Our research indicated the following: (1) The crack propagation directions in the models
were affected by the maximum principal stress and hole spacing. When the borehole diameter
was fixed, the fracturing pressure increased with increasing hole spacing. In contrast, when the
fracturing pressure was fixed, the fracturing range increased with increasing borehole diameter;
(2) The most ideal fracturing effect was found at a fracturing pressure of 17.6 MPa in the model with
a borehole diameter of 40 mm and hole spacing of 400 mm. The results showed that it is possible
to regulate the falls of hard roofs using the SFM. This research may provide a theoretical basis for
controlling hard roofs in mining.

Keywords: sleeve fracturing method; hard roof; impact ground pressure; deep mines

1. Introduction

Hard roofs in mining areas may generate very strong pressures. Their dynamic load coefficient
may reach 3.5, with maximum pressure spacing as large as 160 m. The suspended roof area may
range from 10,000 to 30,000 m?, or even larger. The maximum edge length of falling rocks can reach
40 m, whereas the maximum height of the roof can be as large as 70 m [1—4]. In the mining process, a
high pressure load on the roof control area of a fully mechanized mining face (FMMF) can seriously
damage the FMMF support structures if no timely and effective measures are taken to regulate the fall
of the hard roof. This high pressure load may also easily cause a hurricane or impact ground pressure,
which leads to accidents, including serious damage to equipment, heavy mining staff casualties, and
instantaneous outbursts of accumulated gas in the mined areas [5-9].

In recent years, with the increase in mining depth, the weakening of the hard roofs of FMMFs
has been a topic of great interest among scholars around the world. The results from a large number
of related studies have also been reported. Konicek et al. [10-13] pointed out that sudden falls of
large-area hard roofs could release large amounts of elastic energy, generate dynamic loads, and
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easily cause impact ground pressure disasters. They stated that long-hole blasting could be used
to regulate the falls of hard roofs to avoid impact ground pressure disasters. Ito and Hayashi [14]
proposed a new theory of stress measurement in hydraulic fracturing. They cracked cubic rock
samples using the hydraulic fracturing method in a laboratory. Their results could be applied to
controlling hard roofs in mining. Fan et al. [15] studied the mechanism of the directional hydraulic
fracturing of hard roofs using theoretical analysis and numerical simulation. They applied the
method to weaken the hard roof of the 6305 working face in the No. 3 Mine of Jining, China.
Their results indicated that the directional hydraulic fracturing method can effectively weaken hard
roofs and is simple and safe to implement compared with the blasting method. Wang et al. [16]
determined the falling mechanism of hard roofs and reasonable blasting parameters after establishing
a long-hole pre-splitting blasting model using the LS-DYNA software based on the field conditions
of the hard roofs for shallow buried coal seams. The authors used field experiments to demonstrate
that the long-hole pre-splitting blasting method could be used to effectively control the falls of hard
roofs. Huang et al. [17] adopted a linear porous hydraulic fracturing method and long-hole inclined
hydraulic fracturing method to control the fall of thick hard roofs. Their method did not use blasting.
In addition, it ensured a safe and efficient mining operation. The method was simple, safe and
cost-effective compared with blasting and traditional hydraulic fracturing. Wang et al. [18] noted
that the sudden falls of roofs covered with hard thick sandstone at extreme heights may easily lead
to disasters such as gas outbursts and impact ground pressure. The falling span range of hard thick
sandstone roofs can be reduced using hydraulic fracturing, and gas outbursts can be prevented using
gas drainage technology. Li et al. [19] proposed a dynamic and static press crushing mechanism
with rock blasting to address the hard roof problem. They used the software AUTODYN to conduct
numerical simulations of drilling and blasting. The blasting effect of using decoupled charges in the
blast holes was analyzed according to the rupture process of single-hole and two-hole rock blasting.
Their results showed that the dynamic and static press method was an effective and feasible way to
weaken hard roofs. He et al. [20] applied directional hydraulic fracturing technology to weaken the
hard roofs of mines. An initial notch was made inside each borehole before injecting high-pressure
water. Rocks were cracked by the action of this high-pressure water, which prevented impact ground
pressure disasters from the sudden fall of hard roofs.

It can be seen from the results of previous studies that it is necessary to change the physical and
mechanical properties of roofs to effectively control the falls of hard roofs in mined areas. The hanging
exposed area must be reduced to prevent impact pressure on large-area roofs. There are currently
two methods to accomplish this: weakening by high-pressure water and blasting [21,22]. Weakening
by blasting results in significant cracking effects, with a wide fracturing range and high fracturing
efficiency [12,20]. However, the extensive use of explosives will contaminate the underground
environment of a mine, and strong blasting shocks will loosen the surrounding rocks. In the case
of shallow-depth coal seams, inadequate blasting control will also cause a threat to the safety of
the ground and the surrounding environment. Conducting such operations in gas-rich regions is
very dangerous. Any carelessness can result in a gas explosion, coal seam collapse, and other major
problems. Weakening by injecting high-pressure water is widely used in the oil and natural gas
industries, and this method has a wide range of industrial applications. It is safe, has no impact
on the working face, and does not pollute the mining environment [23,24]. However, the effect of
fracturing when applying this method is influenced by factors that include the joint condition, mineral
composition, and cementation of the roof rocks. The weakening of the roof requires a certain period
of time. Therefore, this weakening method is not suitable when the working schedules are very tight.

To compensate for the shortcomings of the two common methods described, the sleeve fracturing
method (SFM) was applied to the weakening of hard roofs in mines. Based on the sleeve fracturing
mechanism, the simulation software FLAC3P was used to establish numerical models. Analyses
were conducted using the borehole diameter, hole spacing, and sleeve pressure, and the relationships
between them were obtained. At the same time, a similar model experiment was designed to validate
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the results of the simulation. Finally, the optimal parameters for cracking hard roofs were obtained
for the sleeve fracturing process by analyzing the crack propagation in the model destruction process
and the influence factors for the sleeve fracturing effects. The findings of this study may provide a
theoretical basis for controlling the hard roofs in mines.

2. Mathematical Model of Sleeve-Fracturing Hard Roof

Currently, the SFM is primarily used for measurements of ground stress, rock shear, tensile
strength, efc. It has rarely been applied in the research on the weakening of hard roofs in mines [25,26].
In this method, a rubber sleeve is used as the main working body. By connecting a high-strength
pipeline and power system, the internal oil pressure in the hoisting process is transmitted to the
sidewall of a borehole, which causes it to fracture. This changes the physical and mechanical
properties of roofs and causes the fall of hard roofs in mined areas. The working mechanisms for
the sleeve fracturing of hard roofs are mainly divided into single-hole controlled fracturing and
multi-hole controlled fracturing [27-29].

2.1. Working Mechanism of Single-Hole Controlled Fracturing

Based on the differences in the crack directions, the working mechanisms for single-hole
controlled fracturing can be divided into two-way controlled fracturing (TCF) and unidirectional
controlled fracturing (UCF). In the case of TCF, a circumferential stress is applied to the sidewall
surface of a single borehole through a high-pressure rubber sleeve tube. A fracturing experiment is
conducted to cause the cracking of a single borehole. The fracturing pressure is used to obtain the
first and third principal stresses (o7 and o3) in the plane of the normal direction. In the case of UCF,
two semicircular cavities are used to apply pressure on the sidewall of the hole. The largest tangential
stress on the sidewall of the hole is found in the gap between the two shells, which makes it possible
to use a concentrated stress to control the crack extension in one direction.

2.1.1. Working Mechanism of Single-Hole Two-Way Controlled Fracturing (TCF)

Under the premise of no initial crack, the first crack in the borehole sidewall appears when the
tangential stress of the borehole sidewall is greater than the tensile strength of the rock. The tangential
stress consists of two parts: the original rock stress around the borehole and the sleeve pressure. The
superposition of these two varies with the nature of the medium [25,26,30].

When 0 =0°,

0‘90:30‘3—0‘1—13 (1)

When 0 =90°,
Og9p = 301 — 03 — P )

where 0 is the angle of intersection with the first principal stress, oy is the first principal stress, o3 is
the third principal stress, P is the internal circumferential pressure, ogg is the tangential stress value
at 0 = 0°, and ogg is the tangential stress value at 6 = 90°.

A continuous load was applied to the rock through the rubber sleeve. Two cracks orthogonal to
each other appeared around the first crack, as shown in Figure 1a. The following two equations were
obtained through an analysis of the initial propagation of these cracks [25,26]:

For cracks at 0 = 0°,

UQOZT:303—01—P1C (3)

For cracks at 6 =90°,
oe90 = T = 301 — 03 — P§ 4)

where 0 is the angle of intersection with the first principal stress, o7 is the first principal stress, o3
is the third principal stress, P1C is the circumferential pressure at 6 = 0°, PzC is the circumferential
pressure at 8 = 90° when cracks were formed, and T is the tensile strength of the rock.
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Figure 1. Working principle of sleeve fracturing. (a) Propagation of two-way crack; (b) Relationship
between fracture and diameter in two-way crack; (c) Shear stress on wall in unidirectional crack; (d)

Superposition of borehole stress intensity; (e) Drilling layout.

After unloading, reloading will further expand the cracks in the borehole sidewall. At 6 = 0°, the

re-expanding stress at the crack is found as follows [25,26,30]:

O'BOZT:3O'3—0'1—PF

At 0 =90°, the re-expanding stress at the crack is found as follows [25,26,30]:

where PR is the circumferential pressure at ® = 0° when cracks re-expand, and PR is the

0'690=T=30'1—0‘3—P2R

circumferential pressure at 6 = 90° when cracks re-expand.
By combining Equations (5) and (6), the following equations are obtained:

o1 = (Pl + 3P2)/8

03 = (3P1 + Pz)/8
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The relationship curves between the stress and borehole diameter for the two loading processes
are shown in Figure 1b. o7 and o3 can be obtained by substituting the resulting re-expanding
pressures PlR and Pf of each fracture into Equations (7) and (8), respectively.

2.1.2. Working Mechanism of Single-Hole Unidirectional Controlled Fracturing (UCF)

In single-hole UCF, a load is applied on the borehole sidewall through two semicircular rigid
shells on the probe surface of the fracturing device (see Figure 1c). The values of tangential stress on
the borehole sidewall reach a maximum in the gaps between the two shells. The stress is concentrated
to control the expansion of the cracking in one direction and fracture the rocks. The tangential stress
at the time of crack appearance satisfies the following equation [26,30]:

Oggr = 03 + 01 +2(03 — 01)cos2(a —y) — 1.79P )

where 0gg; is the tangential stress in the gap, « is the inclination angle of the gap to the reference
plane, v is the inclination angle of ¢ to the reference plane, and P is the circumferential pressure on
the rigid shells.

According to the theory of fracture mechanics, in an infinite plane, the stress around a borehole
Py, and sleeve pressure P; will be superposed at the borehole, as shown in Figure 1d.

In the infinite plane, let the borehole radius be r, with two cracks of length a formed in
the borehole radial direction under the combined effect of the stress around the borehole P,, and
the sleeve pressure P;. By introducing the stress intensity factor Kj, various types of stresses are
superposed at the borehole (Figure 1d), and the following relationships are obtained [29-31]:

Ki(Pp) = Py/1 % me(a/r) (10)
Ki(P;) = Piv/r x fp(a, 1) (11)
a2 ((1+0)2-1) aNi (2. g 1
fpm (ﬂ, 1’) =2 (1 + *) (WW) + (7'[ (1 + ;)) (1 - 7*_[811'1 11 n ?) (12)
folar) = (18— [ 78 (sin (7)) (13)

1+ (1+4)2 2(1+§)%—1.7

r

Therefore, the total stress at the borehole K;¢c = Kj(P,,) + K;(P;) when the borehole cracks.

2.2. Working Mechanism of Multi-Hole Controlled Fracturing

When two boreholes of diameter d are located on a circle of diameter L, the line connecting the
two borehole centers passes through the center of the circle at an inclination angle 0 to the horizontal
axis (Figure le). With consideration given to the effects of the initial rock stress, the far boundaries of
the borehole are affected by the stresses oy, 0y and ty,. When a load is applied inside the borehole and
exceeds a certain limit, a crack will first appear along the line connecting the two borehole centers.
This limit is the burst pressure Pj,;. Here, the tangential stress og generated under the combined effect
of the burst pressure Pj,; and the original rock stress on the borehole sidewall is equal to the tensile
strength of the rock T, and the following relationship holds true [26,31]:

Py = 0x + 0y — 2(0x — 0)c0s20 — 47Ty,;sin20 4 T (14)

762



Minerals 2015, 5, 758-777

Because of the appearance of the first crack, repeated fracturing in the multi-hole fracturing
model does not need to overcome the tensile strength of the rock T among the holes, i.e., T = 0.
Substituting T = 0 into Equation (14) results in the second burst pressure Py, as follows [26,31]:

Py, = 0y + 0y — 2(0x — 0y)c0s20 — 47y,;s5in20 (15)

To determine the three components of the original rock stress in Equation (15), it is necessary to
conduct controlled fracturing experiments in the three directions (81, 65, 83). The three resultant burst
pressures are recorded as Ppy', Pyy" and Pyy"'. The following linear algebraic equations are established
with the original rock stresses oy, 0, and Ty, as unknowns [26,31]:

f110x + f210y + fTay = Pyt
f120x + f220y + f3Txy = Pt (16)
f130x + f230y + f33Tay = Pyttt

where f1; = 1 —2c0s26;, fr; = 1+ 2c0s20; and f3; = —4sin26;,i =1, 2, 3.

o) = 3(ox+0y) + %\/(O'X — 0y)” + 4Ty

2
03 = 3(0x + 0y) — %\/(O'X —0y)" + 41y (17)
2
x = %arctg U:‘iy

After solving for the original rock stresses oy, 0, and Ty, Equations (16) and (17) can be
combined to derive the maximum principal stress, minimum principal stress, and direction of the
principal stress.

In the process of multi-hole controlled fracturing, when o1/03 ~ 1, the development of an
expansive crack in the borehole is not restrained by the stress state, and the direction of the
principal stress may change arbitrarily. When o7/03 > 1.5, the development of an expansive
crack in the borehole is difficult to control, and the inclination angle between the lines parallel
to the line connecting the two borehole centers and the direction of the maximum principal stress
becomes larger. In addition, an expansive crack in the borehole in a multi-hole controlled fracturing
experiment primarily develops along the line connecting two borehole centers, i.e., the direction of
the row of holes.

3. Simulation of Cracking Roofs with SFM (Sleeve Fracturing Method)

3.1. Model Establishment

FLACS®P (CnTech Co. Ltd, Shanghai, China) was used to establish three-dimensional models of
hard roofs in an FMMF. The shell unit was used to generate the high-pressure rubber sleeve [32,33].
The model parameters were 700 mm x 300 mm x 400 mm (Length x Width x Heigth), and the
borehole depth was 200 mm. The model was divided into 71,800 units with 73,950 nodes, and the
model grid is shown in Figure 2.

To investigate the relationships between the borehole diameter, hole spacing, and fracturing
pressure, the model was first divided into three groups with values of 20, 30 and 40 mm for borehole
diameter d. In each group, the hole spacing took the three values of 5d, 84 and 10d. In the simulation,
the model was regarded as a rock with homogenous properties by ignoring several factors such as the
rheological behavior of the surrounding rock, joints in the rock, cracks, and the influence of water. The
physical and mechanical parameters of the rock were given values that were 1/10 those of sandstone,
as listed in Table 1.

In the model, the borehole was in deep rock and surrounded by rocks that may be regarded as an
infinite medium. Non-reflective boundary conditions were applied to the top, bottom, rear, and two
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sidewall surfaces of the model. The rear surface and two sides of the model were fixed to simulate the
effects of clipping by the surrounding rock. A circumferential pressure was applied on the borehole
inner walls through the high-pressure rubber sleeve. Data were collected for every 1-MPa increase in
pressure until the appearance of a tensile stress zone in the model. The Mohr-Coulomb yield criterion
was used in the computation of the model [13,23,34]:

1+ sing 1+ sing
S — J— — —_—
fr=0-o 1 — sing e \/ 1 —sing (18)

where £ is the shear yield function; 07 and o3 are the maximum and minimum principal stresses
(MPa), respectively; c is the bonding strength of the material (MPa); and ¢ is the internal friction
angle of the rock (°).

Borehole spacing Borehole spacing

Figure 2. Three-dimensional model of sleeve fracturing of hard roof.

Table 1. Measured physical and mechanical parameters of sandstone in experiments [13].

Compressive Tensile Cohesive Internal Modulus of Poisson’s Densi
Type Strength  Strength Strength Friction Elasticity Ratio () ( .mfé')
(MPa) (MPa) (MPa)  Angle (°) (GPa) H 8
Sandstone 21.00 0.91 0.93 45 4.00 0.23 2600
3.2. Results
3.2.1. Model 1

For model 1, when the hole spacing was 5d and the sleeve pressure was 14 MPa, the maximum
stress value was 15.1 MPa, which was located on the left and right sides of the hole. The maximum
compressive stress was 15.3 MPa, which was located on the top and bottom of the hole. At this time,
a tensile stress zone appeared at the contour value of 7.70 MPa, which exceeded the tensile strength
of the rock. It was determined that the rock had already cracked in the direction of the row of holes
(Figure 3a). Similarly, the destructive pressure was 19 MPa with a hole spacing of 84 when a tensile
stress zone appeared between the holes at the contour value of 2.84 MPa. Cracks propagated in the
direction of the row of holes. In addition, there were tensile stress zones in the direction orthogonal
to the second borehole (Figure 3b). When the hole spacing was 10d, the destructive pressure was
26 MPa. There were tensile stress values exceeding the tensile stress of the rocks on both the top and
bottom of the borehole. There were cracks from the top to the bottom, crossing the borehole in the
model (Figure 3c).
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Figure 3. Pressure cloud images for model 1. (a) Hole spacing of 5d and sleeve pressure of 14 MPa;
(b) Hole spacing of 84 and sleeve pressure of 19 MPa; (c) Hole spacing of 104 and sleeve pressure of
26 Mpa.

3.2.2. Model 2

For model 2, when the hole spacing was 5d and the sleeve pressure was 14 MPa, the maximum
stress value was 12.0 MPa, which was located on the left and right sides of the hole. The maximum
compressive pressure was 12.2 MPa, which was located on the top and bottom of the hole. At this
time, a tensile stress zone appeared at the contour value of 1.24 MPa, which exceeded the tensile
strength of the rock. It was determined that the rock had already cracked in the direction of the row
of holes (Figure 4a). When the hole spacing was 84, the model cracked in the direction of the row of
holes, where a 1.24-MPa tensile stress zone appeared under a sleeve pressure of 17 MPa (Figure 4b).
When the hole spacing was 10d and the sleeve pressure was 21 MPa, a 3.63-MPa tensile stress zone
appeared along the row of holes, and the crack expanded in the same direction (Figure 4c).
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Figure 4. Pressure cloud images for model 2. (a) Hole spacing of 54 and sleeve pressure of 14 MPa;
(b) Hole spacing of 84 and sleeve pressure of 17 MPa; (c) Hole spacing of 104 and sleeve pressure of
21 MPa.

3.2.3. Model 3

For model 3, when the hole spacing was 5d and the sleeve pressure was 12 MPa, the maximum
stress value was 12.0 MPa, which was located on the left and right sides of the hole. The maximum
compressive pressure was 12.2 MPa, which was located on the top and bottom of the hole. A
1.66-MPa tensile stress zone appeared between the boreholes, which exceeded the tensile strength
of the rock. The model cracked along the row of holes. In addition, there were tensile stress zones
orthogonal to the second borehole, and cracks also developed (Figure 5a). When the hole spacing was
8d, a 0.73-MPa tensile stress zone appeared, and the model cracked along the row of holes under a
15-MPa sleeve pressure (Figure 5b). When the hole spacing was 104 and the sleeve pressure was
20 MPa, a 4.00-MPa tensile stress zone appeared, and cracks expanded along the row of holes
(Figure 5c).
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Figure 5. Pressure cloud images for model 3. (a) Hole spacing of 5d and sleeve pressure of 12 MPa;
(b)Hole spacing of 84 and sleeve pressure of 15 MPa; (c) Hole spacing of 10d and sleeve pressure of
20 MPa.

4. Experiment on Cracking Roof with SFM

4.1. Method

This experiment was conducted at the Engineering Research Center of Underground
Engineering, Ministry of Education, Anhui University of Science and Technology in Huainan, Anhui
Province. Cement mortar was used as a material similar to rock to fabricate experimental models
with the dimensions of 700 mm x 300 mm x 400 mm [17,35,36]. Based on Froude’s similarity law, a
similarity ratio of 10 was used for the parameters of similar materials, according to Table 1 [2,37]. The
experiments were divided into three large groups, with values of 20, 30 and 40 mm used for diameter
d. Each diameter group was further divided into three subgroups according to the hole spacing (54,
8d and 10d). The hole depth was fixed at 200 mm.

During the experiment, data were manually collected at the stable state for every 1 MPa
increase in the pump pressure until the test piece was destroyed, and the final destruction pressure
was recorded.

4.2. Experiment Results

4.2.1. Similar Model 1

In similar model 1, the borehole diameter d was 20 mm, and the borehole depth was 200 mm.
The sleeve fracturing pressures under the different hole spacing configurations are listed in Table 2.

Table 2. Sleeve fracturing pressures under different hole spacing configurations in model 1.

Borehole Spacing (mm)
100 160 200

Sleeve Fracturing Pressure (MPa) 13.8 18.4 23.6

Measured Values

The model cracked when the borehole spacing was 54 and the sleeve pressure was 13.8 MPa.
Cracks developed along the row of holes, and the strain gauges at points 1-5 were broken by pulling.
The model also cracked when the borehole spacing was 84 and the sleeve pressure was 18.4 MPa.
Cracks developed around a “+”shaped central hole, and became wider in the direction orthogonal
to the row of holes. When the borehole spacing was 104 and the sleeve pressure was 23.6 MPa, the
model cracked and the strain gauges at points 2, 4 and 7 were broken by pulling (Figure 6b).
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Figure 6. Strain gauge distribution and effects in model 1 after fracturing experiment. (a) Strain gauge

distribution; (b) Roof fracturing experiment.

4.2.2. Similar Model 2
In similar model 2, the borehole diameter d was 30 mm and the borehole depth was 200 mm.

The sleeve fracturing pressures under different hole spacing configurations are listed in Table 3.

Table 3. Sleeve fracturing pressures under different hole spacing configurations in model 2.

Borehole Spacing (mm)
Measured Values 150 240 300

10.6 16.7 20.4

Sleeve Fracturing Pressure (MPa)

When the borehole spacing values were 5d, 84 and 10d, the sleeve pressures at which the model
was destroyed were 10.6, 16.7 and 20.4 MPa, respectively. Cracks extended along the direction of the

row of holes (Figure 7b).
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Figure 7. Strain gauge distribution and effects in model 2 after fracturing experiment. (a) Strain gauge

distribution; (b) Roof fracturing experiment.
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4.2.3. Similar Model 3

In similar model 3, the borehole diameter d was 40 mm and the borehole depth was 200 mm.
The sleeve fracturing pressures under different hole spacing configurations are listed in Table 4.

Table 4. Sleeve fracturing pressures under different hole spacing configurations in model 3.

Borehole Spacing (mm)
Measured Values 200 320 200

Sleeve Fracturing Pressure (MPa) 9.2 10.7 17.6

When the borehole spacing was 54 and the sleeve pressure was 9.2 MPa, the model cracked in
the middle, and the cracks developed in a “+” shape. The crossing of the cracks did not pass the
borehole. When the hole spacing was 84, the model cracked along the row of holes under a sleeve
pressure of 10.7 MPa. However, the strain gauge at point 3 was not destroyed. When the hole spacing
was 10d, the model was destroyed at a sleeve pressure of 17.6 MPa. The cracks developed along the
long sides of the model, indicating that the fracturing pressure was not influenced by the boundary

conditions (Figure 8b).

pi=xf=uf=h 1 .F! s.pi y .ﬂ/z
L 1 1 5
E /4 Jllhmlﬂmjﬁlm 4, E i _h_ZJ_IO Jl.zl'_c) 4 7 7-|h11_ /,
= g (3
Al,7 A1 - -
700mm 200mm p—
Borehole spacing: 200 mm Borehole spacing: 320 mm Borehole spacing: 400 mm

Borehole spacing: 200 mm Borehole spacing: 320 mm Borehole spacing: 400 mm

(b)

Figure 8. Strain gauge distribution and effects in model 3 after fracturing experiment. (a) Strain gauge

distribution; (b) Roof fracturing experiment.

5. Discussion

The SFM is mainly applied to ground stress measurement. In this method, high-pressure oil is
injected into a hollow rubber sleeve, through which pressure is loaded onto the borehole sidewall to
crack the surrounding rocks. This method was used to weaken the hard roof of a deep mine in this
research. Compared to the traditional blasting weakening method, the SFM does not generate strong
blasting shocks and toxic gases. In contrast to the high-pressure water fracturing method, it is not
constrained by the construction environment. In order to explore the feasibility of the SFM, simulation
analyses were conducted using the numerical analysis software FLACP, and similar models were
used to validate the results.
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5.1. Similar Model 1

When the hole spacing was 100 mm, the strain value was very small, and the growth rate was
slow in the initial stage of the experiment. At a pressure of 8§ MPa, a strain started to develop at point
2. With increases in pressure, the growth rate increased, along with the strains at points 1, 3 and 5.
When the pressure reached 13.8 MPa, the test piece cracked, and the strain gauges at points 1-5 were
broken by pulling. The strain at point 2 was the highest at 929u¢, and that at point 4 was the lowest
at 109 pe. Then, the gauge was suddenly broken by pulling. When the hole spacing was 160 mm,
the strains surrounding the borehole were quickly redistributed in the initial stage of the experiment.
There were relatively large fluctuations at points 1 and 2, while the other points experienced very little
change. When the pressure was 11 MPa, the strain at point 7 started to increase slowly. When the
pressure reached 16 MPa, the strains at points 2, 4 and 5 increased quickly. At a pressure of 18.4 MPa,
the strain gauge at point 7 was broken by pulling, and the maximum strain was 337 pe. When the
hole spacing was 200 mm, the strain curve at point 2 was pronounced. The strain gradually increased
with the sleeve pressure. When the strain reached 911 pe, the test piece was destroyed when the
sleeve pressure reached 23.6 MPa. There were obvious changes at points 4 and 7 when the pressure
reached 19 MPa. When the pressure reached 23.6 MPa, the gauge at point 7 was broken by pulling. A
strain recovery process occurred at point 4 after the test piece was destroyed (Figure 9a).

5.2. Similar Model 2

When the hole spacing was 150 mm, there were small changes in the strains at all the points
before the pressure reached 4 MPa, after which there were noticeable changes in the strain curves at
points 2—4. The strain gradually increased with the sleeve pressure. The test piece was destroyed at
a sleeve pressure of 10.6 MPa. When the hole spacing was 240 mm, there were small changes in the
strains at the points in the initial stage of the experiment. After the pressure reached 9 MPa, the strain
curve at point 2 was pronounced. The strains at points 1 and 6 also gradually increased with the
sleeve pressure. The test piece was destroyed at a sleeve pressure of 16.7 MPa. At this time, the strain
gauges at points 1, 2 and 6 were broken by pulling. When the hole spacing was 300 mm, the strains
at points 1, 3 and 9 were pronounced, and the highest strain was 717 pe. The model was destroyed
when the sleeve pressure reached 20.4 MPa (Figure 9b).

5.3. Similar Model 3

When the hole spacing was 200 mm, the strains at all the measuring points changed very slowly
in the initial stage of the experiment, and started to increase after the sleeve pressure reached 4 MPa.
After 5 MPa, the strains at points 1 and 2 started to increase rapidly, while there was a negative strain
at point 12. The test piece was destroyed when the sleeve pressure reached 9.2 MPa, and the strain
gauges at points 1, 3, 6, 9, 14, 16 and 18 were broken. Point 1 had the highest strain at 893 e, and
point 12 had the lowest strain at —298 e, which was compressive. When the hole spacing was 320
mm, the strains at all the measuring points changed very slowly in the initial stage. The test piece was
successfully fractured at a pressure of 10.7 MPa, and cracks developed along the designed direction.
At this time, the gauges at points 1, 6 and 8 were broken by pulling because they were along the
direction of cracking. The crack also passed point 3, and the measured strain was 732 pe. The strains
measured at the sides of the hole at points 2, 7 and 12 were all negative (compressive). When the hole
spacing was 400 mm, the strains at all the points were very small in the initial stage. The test piece
was destroyed when the sleeve pressure reached 17.6 MPa, and the gauges at points 4 and 8 were
broken by pulling. The maximum strain was 1156 pe at point 4, while strains at all the other sites
were very small. The cracks developed along the long sides of the model, which indicated that the
fracturing pressure was not influenced by the boundary conditions (Figure 9c).
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Figure 9. Relationship between sleeve pressure and strain. (a) Similar model 1; (b) Similar model 2;
(c) Similar model 3.

After the destruction of the similar model, cracks extended toward the row of holes. From
the analyses of the numerical simulation and experimental results for the sleeve fracturing of hard
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roofs, it was determined that boreholes have a certain guiding role in the direction of cracking.
The boreholes formed weak sides inside the model. When a circumferential pressure was applied
on the inner sidewall of the boreholes inside the model, the destruction of the model began at
the weak sides. Huang et al. [27] used a large three-axis hydraulic fracturing experiment system
and three-dimensional positioning system for acoustic emission to study the crack propagation
law and boreholes under hydraulic fracturing. Their results indicated that the boreholes were
stress-concentration areas. The test piece was destroyed along the row of holes, and cracks extended
outward from the boreholes. As shown in Figure 6b, when the hole spacing was 160 mm, a “+”shaped
crack appeared in the middle hole of the model. The mechanism of the single-hole UCF revealed that
this was mainly due to the stress superposition of the two edge holes at the center hole. As shown
in Figure 8b, when the hole spacing was 200 mm, a “+”shaped crack developed in the middle of
the model. However, the crossing of the cracks did not pass the borehole because of the gaps inside
the model.

The abovementioned analysis revealed that rock fracturing effects are related to various factors
such as the borehole diameter, hole spacing, and sleeve pressure in the process of hard-roof
weakening in mines. The relationships between the borehole diameter, hole spacing, and sleeve
fracturing pressure for the three models were summarized based on the results of numerical analyses
and experiments and are shown in Figure 10 (Diameter ratio is the ratio of the hole spacing and hole
diameter).

1| —m—Hole diameter 20mm in experiment
26 —%— Hole diameter 30mm in experiment
71| —A—Hole diameter 40mm in experiment v
24 < | —v—Hole diameter 20mm in numerical simulation a
4 | —®— Hole diameter 30mm in numerical simul;
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[}
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\

m&’
>

Diameter ratio

Figure 10. Comparison of fracturing pressures in three models.

In either the numerical analyses or the experiments, with the same borehole diameter, the sleeve
pressure needed for the destruction of the model increased with an increase in the hole spacing
(Figure 10). Hence, the borehole spacing must be designed according to the influence range of
the sleeve pressure, and should be less than the influence radius of the sleeve pressure [31]. An
extremely small borehole spacing will increase the borehole work load, which is not economical
because it increases the human and material resource costs in practical engineering. Therefore, a
borehole spacing of 10d should be selected. Under the same diameter ratio, the fracturing pressure
was the highest for the model with a diameter of 20 mm, while it was the lowest for that with a
diameter of 40 mm. This is explained by the fact that rocks with a larger cross-sectional area for
the weak sides are easier to destroy. Huang et al. [17] used the developed high-pressure water
fracturing equipment in multi-hole water fracturing and deep-water fracturing experiments. The
size of the cement-mortar model test piece was 300 mm x 300 mm x 300 mm. The measured
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water pressures for destroying models with borehole diameters of 10, 15 and 20 mm were 10.2,
9.1 and 7.8 MPa, respectively, which agreed with the results of this research. The experiment results
showed that longer cracks could be obtained in the model with 40-mm-diameter boreholes under the
lowest sleeve pressure, and the direction of the developing cracks was easy to control. In addition,
Charsley et al. [30] pointed out that high-pressure rubber sleeves with a larger diameter can withstand
greater deformation and are not easily damaged. Therefore, it may be easier for a small-diameter
sleeve to burst. Hence, a borehole diameter of 40 mm should be selected. Overall, the sleeve
fracturing pressures in the numerical simulations were higher than those in the experimental models.
This was because the selected materials were ideally uniform in the numerical simulation, whereas air
could have been present in the materials used in the experiments. There was also a certain dispersion
in the experimental data of the models. Summarizing all of the above results, the most ideal fracturing
effect was found when the borehole diameter was 40 mm, the hole spacing of the model was 400 mm,
and the sleeve fracturing pressure was 17.6 MPa. The findings of this research will be useful for
studies on hard-roof weakening [2,13,19].

In this study, numerical analyses and experimental methods were used to validate the feasibility
of applying sleeve fracturing technology to hard-roof weakening. This technology has little influence
on the stability of the surrounding rock. It has a wide range of applications. It could effectively control
hard roof caving and reduce the occurrence probability of mine disasters, including the impact of
ground pressure, hurricanes, and gas outbursts. It has the ability to ensure the safety of construction
personnel and equipment, and allow the mine production to be carried out safely and effectively.

However, the time, creep effect of rocks under high pressure, and influence of the depth of
the drilling holes on the cracks were not taken into account in this study, which could be viewed
as shortcomings.

6. Conclusions

A few of the drawbacks of other methods could be overcome by applying the SEM to hard-roof
weakening at the FMMF of a deep mine. For instance, the strong shock effects on the surrounding
rocks of the traditional blasting weakening method and the constraints of the hydraulic fracturing
method could be avoided. The following can be concluded from the FLAC3P simulation analyses
and similar model test results: (1) the multi-hole controlled SFM can be used to control the crack
propagation direction, which is affected by the maximum principal stress and hole spacing. The
fracturing effects are influenced by various factors, including the borehole diameter, hole spacing,
and sleeve pressure. When the borehole diameter is fixed, fracturing pressure increases with an
increase in the hole spacing; (2) When the fracturing pressure is fixed, the fracturing range increases
with an increase in the borehole diameter. Overall, the results of the simulation analyses agreed
with the results of the experiment models. The fracturing pressure was the lowest in the model
when the borehole diameter was 40 mm and the hole spacing was 400 mm. The obtained cracks
were the longest, and the direction of cracking was easy to control. The results of this study have
important theoretical significance and can be applied to the exploration of new methods for hard-roof
weakening to allow safe and fast construction in deep mines.
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