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A hydraulic fracture extension model was established, an extension criterion and
an extension mode of hydraulic fracture were analyzed, and the theoretical pre-
diction was compared with the practical results, a good agreement was observed.
Furthermore, the direction of hydraulic fracture extension was also discussed,
the results showed that the hydraulic fracture propagates from the cut to the bed-
ding plane, forming a complex mixture of longitudinal and transverse fractures
fracture network. The hydraulic fracture extension direction is influenced by its
extension critical pressure and its extension pressure in the rock formation. Prac-
tice shows that hydraulic fracturing can effectively weaken the strength and in-
tegrity of the roof, so that the roof in the mining area can collapse in layers and
stages. The present theoretical analysis can be used for reducing or eliminating
the hazard of the hard roof to the working faces.

Key words: extended guidelines, fracture propagation, fracturing fracture,
effectiveness testing, fractal

Introduction

The coal seams in China have complex conditions with about 1/3 of the coal seams
having hard roofs [1]. A hard roof has high strength, and its collapse always sees no devel-
opment of joint fissures. The roof is easy to cause a large area of overhanging roof after coal
seam mining, especially the overhanging roof area is larger in the early stopping. The sud-
den collapse of large overhanging roof is easy to cause large impact damage to the bracket,
deformation of the roadway surrounding rock, destabilization of the support structure, fur-
thermore it can squeeze instantly the harmful gas out of the mining area, causing many safe-
ty problems [2, 3]. At present, the theory and technology to control the hard roofs mainly
includes cumulative blasting, water injection softening and hydraulic fracturing. Injection of
water to soften the rock layers requires the roof rock water absorption, so it does not work
well. Blasting technology is rarely used in China because of its large volume of work, high
cost, pollution of the underground air and the potential for vibration to cause safety hazards
in and around the mines. Hydraulic fracturing technology was initially applied in the oil
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mining, and its practice in the coal mining has proved to be successful and effective in the
initial caving, control of the surrounding rock of the roadway, and prevention of impact
ground pressure [4-6].

In this study, the 1306 working face of No. 3 coal seam of a mine in Jincheng,
Shanxi, China is used as the engineering background. The average depth of burial of the coal
seam is 440 m, with an average thickness of 6.4 m and the dip angle is 1~3°. The main roof of
the coal seam is dominated by medium-grained sandstone with a thickness of 6.3 m, which is
medium-hard rock. The immediate roof is 4.2 m thick, mostly sandy mudstone, partially mud-
stone and siltstone, and the fissures are not developed, which is weak rock. The geostress lev-
el belongs to the low zone, which is dominated by tectonic stress.

Considering the practical engineering environment, this paper discusses the use of
retreating hydraulic fracturing technology for control management of the hard and difficult to
collapse roof, and water is acted as the expansion medium.

Hydraulic fracturing techniques and propagation theory

Directional hydraulic fracturing technology

The essence of directional hydraulic fracturing is to prefabricate a row of transverse
grooves in the drilled fracturing section of the roof with a special drill bit in front of working
face. High pressure water is injected into the drilled fracturing section, causes a concentration
of tensile stresses at the tip of the groove and preferential cracking, resulting in a series of
cracks in the hard rock along the bedding plane [1, 7], as illustrated in fig. 1.

Through hydraulic fracturing, we can
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is shown in fig. 2.

Figure 1. Diagram of directional hydraulic MeChan.lsmS of ﬁjadure initiation during
fracturing; ov is the vertical stress, hydraulic fracturing

ow — the maximum horizontal principal stress, and Hydraulic fracturing can be seen as a
on — the minimum horizontal principal stress Penny-shaped fracture model [9-11]. Figure 3

shows a hydraulic fracture in a rock medium
that is expanding. The y-axis is a schematic diagram of the fracturing borehole, and the rest of
fig. 3 shows a fracture unit, and the unit is filled with high pressure fluid (blue). Under the ac-
tion of hydraulic pressure, different parts of the fracture unit have different responses: the blue
part indicates the area that has been ruptured, and the shaded area in front of the fracture tip is
the rupture process area which is about to rupture [12, 13].
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Figure 2. Reasonable fracture top position of
directional fracturing and the stress distribution
before and after unloading of the roof cutting;

A and D are the original rock stress zones,

B — the stress concentration zone, C — the stress
release zone, H — the coal seam burial depth,

K — the support pressure coefficient, and y — the
average bearing weight of the overlying rock seam

A 3-D model of hydraulic fracture propagation in the hard roof is shown in fig. 4.
We assume that the critical water pressure for hydraulic fracture extension is Pc, and Py, Py,
and Ps are the extension pressure of hydraulic fracture in rock formation #1~#3, respectively.
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Figure 3. Hydraulic fracture and fracture process
zone; oo IS the cohesive crack tip damage critical
value and ot is the material crack tip complete
failure critical value
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Figure 4. Hydraulic fracturing mechanical model;
ov [MPa] is the vertical stress,

on [MPa] — the minimum horizontal principal stress,
a —the inclination of bedding plane, and

£ — the intersection angle between the fracture and
the bedding plane, o. + f = 90°

Propagation of hydraulic fracturing at the bedding plane

Fractures within the rock are generally randomly distributed in 3-D. In this paper,
the influence of water pressure on fracture mode and the calculation of critical water pressure
are studied based on the single fracture shown in fig. 4. The closed fracture shown in fig. 4. is
subject to far-field geostress ov and on. The water pressure in the fracture is p. Assuming that
the water pressure acts equally in all directions along the fracture, the rock is brittle and elas-
tic. The stress state analysis shows that the positive stress ¢ and the shear stress z on the crack

are, respectively:
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When the normal positive stress on the fracture surface is tensile stress, the fracture
extension problem belongs to the I-11 tension-shear composite type in fracture mechanics. In
this paper, the approximate fracture criterion commonly used in engineering is adopted, I-I1
tension-shear composite crack instability criterion can be expressed:

K, +K, =K 3)

where K¢ is the type | fracture toughness, K, and K;; are type | and type Il stress intensity fac-
tors, respectively.

KI ZO'\/E, K|| :T\/E (4)

where a is the fracture half-length.
To obtain the critical water pressure P¢, we substitute egs. (1) and (2) into (4) and
then into (3):

PC:GV;rah_O'V—Uh c052ﬁ+%5in2ﬂ+\z'€—°& 5)

From eq. (5), it can be seen that the critical water pressure under certain geostress
conditions is related to the fracture direction. Let m = an/ov, While defining the generalized
critical internal water pressure P'=(P’, — K,c/\/ﬁ)/a\, at tension-shear mixed fracturing.
The P’ can be calculated:

P’:m—+1+m—_10052ﬂ+
2 2

mT_lsin 2,8‘ (6)

Lateral pressure coefficient m reflects the magnitude of the surrounding pressure
around the fracture [14]. The fracture instability and direction of extension of rock fractures
are directly related to the surrounding pressure. As shown in fig. 5.

Relationship befween hydraulic fractures and natural fractures

Gu et al. [15] divided the hydraulic fracture-natural fracture interaction into two
stages. Cook and Underwood [16] and Zhao and Chen [17] concluded that fractures might
undergo extensional behavior at the stratigraphic interface such as propagating through the
layers, expansion along the interface, tip extinction. Altammar et al. [18] observed that the
possible propagation behavior of fractures at the interface includes penetration propagation,
new born fractures at the other side of the interface, inflexion propagation, and expansion
along the interface. Wu et al. [19] concluded through experiments that hydraulic fractures
may form penetrating, stop-fracture, and deviated fractures when they reached the coal-rock
interface. The process of hydraulic fracture and natural fracture interaction can be described
as shown in fig. 6.
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Figure 5. Relationship between generalized Figure 6. Interaction process between hydraulic
critical water pressure and direction of fracture fracture and nature fracture

under tension-shear mixed cracking

The propagation pressure in a hydraulic fracture along the bedding plane mainly de-
pends on the bedding dip angle, the angle of intersection between the hydraulic fracture and
the bedding plane, the geostress and the nature of the bedding plane and other elements [20].
When a hydraulic fracture propagates in rock formation #2 as shown in fig. 4, the propagation
pattern may be as follows [21]: when min(P1, P2, P3, P¢) = P, after the hydraulic fracture in-
tersects with the bedding plane, the fracture will propagate along the bedding plane A and B.
When min(Py, P2, Ps, Pc) = P2, hydraulic fracture will always propagate in rock formation No.
2, creating a clear occlusion effect. When min(P1, P2, Ps, P¢) = P1, then the hydraulic fracture
will pass through the bedding plane A and enter the rock formation No. 1. If at this point
min(P2, Ps, Pc) = P3, the hydraulic fracture will pass through the bedding plane B and enter
the rock formation No. 2. If min(P2, Ps, P¢) = P, the hydraulic fracture will propagate along
the bedding plane B. If min(P2, P3, Pc) = P2, the lower part of the hydraulic fracture will be
limited to the rock formation No. 2. When min(P1, P2, Ps, P¢) = Ps, the hydraulic fracture will
pass through the bedding plane A and enter the rock formation No. 3. If min(P1, P2, Pc) = Py,
the hydraulic fracture will pass through the bedding plane A and enter the rock formation No.
1. If min(P4, P2, P¢) = Pe, the hydraulic fracture will propagate along the bedding plane A. If
min(P1, P2, Pc) = Py, the upper part of the hydraulic fracture will be limited to the rock for-
mation No. 2.

Fracturing practice

The fracturing holes were drilled with drills of @56 mm diameter. Two types of
holes, S and L, with a hole spacing of 10 m are crossed in the open-off cut. Two types of frac-
turing holes, A and J, are arranged in crossheading, and hole A is drilled parallel to the road-
way toward the goaf orientations. Both holes A and J have a hole spacing of 10 m. The pa-
rameters of each borehole are shown in tab. 1.

Table 1. Parameters of drilling design

Drilling number Azimuth [°] Drilling depth [m] Elevation [°]
S 133 33.0 55
L 133 30.0 45
A 223 26.0 55
J 26.0 55
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Each hole is sealed from the bottom of the borehole and in the mode of retreating
hydraulic fracturing, with fracturing once every 3 m interval and 3-4 times in each hole.

It can be seen from the experiments that when the incision plane is perpendicular to
the bedding plane, the coal stone has the highest fracture toughness, which between 0.3-0.4
MPa m%® and with an average of 0.364 Mpa m®°. When the incision plane is parallel to the
bedding plane, the fracture toughness K. of the coal stone has an average of 0.120 Mpa m°°.
The compressive strength oy of the main roof of the practice mine is approximately 30.5 MPa.
The inner friction angle S is about 36°36’. The current depth of the coal seam is about 440 m,
the third principal stress is calculated using o}, =0.0289H +2.536 can be calculated as 15.3
Mpa. Fracture half-length taken as three times the radius of the borehole, which is 84 mm.
According to the parameters and fracture toughness K¢ values, based on the equation, P can
be calculated as 28.5 MPa and 28.7 MPa, respectively, m = 0.5, P’ = 0.97. Through field frac-
turing practice, the effective initial pressure monitored by pressure sensor on the high-
pressure pipeline is 28-30.2 MPa, which coincides with the calculated critical pressure.

Fracturing effect investigation: at 12 m of working face, a large area of the immedi-
ate roof of the goaf collapse off and forms a mat. As the stopping progresses, the stent load
peaks three times, with the main roof's initial pressure interval dropping from 35 m to 23 m
after fracturing. The main roof was gradually collapsed in layers and in stages, and no large
area collapse phenomenon.

The results of mineral pressure manifestation were a maximum amount of displace-
ment on both sides of the roadway was 165 mm, and the maximum amount of displacement
on the roof and bottom plates was 121 mm. when no hydraulic fracturing was performed. Af-
ter hydraulic fracturing, both sides of the roadway shifted up to 38 mm, and the top plate of
the roadway sank up to 29 mm. The amount of shifting on both sides was obviously reduced,
the deformation of the roadway became smaller, and the bottom drum of the adjacent roadway
was not obvious.

Discussion and conclusions

The fracture-induced property change was studied in [22], and the fracture patterns
and the fracture-induced properties can be described by the fractal dimensions [23-28], the
fractal fracture is a research frontier [29] in the future. This paper can obtain the following
conclusions:

e The complex fractures after hydraulic fracturing include both nascent hydraulic fractures
perpendicular to the bedding plane and extensional extension of hydraulic fractures along
the weak bedding plane, forming a fracture network with both longitudinal and transverse
fractures. Overall, the direction of hydraulic fracture extension is influenced by the exten-
sion pressure in different rock formations and the extension critical pressure.

e The initial rupture water pressure monitored by the directional hydraulic fracturing orifice
of the hard roof in the practice mine is 28.0-30.2 MPa. Directional hydraulic fracturing
can make the coal seam roof collapse gradually in layers and in stages, effectively reduc-
ing the degree of pressure on the roof, and at the same time, the bottom drum of the adja-
cent roadway is significantly suppressed, indicating that hydraulic fracturing has a better
effect of controlling the hard roof.
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