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Hydraulic fracturing can increase the fracture of coal seams, improve the permeability in the coal seam, and reduce the risk of coal
and gas outburst. Most of the existing experimental specimens are homogeneous, and the influence of the roof and floor on
hydraulic fracture expansion is not considered. Therefore, the hydraulic fracturing test of the simulated combination of the
coal seam and the roof and floor under different stress conditions was carried out using the self-developed true triaxial coal
mine dynamic disaster large-scale simulation test rig. The results show that (1) under the condition of triaxial unequal
pressure, the hydraulic fractures are vertical in the coal seam, and the extension direction of hydraulic fractures in the coal
seam will be deflected, with the increase of the ratio of the horizontal maximum principal stress to the horizontal minimum
principal stress. The angle between the extension direction of the hydraulic fracture and the horizontal maximum principal
stress decreases. (2) Under the condition of triaxial equal confining pressure, the extension of hydraulic fractures in the coal
seam are random, and the hydraulic fracture will expand along the dominant fracture surface and form a unilateral expansion
fracture when a crack is formed. (3) When the pressure in one direction is unloaded under the condition of the triaxial
unequal pressure, the hydraulic fractures in the coal seam will reorientate, and the cracks will expand in the direction of the
decreased confining pressure, forming almost mutually perpendicular turning cracks.

1. Introduction

China is poor in oil and gas but abundant in coal resources.
Coal accounts for 94.0% of the explored reserves of primary
energy and always plays an important position in China’s
energy production [1]. The permeability of coal seam in
China is generally in the range of 0:1 ~ 0:001 × 10−3 μm
[2]. It is difficult to realize gas control due to low permeabil-
ity and the extraction concentration of gas [3–7], which seri-
ously threatens the safety production of mines. In order to
effectively extract the gas in the coal seam, it is necessary
to improve the permeability of the coal seam characterized
by rich gas and low permeability [8–11]. As an effective
method of improving the permeability of the coal seam,
hydraulic fracturing has been applied many mines.

The fracture drilling is usually made in the coal seam to
conduct fracturing for the whole coal seam during under-
ground hydraulic fracturing. Since Hubbert and Willis [12]
put forward the first mechanical theory of hydraulic fractur-
ing. Fan et al. [13] found that the hydraulic fracture initia-
tion and propagation was controlled by the in situ stress.
Dong et al. [14] qualitatively described the relationship
between hydraulic fracturing, effective stress, and seepage.
Cipolla et al. [15, 16] established their respective mathemat-
ical models for determining the generation of complex frac-
tures to understand the mechanism of fracture propagation.
Yang et al. [17] carried out different tests under uniaxial and
biaxial compression conditions; the crack propagation pro-
cesses under different loading conditions were analyzed in
the data. Li et al. [18] and Huang et al. [19] observed the
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great influence of coal cleats and nature fractures on the
propagation paths of hydraulic fractures. Papadopoulos
et al. [20] further used hydraulic samples instead of natural
rock samples to carry out hydraulic fracturing simulation
experiments and analyzed the multicrack expansion process
and its interaction. Shang et al. [21] proposed an asymmetric
fracturing method based on the experimental results consid-
ering the size effects of overlying-reservoir-underlying in
porous reservoirs. Zhou et al. [22] conducted hydraulic frac-
turing field tests and indicated that the cracked surface is
always perpendicular to the minor principal stress directions
whether the liquid can penetrate the rock. Hou et al. [23–25]
made visual analysis of the initiation and propagation in res-
ervoir rocks on the basis of previous hydraulic fracturing
work in intact coal seams. In summary, a lot of research
has been reported on the law of hydraulic fracturing crack
propagation and permeability. However, the above research
mainly carries out the hydraulic fracturing experiment
under the condition of single lithology or homogeneous
layers. There is less control analysis of rock mechanical
properties of the coal seam roof and floor on hydraulic frac-
turing. The difference in mechanical properties of the coal
seam, roof, and floor rocks is an important factor to control
hydraulic fracturing of the coal seam. The difference in
mechanical properties of the coal seam roof and floor will
affect the distribution of the ground stress field in the coal
seam and directly determines the hydraulic fracturing effect
of the coal seam. Therefore, this paper carried out the labo-
ratory test of true triaxial hydraulic fracturing of the coal
seam, and the combined model of “roof-coal seam-floor” is
used to simulate the real strata conditions of the coal mine.
The control effect of rock mechanics properties of the coal
seam and its roof and floor on hydraulic fracturing fracture
propagation is further analyzed. The research results have
great significance for studying the extension mechanism
and species distribution of the cracks.

2. Basic Mechanical Property Test of Raw Coal
and Roof-Floor

The coal samples of hydraulic fracturing were drilled and
collected from the M6-3 coal seam of the Tucheng Coal

Mine in southwest of China. The M6-3 coal seam is a black
semidark-type coal, which has a metallic luster, is hard, and
contains yellow iron nodules. The rock samples were from
the roof and floor of the M6-3. The roof of M6-3 is
composed of mudstone and sandy mudstone. The floor of
M6-3 is composed of clay rock, mudstone, and sandy
mudstone. All samples were processed into the standard
specimens of φ 50 × 100mm (Figure 1).

The mechanical parameters, elastic modulus E, and
Poisson’s ratio μ of all specimens were gained by the uniaxial
compression tests. And the tensile strengths were tested by
the Brazilian disc splitting experiments. The mechanical
parameters of the coal, roof, and floor are shown in Table 1.

3. Selection of Equivalent Materials for Coal
Seam and Roof-Floor

The specimen with the size of 600 × 600 × 500mm
(L ×W ×H) is made by pour-shaping. The similar materials
for preparing the coal seam and its roof and floor have similar
mechanical characteristics with the coal seam and its roof and
floor, such as failure characteristics, compressive strength, and
tensile strength. The coal seam is prepared with pulverized
coal, sand, and cement, while the roof and floor are prepared
with sand, gypsum, and cement. According to the existing
achievements about the ratio of model materials [26, 27], for
the similar material ratio test scheme of the following five coal
briquettes, six groups of the roof and floor were preliminarily
determined, and three specimens were made in each group
[28]. The prepared specimens were cured for 7 days, and the
conventional mechanical properties were tested on the mate-
rial testing machine [29–31]. The test results are shown in
Tables 2 and 3.

According to the experimental results, different ratios of
pulverized coal, sand, gypsum, and cement result in different
compressive strengths and tensile strengths of specimens,
while the dosage of cementing agent has great influence on
the material strength. Based on the ratio of similitude
between the ground stress of the coal seam and the loading
stress of the experimental model, the Group B scheme is
determined for the coal seam, the Group C scheme for the
roof, and the Group E scheme for the floor to the production
of similar materials.

(a) Roof and floor specimens (b) Coal seam specimen

Figure 1: The machining test specimens.
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4. True Triaxial Hydraulic Fracturing Test
and Discussion

4.1. Preparation of Experimental Equipment and Specimen.
The large-scale true triaxial and three-direction hydraulic
fracturing test on different stress levels can be conducted
with the independently developed large-scale simulation test
rig and three-direction loading system for dynamic disasters
of coal mine under multifield coupling. The experimental
device is shown in Figure 2.

The experimental system consists of a test bench frame-
work, hydraulic servo loading system, data acquisition
system, and fracturing equipment. The test bench frame
can be stored with large-scale specimens with the size of
1140 × 600 × 500mm (L ×W ×H) and provide stable stress
balance for the test. The hydraulic loading servo system con-
sists of nine independent loading pressure heads, where each

of the four hydraulic pressure heads at the horizontal
direction (X-direction) is applied with a maximum pressure
of 1000 kN; one pressure head at the horizontal direction
(Y-direction) is applied with a maximum pressure of
2000 kN; each of the four pressure heads at the vertical
direction (Z-direction) is applied with a maximum pres-
sure of 1000 kN; and each pressure head is independently
controlled by computer software and a servo hydraulic pump.
The data acquisition system is equipped with a special electri-
cal control cabinet and connected to the computer with a mul-
tichannel data line through the cabinet, and then, the data are
collected automatically by computer software. The fracturing
equipment consists of a pressure pump, high-pressure pipe-
line, and fracturing pipe. The pressure pump can provide a
maximum of 25MPa injection pressure, and the water tank
with a volume of 5L can accommodate the required injection
water of the pump. During the hydraulic fracturing test, the

Table 2: Mechanical parameters of coal briquette.

The ratio of solution
The compressive
strength σc (MPa)

Modulus of elasticity
E (MPa)

Tensile strength
σt (MPa)

Sample The average Sample The average Sample The average

Group A: pulverized coal : gypsum : cement = 1 : 1 : 1

2.7828

2.4591

0.5537

0.5687

0.3219

0.35382.3263 0.8204 0.2968

2.2681 0.3321 0.4426

Group B: pulverized coal: gypsum : cement = 5 : 1 : 3

1.2318

1.2405

0.4617

0.4279

0.2018

0.20861.0377 0.4138 0.2243

1.4521 0.4082 0.1996

Group C: pulverized coal : gypsum : cement = 3 : 1 : 3

3.5214

3.5091

0.4862

0.6201

0.4251

0.43563.2367 0.7124 0.2784

3.7693 0.6618 0.6032

Group D: pulverized coal : gypsum : cement = 2 : 2 : 1

4.0213

4.1204

0.8032

0.8177

0.5021

0.51393.9827 0.5683 0.2218

4.3571 1.0817 0.8179

Group E: pulverized coal : gypsum : cement = 5 : 1 : 2

0.9437

0.8061

0.3041

0.2881

0.2217

0.14520.7824 0.2854 0.1126

0.6921 0.2747 0.1013

Table 1: Mechanical parameters of coal rock and roof-floor.

Rock formation
The compressive strength

σc (MPa)
Modulus of elasticity

E (MPa)
Tensile strength

σt (MPa)
Sample The average Sample The average Sample The average

Coal

6.24

6.47

1.186

1.195

0.94

1.096.49 1.307 1.21

6.68 1.092 1.13

Roof

15.58

15.95

2.661

2.636

2.92

3.2216.52 2.562 3.283

15.76 2.684 3.458

Floor

18.76

18.91

2.947

2.942

4.011

3.5819.13 2.984 3.507

18.85 2.895 3.224
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parameters, such as the injection pressure of the pump and the
loading pressure, are collected and stored by computer soft-
ware that is connected via data cable.

It is relatively difficult to process large bulky natural coal
rock; therefore, this paper selected the coal seam and its roof
and floor as test objects and then conducted the true triaxial
hydraulic fracturing simulation test by simulating the coal
seam and its roof and floor with similar materials based on
hydraulic fracturing of the underground coal seam. The
specimen size is 600 × 600 × 500mm (L ×W ×H), which is
poured by the method “floor-coal seam-roof” stratification.
As shown in Figure 2(a), the lower part of the specimen is
the floor, the middle part is the coal seam, and the top part
is the roof. The thickness is 125mm for the floor and roof

and 250mm for the coal seam. The bare hole section of
the fracturing pipe is controlled in the coal seam, as shown
in Figure 2. Moreover, the seamless steel tube with an exter-
nal diameter of 16mm, inner diameter of 8mm, and length
of 130mm is preburied at about 10-20mm of the top coal
seam during pouring of the specimen; the bottom steel tube
with Φ6mm steel bar is used as the drilling segment for sim-
ulation and the bottom of the steel bar is 10mm away from
the bottom coal seam, as shown in Figure 2(b). The naked
eyelet section is formed when the steel bar is pulled out after
shaping of the specimen and then used as the initial part to
simulate drilling and fracturing in the coal seam.

The strength of the specimen can reach about 70% after
shaping and curing for 7 days [32]. The injection water

Side view

(a) (b)

Front view

Frame

Fluids storage tank

Globe valve

Hydraulic oil chamber

Energy accumulator

Figure 2: The large analog test system of multifield coupling mining dynamic disaster.

Table 3: Mechanical parameters of similar materials for coal seam roof and floor.

The ratio of solution
The compressive strength

σc (MPa)
Modulus of elasticity

E (MPa)
Tensile strength

σt (MPa)
Sample The average Sample The average Sample The average

Group A: sand : gypsum : cement = 1 : 1 : 1

3.7032

3.9776

2.1884

2.0577

0.4853

0.45904.0124 1.8621 0.6027

4.2171 2.1226 0.2891

Group B: sand : gypsum : cement = 5 : 1 : 3

2.1027

2.1465

2.0639

1.9401

0.3832

0.38681.9683 1.8547 0.1649

2.3685 1.9016 0.6124

Group C: sand : gypsum : cement = 4 : 1 : 5

3.1984

3.0597

2.2278

2.1210

0.8084

0.61673.0861 1.9419 0.6431

2.8947 2.1934 0.3986

Group D: sand : gypsum : cement = 4 : 2 : 5

4.2371

4.1549

2.6893

2.7184

0.5311

0.51053.8935 2.7231 0.4893

4.3341 2.7429 0.5112

Group E: sand : gypsum : cement =4 : 1 : 6

3.5975

3.6251

2.4512

2.3878

0.9513

0.68523.7892 2.5297 0.7704

3.4887 2.1824 0.3339

Group F: sand : gypsum : cement = 4 : 2 : 3

2.6231

2.5790

2.6015

2.6124

0.4152

0.41452.3093 2.5974 0.4371

2.8047 2.6384 0.3912
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displacement of the pump is 70L/h, and the injection pres-
sure of the pump can reach up to 25MPa. The fracturing
pipe is preburied in the coal seam and connected with the
fracturing water pump via a high-pressure duct. During
the fracturing test, the water tank is added with red ink
and red pigment as tracers. With the expansion of water
pressure cracks, the red pigment will be attached to the sur-
face of the crack to indicate its final form. Figure 3 shows the
specimen and experimental equipment.

4.2. Experiment for Expansion Rules of Crack with Variable
Confining Pressure on Coal Seam. During the hydraulic frac-
turing in the coal seam, the ground stress is the main
influencing factor of the extension of the crack. In order to

study influences of the difference between the two horizontal
principal stresses on the extension direction of the fractures,
the fracturing test is conducted for variation of specific value
between the horizontal minimum and maximum principal
stress to obtain the influencing rules of the horizontal prin-
cipal stress on the direction of the hydraulic fracture.

In the experiment, the materials of simulating the coal
seam and its roof and floor in the specimen are constant,
the horizontal maximum principal stress σ1 and intermedi-
ate principal stress (vertical stress) σ2 remain constant, but
the horizontal minimum principal stress σ3 is changed.
The loading scheme is shown in Table 4.

4.3. Scheme 1: Experimental Process, Analysis, and
Discussion. Figure 4 shows the variation curve of water injec-
tion pressure with time. With the gradual increase of the
water injection rate, the pressure at the hole bottom
increases slowly and the shutoff pressure starts at 20 s. The
water pressure is 0.61MPa at 43 s, and then, the injection
pressure increases rapidly. The water pressure reaches the
peak value of 3.67MPa at 58 s. And the borehole wall rup-
tures, resulting in initial cracks. The water pressure decreases
rapidly due to the increase of liquid storage space and then
increases rapidly with the injection water of the pump. As
a result, the crack extends continuously until the surface of
the specimen cracks and the pressure water is spilled. Then,
the pump stops, and the fracturing test is ended.

Figure 5(a) shows the extension direction of the hydrau-
lic fracture when the ratio of horizontal principal stresses is
σ3/σ1 = 0:35. It can be seen that the included angle between
the extension direction of the hydraulic fracture and the
direction of the maximum principal stress is about 42°, and
the crack extends along this direction and extends along
the direction perpendicular to the horizontal minimum
principal stress. Figure 5(b) shows the morphology of the
hydraulic fracture from the profile of the specimen after
splitting. It can be seen that the hydraulic fracture is gener-
ally elliptical and distributed asymmetrically. The reason is
that once the crack appears on one side and extends, the
crack may be stopped on the dense or high-stress area on

(a) Molding specimen

A C

B D

E

(b) Similar drilling: (A) fracturing tube, (B) open hole

section, (C) roof, (D) coal seam, and (E) floor

Figure 3: Similar material molding specimens.

Table 4: Test loading scheme.

Scheme σ1 (MPa) σ2 (MPa) σ3 (MPa) σ3/σ1
1 3.51 2.92 1.23 0.35

2 3.51 2.92 1.66 0.47

3 3.51 2.92 2.28 0.65
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Figure 4: The pressure-time curve of the water injection of scheme 1.
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the other side, resulting in the asymmetric distribution of the
extension on both sides of the crack.

4.4. Scheme 2: Experimental Process, Analysis, and
Discussion. Figure 6 shows the variation curve of water injec-
tion pressure with time. The water injection rate increases
gradually, and the injection pressure starts to increase after
the opening of the fracturing water pump. The water pres-
sure reaches 1.53MPa at 2min. After that, the injection
pressure increases approximately linearly, and the water
pressure reaches 2.6MPa at 5.4min. Besides, the water pres-
sure increases continuously under the shutoff pressure at the
borehole bottom and then reaches the peak of 3.46MPa at
6.3min. The borehole wall is fractured and the pump pres-
sure decreased. Later, the crack begins to extend during con-
tinuous injection of high-pressure water until the pressure
water is spilled on the surface of the specimen; then, the
pump stops, and the fracturing test is ended.

Figure 7(a) shows the extension direction of the hydrau-
lic fracture when the ratio of horizontal principal stresses is
σ3/σ1 = 0:47. It can be seen that the included angle between
the extension direction of the hydraulic fracture and the
direction of the horizontal maximum principal stress σ1 is
about 39°, and the crack extends along this direction and
extends along the direction perpendicular to the horizontal
minimum principal stress. Figure 7(b) shows the morphol-
ogy of the hydraulic fracture from the profile of the speci-

men. It can be seen that the crack is generally elliptical and
distributed asymmetrically for both sides centered on the
drilling. The hydraulic fracture basically extends in the coal
seam, and some segments of the crack passes through the
roof. The deep red color can be seen around the fracturing
pipe with significant hydraulic traces due to the microcrack
between the material and the fracturing pipe resulting from
incomplete hole sealing. Therefore, hole sealing is a crucial
factor to the success of hydraulic fracturing.

4.5. Scheme 3: Experimental Process, Analysis, and
Discussion. Figure 8 shows the variation curve of water injec-
tion pressure with time. After the test, with the increase of
the injection water of the pump, the water pressure basically
remains zero at 45 s. With the formation of shutoff pressure
while the hole bottom is filled with pressure water, the water
pressure increases rapidly and reaches 2.1MPa at 2min and
then reaches the peak value of 3.80MPa, resulting in a crack
at the naked eyelet segment. The liquid storage space further
increases, and the pressure water rapidly declines. After that,
with continuous injection of the pressure water by the
pump, the high-pressure water results in the continuous
extension of the crack, forming a crack surface and finally
reaching the surface of the specimen. As a result, the pres-
sure water spills out and the pump stops, and then, the frac-
turing test is ended.

Figure 9(a) shows the extension direction of the hydrau-
lic fracture when the ratio of horizontal principal stresses is
σ3/σ1 = 0:65. It can be seen that the hydraulic fracture is
basically perpendicular to the horizontal minimum principal
stress, and the included angle between the extension direc-
tion of the fracture and the direction of the horizontal max-
imum principal stress σ1 is within 6°. Figures 9(b) and 9(c)
show the form of the hydraulic fracture from the profile of
the specimen. It can be seen that the crack is generally ellip-
tical and distributed symmetrically centered on the drilling.
The hydraulic fracture basically extends in the coal seam,
and some segments of the crack partially penetrate the roof.
The reason may be that some high-pressure water penetrates
the roof near the borehole due to the loose sealing.

4.6. Experiment for Extension Rules of Crack with Equivalent
Confining Pressure on Coal Seam. In order to further study

(a) Hydraulic fracturing (b) Fracturing morphology

Figure 5: The hydraulic fracturing morphology of scheme 1.
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Figure 6: The pressure-time curve of the water injection of scheme 2.
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the extension laws of the crack under the effect of the stress
field in the coal seam, the hydraulic fracturing test is con-
ducted under the condition of an equivalent confining pres-
sure. The condition of the stress field in the simulation site is
set to σ1 = σ3 < σ2, and the main stresses at three directions
are σ1 = σ3 = 2:0MPa and σ2 = 2:92MPa.

Figure 10 shows the variation curve of the water injec-
tion pressure with time. The pump pressure reaches
0.63MPa at 57 s and peak point of 3.16MPa at 1.6min.
The borehole wall begins to get damaged, new cracks are
generated, and the new chasm cracks make the water pres-
sure drop rapidly. Since then, with the increase of the pump
injection pressure, the hydraulic fracture extends continu-
ously until the surface of the specimen cracks and pressure
water spills out. The pump stops, and then, the fracturing
test is ended.

Figure 11(a) shows the extension direction of the
hydraulic fracture under the condition of equivalent confin-
ing pressure. It can be seen that the crack basically extends
along the direction perpendicular to the σ1 and extends
along the σ3 direction, and the extension direction of the
crack is consistent with the σ3 direction. Under the condi-
tion of equivalent confining pressure, the hydraulic fracture
extends randomly at the horizontal direction under the effect
of the ground stress and water pressure coupling if the mate-
rial is homogeneous. The hydraulic fracture will extend
along the dominant surface once the crack is split, when
extension direction is mainly affected by defects, weak plane,
and fissure of the material itself. Figures 11(b) and 11(c)

show the morphology of the hydraulic fracture from the pro-
file of the specimen. It can be seen that the crack is generally
elliptical and distributed asymmetrically centered on the
drilling and basically extended from one side. The hydraulic
fracture basically extends in the coal seam, and the height of
the cracks changes and partially passes through the roof
and floor.

5. Comparison and Analysis of Test Results

5.1. Influence of Stress Ratio on Crack Propagation Angle.
Figures 12 and 13 show the pressure-time curves and frac-
ture propagation diagrammatic drawing under different
maximum and minimum horizontal principal stress ratios.
It can be seen that deflection occurs at the extension direc-
tion. As the ratio of the minimum and the maximum hori-
zontal principal stress increases from 0.35 to 0.65, the
angle of hydraulic fracture propagation changes from 36°

to 6°. The angle between the direction of the hydraulic frac-
ture propagation and the direction of the maximum hori-
zontal principal stress decreases gradually. The results
show that when shear failure or tensile failure occurs in the
coal seam, failure occurs along the bedding. With the change
of the horizontal stress ratio, the pressure required for failure
remains relatively constant, which is mainly due to the dom-
inant vertical ground stress, and the horizontal stress differ-
ence has little effect on the bedding plane. As the ratio
continues to increase, the water pressure required for failure
along the corresponding dip joints and strike joints
decreases linearly. Overall, the water pressure required for
different failure modes decreases linearly with the increase
of the horizontal stress ratio. For the same plane or joint
layer, the water pressure required for shear failure is also
greater than that required for tensile failure. This may be
due to the fact that the sample is made by pouring, which
is a heterogeneous material. At the same time, limited by
the experimental conditions, the confining stress is too
small, thus causing the change of crack propagation angle.
The fracturing pressure of the crack is closely related to the
horizontal minimum principal stress. When the specific
value of the horizontal principal stress under the confining
pressure increases, the horizontal minimum principal stress
and related fracturing pressure increase, but the intermedi-
ate principal stress (i.e., burial depth) has little effect on the

𝜎3

𝜎1

(a) The direction of hydraulic fracture extension

B

(b) Morphology after hydraulic fracture expansion

Figure 7: The hydraulic fracturing morphology of scheme 2.
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Figure 8: The pressure-time curve of the water injection of scheme 3.
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fracturing pressure [33]. Therefore, the smaller the specific
value between the horizontal minimum and the maximum
principal pressure under the confining pressure is, the larger
the included angle between the extension direction of crack
and the direction of horizontal maximum principal stress
will be, and the easier the development of the crack will be.
In conclusion, the extension direction of the hydraulic frac-
ture is related to two horizontal principal stresses.

6. Turning Test for Hydraulic Fracture on the
Coal Seam

Due to the effect of ground stress, the principal hydraulic
fracture shows certain deflection during extension. However,
there are no reliable instruments available to observe crack
extension and steering in the field; hence, a thorough under-
standing of the law of crack extension is not very clear.
Therefore, it is necessary to study the extension law of the
crack due to hydraulic fracturing by laboratory tests. In
order to study the influences of the changed ground stress
in the coal seam on extension of the hydraulic fracture, the
test scheme is determined as below, in which the three direc-
tion principal stresses are σ1 = 3:51MPa, σ2 = 2:92MPa, and
σ3 = 1:66MPa. There are two bearing plates at the direction
of the horizontal maximum principal stress, as shown in
Figure 14. During the test, when the experimental equip-

ment is loaded to define the value of three direction stresses,
the fracturing operation is conducted, and one bearing plate
at the σ1 direction under the confining pressure is unloaded
completely and then loaded to the defined value to study the
extension law of the hydraulic fracture.

Figure 15 shows the variation curve of the injection pres-
sure of the pump with time during the loading process. The
injection pressure of the pump starts to increase after 30 s,
and the water pressure is 0.8MPa at 1.1min. After that,
under the effect of the shutoff pressure, the water pressure
rapidly reaches the first peak stress of 2.6MPa, and new
cracks were generated when the hole wall was damaged.
The water pressure filled the cracks and reduced the pres-
sure. The shutoff pressure increases, and the hydraulic frac-
ture extends with continuous water supply under pump
pressure. When the confining pressure decreases suddenly,
the pump pressure decreases continuously. Because the con-
fining pressure decreases, the hydraulic cracks in the speci-
men only need to overcome the tensile or shear strength of
the coal seam. As a result, the injection pressure declines.
The hydraulic fracture will extend along the area with
smaller energy demands, i.e., the area without confining
pressure, at this time, when the hydraulic fracture turns
and extends to the direction with declined confining pres-
sure. However, the water pressure required for extension of
the hydraulic fracture gradually increases with the confining
pressure. The water pressure reaches the second peak stress
of 2.6MPa under the effect of the shutoff pressure and then
declines due to the new crack filled with pressure water.
Then, the water pressure cracks along the direction of small
ground stress cracking, with extension, until the surface of
the specimen, the pressure water spills out, and the pump
stops; then, the hydraulic test is ended.

Figure 16 shows the form of hydraulic fracture morphol-
ogy gradually cutting open the specimen after the test. A sig-
nificant turn can be seen from the red traces of the hydraulic
fracture, and the crack surface is curved with a degree larger
than 90°. The hydraulic fracture generally expands in the
coal seam. Due to the existence of microcracks in the sealing
hole, some cracks pass through the roof, and the cracks are
basically elliptical. According to the analysis for turning of

𝜎3

𝜎1

(a) Hydraulic fracturing (b) The specimen after fracturing (c) Fracturing morphology

Figure 9: The hydraulic fracturing morphology of scheme 3.
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Figure 10: The pressure-time curve of the water injection of
equivalent confining pressure.
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hydraulic fracture, the crack extends along surface 1 initially
under the triaxial stress. During the extension process, the
principal stress perpendicular to the direction of surface 2

is unloaded suddenly and tends to the state without confin-
ing pressure, which leads to rapid decrease of fracturing
pressure of the coal seam. The pressure of the coal seam

𝜎3

𝜎1

(a) The direction of hydraulic fracture extension (b) The shape of the specimen after opening

(c) Water pressure fracture surface

Figure 11: The hydraulic fracturing morphology of equivalent confining pressure.
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Figure 12: Fracture propagation graphs produced under the condition of different maximum and minimum horizontal principal stress ratios.
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fractured by high-pressure water decreases, the crack rapidly
turns to surface 2 without the confining pressure, and then,
the crack extension in surface 1 stops. Subsequently, the
pressure perpendicular to the direction of surface 2 rapidly
increases to the maximum principal stress, while the crack
on surface 2 stops under the effect of the horizontal maxi-

mum principal stress, and then, the hydraulic fracture again
extends along surface 1 to the surface of the specimen, forming
the crack running through the coal seam and turning crack
surfaces which are almost perpendicular. Therefore, ground
stress is the most important factor that influences the exten-
sion of the hydraulic fracture. The change of ground stress will
cause the direction change of crack expansion, which is the
decisive factor for the direction of crack extension.

7. Conclusions

(1) The extension direction of the hydraulic fracture is
related to two horizontal principal stresses. With the
increase of the ratio of the minimum and maximum
horizontal principal stresses, the angle between the
extension direction of the hydraulic fracture and the
direction of the maximum horizontal principal stress
decreases gradually. The fracturing pressure during
crack extension is closely related to the horizontal
minimum principal stress. When the ratio of the hor-
izontal principal stress under the confining pressure
increases, the corresponding fracture pressure also
increases. But the intermediate principal stress that is
the buried depth has little effect on the fracture pres-
sure. Therefore, the smaller the confining pressure
and the maximum horizontal principal stress ratio,
the greater the angle between the fracture extension
direction and the maximum horizontal principal
stress direction, and the easier the fracture cracking

(2) Under the condition of constant confining stress, the
hydraulic fracture extends randomly at the horizontal
direction under the effect of ground stress and pres-
sure coupling if the material is homogeneous. The
hydraulic fracture will extend along the dominant
surface once the crack is split, when the extension
direction is mainly affected by defects, weak plane,
and fissure of the material. The overall shape of the
hydraulic fracture is elliptical and distributed asym-
metrically centered on the drilling and is basically a
unilateral extended suture. The hydraulic fracture gen-
erally extends in the coal seam, and some change of
the crack height passes through the roof and floor
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Figure 13: Pressure-time curves of different maximum and
minimum horizontal principal stress ratios.

Figure 14: The horizontal loading way bearing plate.
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Figure 15: The pressure-time curve of the water injection of
turning test.
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Figure 16: The hydraulic fracturing morphology of turning test:
(A) surface 1; (B) surface 2.

10 Geofluids



(3) The hydraulic fracture steering test of the coal seam
shows that the extension direction of the hydraulic
fracture is mainly controlled by the ground stress,
and when there is confining pressure, the crack usu-
ally extends along the direction of the maximum
horizontal principal stress but turns to and extends
along the direction perpendicular to the direction
without confining pressure, forming the curved sur-
face with a degree larger than 90°. The hydraulic
fracture generally extends in the coal seam and pre-
sents an elliptical form. Besides, the extension, termi-
nation, and turning of the hydraulic fracture are
mainly limited by the horizontal maximum principal
stress. Therefore, ground stress is the most important
factor that influences the extension of the hydraulic
fracture. The change of ground stress will cause the
direction change of crack extension being a decisive
factor for the direction of the crack extension

Data Availability

The data used to support the findings of this study are
included within the article.
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