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The extraction of low-permeability coalbed methane (CBM) has the dual significance of energy utilization and safe mining.
Understanding hydraulic fracturing mechanism is vital to successful development of CBM. Therefore, it is important to improve
the law of hydraulic fracture propagation in coal and rigorously study the influencing factors. In this paper, laboratory
experiments and numerical simulation methods were used to investigate the hydraulic fracture propagation law of coal in
coalbed methane reservoir with natural fractures. The results show that the maximum and minimum horizontal in situ stress
and the difference in stress significantly affect the direction of crack propagation. The elastic modulus of coal, the mechanical
properties of natural fractures, and the injection rate can affect the fracture length, fracture width, and the amount of fracturing
fluid injected. To ensure the effectiveness of hydraulic fracturing, a reservoir environment with a certain horizontal stress
difference under specific reservoir conditions can ensure the increase of fractured reservoir and the controllability of fracture
expansion direction. In order to increase the volume of fractured reservoir and fracture length, the pumping speed of fracturing
fluid should not be too high. The existence of stress shadow effect causes the hydraulic fracture to propagate along the main
fracture track, where the branch fracture cannot extend too far. Complex fractures are the main hydraulic fracture typology in
coalbed methane reservoir with natural fractures. The results can provide a benchmark for optimal design of hydraulic
fracturing in coalbed methane reservoirs.

1. Introduction tures and natural fractures has become a research hotspot

in recent years [2, 3].

Coalbed methane (CBM) is a valuable resource, and mean-
while, it can affect the safe production of coal. China’s
CBM reserves are very large, and the amount of such
resources at the depth of 0-2000 meters has reached 3.68 x
10> m®. However, one of the key issues restricting the devel-
opment of CBM in China is that the permeability is generally
very low. The coal reservoir fracture system is the main chan-
nel for gas flow that controls the permeability characteristics
of the coal reservoir [1]. Through hydraulic fracturing to
increase permeability, hydraulic fracture can conduct the
original natural fractures in coal to a certain extent, which
can greatly increase the production of coalbed methane.
The mutual coupling relationship between hydraulic frac-

Scholars have conducted extensive research on the rela-
tionship between natural fractures and hydraulic fractures
in shale and tight sandstone reservoirs [4-7]. The fine
description of natural fractures in coalbed methane reser-
voirs and the quantitative analysis of fractures are particu-
larly important for describing the growth of hydraulic
fractures in coal. At present, microseismic and geoelectric
methods are widely used in industrial field to monitor the
fracture propagation. These methods enable monitoring the
range of stress and fluid propagation. The monitoring results
are much longer than the real effective support fracture sec-
tion and cannot distinguish the specific fracture shape. In
addition, the experimental method is an effective way to
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FIGURE 1: Macroscopic fracture development characteristics of Qinshui Basin [24, 25]: (a) rose diagram of the macroscopic fracture spreading
orientation of the Qinshui Basin stratigraphy; (b) 1—macroscopic fracture map of coal seam #15 in Si-he coal mine; 2—macroscopic fracture

map of coal seam #15 in Cheng-zhuang coal mine.

study the problem, but the size of the laboratory test blocks is
very small. In addition, the hydraulic fracture in the experi-
ment starts and expands inside the closed test block, where
we cannot directly observe the fracture initiation and propa-
gation process. The monitoring methods of the hydraulic
fracturing experiment in a laboratory include computer
tomography and acoustic emission monitoring, However,
these technologies do not allow visual observation of the
dynamic propagation process of the fractures [8-10].

With the development of numerical simulation technol-
ogy, many scholars have adopted the method to study the
change in morphology and expansion of hydraulic fractures
in different reservoirs. The numerical simulation methods
include finite element method (FEM) [11-13], two-
dimensional particle flow code (PFC) [14-17], continuous-
discontinuous coupling method [18-20], and discrete element
method (DEM) [21-23], which can visualize and quantify the
fracture morphology and fracturing process. Among these
methods, the finite element method is the most widely used
one. The cohesive unit method model based on the ABAQUS
platform is the most commonly used model for analyzing
hydraulic fracturing of reservoirs.

However, the cohesive element method based on the
ABAQUS platform cannot simulate the random propagation
of hydraulic fractures in fractured reservoirs. Therefore, a
new method of random propagation of hydraulic fracture
based on a zero thickness cohesive element embedded in
finite element mesh is established by using a grid node split-
ting method. This has been carried out based on the charac-
teristics of natural fracture growth in coalbed methane
reservoir and the topological data structure of element nodes.

This method identifies the random expansion process of
hydraulic fractures through secondary development, which
can make up for the insufficiency of the built-in cohesion unit
of the ABAQUS platform to effectively simulate the random
propagation of hydraulic fractures. Numerical examples are
used to study the influence of horizontal stress difference
and natural fractures in the reservoir on the propagation pro-
cess of hydraulic fractures, which can accurately describe the
random propagation behavior of complex hydraulic fractures
and provide references for numerical simulation of fractured
reservoirs.

In this paper, the effects of stress and fluid injection rate
on the hydraulic fracture propagation in the similar material
block with fractures were experimentally studied. Also, a

TaBLE 1: Mechanical parameters of similar material test blocks and
coal #15.

Elastic Modulus ~ Poisson’s Compressive
(GPa) ratio strength (MPa)
Coal #15 1.59-4.67 0.21-0.35 9.49-13.5
Specimen 1 2.94 0.23 11.36
Specimen 2 2.41 0.27 12.75

global cohesive zone model was established to simulate the
interaction between hydraulic fractures and natural fractures,
and the effects of four factors on hydraulic fracture propaga-
tion were discussed. Furthermore, a comprehensive discus-
sion on the properties and causes and control factors of
hydraulic fractures in the coal containing natural fractures
was carried out.

2. Experiments

2.1. Specimen Preparation. Coal strata often contain fractures
of different scales that are usually produced by geological tec-
tonic movement. Under the same tectonic background, the
development law of surface rock joints can predict the direc-
tion and density of coal reservoir fractures. Coal mining often
causes fracture development, where these fractures extend
from the surface to the deep part of the stratum
(Figure 1(b)). As shown in Figure 1(a), a statistical analysis
of the fracture development of gas reservoirs in the Qinshui
Basin is concentrated in two directions; the dominant joint
development direction is in 40°~80" and 320°~350° [24].

In order to simulate the fracture growth morphology of
hydraulic fractures in the coal reservoir of interest, contain-
ing natural fractures. The material of cement : gypsum
:coaldust : water=3:1:1:3 was mixed together by
experimental measurements, and the mechanical parameters
(Table 1) were similar to those of coal seam #15 in Qinshui
Basin after it was solidified and maintained for one month.
As shown in Figure 2(a), the mentioned proportion of the
materials was mixed evenly. First, pour it to half the height
of the 100 mm x 100 mm x 100 mm cubic mold. A thin card-
board of 25mm in length and width (as shown in
Figure 2(b)) was inserted into the middle of the test block
on the bottom surface. After the material in the mold lost flu-
idity, fill the mold slowly and vibrate evenly to eliminate the
weak contact surface of twice pouring slurry. After the test
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FIGURE 3: True triaxial hydraulic fracturing physical simulation test system.

TABLE 2: Fracturing test parameters.

Triaxial loading stress parameters

Sample numbering (MPa) oy — 0y K Inject rate (ml-min™)
o, On Oh
1 18 9 8 1 0.125 10
2 18 11 8 3 0.25 10
3 18 13 8 5 0.625 10
4 18 15 8 7 0.875 10
5 18 17 8 9 1.125 10
6 18 17 8 9 1.125 30

blocks were demolded and maintained at constant tempera-
ture and humidity for 28 days, a hole with a diameter of
8 mm and a depth of 55 mm was drilled at the top center of
each cube, and the wellbore were glued with high-strength
epoxy resin AB adhesive as shown in Figure 2(c) and left to
stand for 24 hours before conducting the experiment.

2.2. Experimental Setup and Method

2.2.1. Experimental Setup. Figure 3 shows a true triaxial
hydraulic fracturing experimental system. The experimental
system consists of a high-pressure water pump system, a true
three-axis servo loading system, and a monitoring and con-
trol system. The triaxial servo loading system applies the true
triaxial stress by hydraulic jacks in three directions on the

cubic test block to simulate the suit stress. A high-pressure
pumping system injects high-pressure water into the test
block. The monitoring and control system is used to accu-
rately control the pressure and flow rate of high-pressure
water.

2.2.2. Experimental Method. As shown in Table 2, the fractur-
ing parameters designed for the experiment are used to sim-
ulate the fracture propagation law in coal #15 with natural
fractures in Qinshui Basin. K = (o — 0},)/0},, where K is
the in situ stress difference coefficient. The experiment simu-
lates hydraulic fracturing of vertical wells, and water was cho-
sen as the fracturing fluid, while an appropriate amount of
fluorescent agent was added to the water to observe the prop-
agation of the fracture. When triaxial stresses were applied, a
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FIGURE 4: Injection pressure process of samples #2 and #4.

FIGURE 5: Fracture morphology with horizontal stress difference.

multistep loading mode was used to avoid sample shear dam-
age caused by unbalanced loading of three-dimensional
stresses. First, the three-dimensional stress was applied at
the value of the minimum horizontal principal stress at the
same time and remains stable. Then, the vertical stress and
the maximum horizontal stress slowly increased to the value
of the maximum horizontal principal stress. Finally, the ver-
tical stress was slowly increased to the design value, and after
the triaxial stress loading was completed and kept stable for
30 minutes, the high-pressure hydraulic fracturing operation
can be carried out. The fracturing pump was controlled by a
constant displacement mode, while the computer collects
real-time information on the high-pressure pump pressure,
piston displacement, and three-way stress.

2.3. Experimental Results and Analysis

2.3.1. Injection Pressure Characteristics. Figure 4 shows the
detailed pump pressure curves for samples #2 and #4. Along
with the gradual increase of injection pressure, both samples
can reach the maximum pump pressure at the initial fracture
of the specimens, which corresponded to the opening of the

hydraulic fracture, and the subsequent rapid decrease in
injection pressure means that the fracturing fluid entered
into the hydraulically induced fractures. Subsequently, the
injection pressure fluctuated frequently, which means that
the hydraulic fractures propagated during the fracturing pro-
cess, forming more secondary fractures, and the fracturing
fluid filled these new fractures. As fluid seeped into the new
fractures, the pressure in the old fractures decreased rapidly,
which also resulted in a rapid decrease in pump pressure. In
this experiment, a constant injection rate was applied, and
the fluid buildup in the new fracture space rapidly increased
the injection pressure until the opening of the next frac-
tures. This process was repeated until the experiment was
completed, and the increase and decrease of injection
pressure fluctuation indicate the continuous creation of
fractures [26, 27].

2.3.2. Propagation Characteristics. As shown in Figure 5, the
experimental results show that fracture propagation is more
complicated for the case of small horizontal deviatoric stress
and accompanied by the generation of branch cracks. The
major fracture growth direction has a large intersection angle
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FIGURe 6: Fracture morphology under the injection rate of
30 ml/min.

with the maximum horizontal stress (#2). When horizontal
stress difference (HSD) is small, the direction of cracks tends
to the direction of the maximum horizontal stress (#4).

In the hydraulic fracturing process, a small injection flow
rate (10 ml/min) formed a more obvious major fracture.
Also, the fracture direction was controlled by the stress.
However, when the injection rate was increased to
30 ml/min, the fracture plane did not extend along the max-
imum principal stress direction. It first extended perpendicu-
lar to the wellbore axis with a portion deflected and extended
toward the maximum stress direction and then through the
sample (Figure 6). This shows that the high rate of injection
can cause the sample to not expand along the direction of
maximum horizontal stress at the fracture initiation. This is
consistent with the findings in the literature [28, 29].

3. Numerical Simulation

The reservoir hydraulic fractures extend far away, and the
fracture extension morphology is often derived indirectly
by means of microseismic monitoring or geodetic electrical
methods. The small size of experimental samples for indoor
experiments also makes it difficult to accurately simulate
the real hydraulic fracture extension morphology. Numerical
simulation can clearly show the hydraulic fracture propaga-
tion under the influence of various factors such as ground
stress and natural cracks, which are an effective means to
invest in the hydraulic fracture propagation. In this paper,
ABAQUS software was used to establish a global cohesive
zone model which can simulate the hydraulic fracture
extension process in reservoirs containing conjugate frac-
tures. Taking Qinshui coalfield as the background, a two-
dimensional numerical model was established.

3.1. Coupling Equations. In this simulation, the tensile-
separation criterion with degraded cell stiffness in ABAQUS
was used to simulate the fracture initiation and propagation.
As the stress on the cohesive unit became larger, the unit stiff-
ness degraded gradually; and when the unit stiffness dropped
to 0, the cohesive unit started to fracture and expand. This
simulation used the maximum positive stress criterion that

is when the unit in either direction reaches its critical stress,
the unit begins to fracture.

o T T
n S t
max > rmax’ max =L (1)
gmax’ pmax’ gt

where o™ refers to the most tensile stress that the unit can

withstand in the vertical direction and 77** and 7{"** refer
to the maximum shear stress that the unit can withstand in
both directions.

A dimensionless damage factor (D) is introduced, taking
a value range between 0 and 1. When D=0, no damage
occurs to the material; when D = 1, the material is completely
damaged, and fractures form and continue to propagate; and
when 0 < D < 1, the material is undergoing damage; the fol-
lowing equations are applicable:

n

. - { (1-D)o,,0, >0,
0,’1, crl'l, 0,

o, =(1-D)a.,

(1-D)a},

Oy

where o/ >0 represents a cohesive unit subjected to tensile

stress and o] <0 represents the cohesive unit subjected to
compressive stress. 0,,, 0, and o, represent the normal stress
component and the two tangential stress components of the
cell under linear elastic condition before the material is
damaged.

The fluid flow direction in the cohesive unit is divided
into a tangential flow along the cohesive unit and a normal
flow perpendicular to the cohesive unit. The tangential flow
follows the Newtonian flow formula:

d2
q=-—-VP, (3)
12u

where g denotes the fracturing fluid discharge volume,
m?*/min; d denotes the fracture opening width, m; y denotes
the dynamic viscosity of fracturing fluid, mPa-s; and p is the
flow pressure, MPa.

The fluid in the fracture is mainly tangential flow, and a
small amount of fluid will pass through the normal flow of
the fracture to the formation on the upper and lower surface
of the cohesive unit. The normal seepage formula of fractur-
ing fluid in the cohesive unit is as follows:

{ 9, = (P — Po)s

(4)
= & (P — Py)>

where g, and g, are the velocity of normal fluid flowing into

the upper and lower surfaces of the cohesive unit, m*/s; ¢, and

¢, are the filtration coefficient of the upper and lower surfaces

of the cohesive unit, m/s"’? p; is the fluid pressure in the

plane of cohesive unit; and p, and p, are the fluid pressure

of the upper and lower surfaces of the cohesive unit, MPa.



3.2. Numerical Simulation Model. Figure 7 shows the 2D res-
ervoir model, which is a square with a side length of 50
meters and two sets of natural fractures. The minimum hor-
izontal stress direction was assumed to be 30° and 150° with
respect to the two natural fracture sets in this model. The
center of the simulation model is the injection point, and
the injection hole is oriented in the same direction as that
of maximum horizontal stress. X is the direction of mini-
mum horizontal principal stress, and the Y-axis is the direc-
tion of maximum horizontal principal stress. The boundary
condition with full displacement constraints was used
around the model to limit its horizontal displacement or
deformation. Table 3 lists the parameters used in the model.

3.3. Simulation Results

3.3.1. Changes in Stress Field during Fracture Propagation. As
the hydraulic fracture opens and expands, the stress field
around the hydraulic fracture changes. The hydraulic pres-
sure in the hydraulic fracture will mainly produce induced
compressive stress on both sides of the crack, called stress
shadow effect. The process of propagation of the dominant
hydraulic fracture also forms several small branches of
hydraulic fracture, but only one branch can become the main
hydraulic fracture. The other fractures close immediately,
which is caused by the stress shadow effect. We also observed
the change of stress during hydraulic fracture generation and
expansion by simulating hydraulic fracturing with horizontal
stress difference HSD = 9 MPa.

(1) Variation of the oy; and Shear Stress T. From Figure 8(a),
the effect of Hydraulic fracture expansion on oy was reflected
in a significant increase in a small area of the fracture tip
region and a smaller increase in other regions. oy; decreased
slightly on both sides of hydraulic fracture. From Figure 8(b),
it can be seen that the variation of the shear stress 7 is almost
0 at the fracture tip along the fracture length and in the
regions on both sides of the fracture. There were obvious
changes in shear stress on both tips of the fracture, and the
shear stress on both sides of the fracture end point increased
on one side and decreased on the other side, which made the
fracture end more susceptible to shear damage.

(2) Variation of the Minimum Horizontal Principal Stress oy,.
From Figure 8(c), it can be seen that gy, increased to various
degrees in the whole model area after the creation of hydrau-
lic fracture, especially on both sides perpendicular to the frac-
ture extension direction. The increase in o}, increased the
breaking pressure required to form other hydraulic fractures
around the initial fracture and narrowed the width of the
generated fractures, which was not conducive to the develop-
ment of other branch fractures in the same direction.

3.3.2. Main Fracture Morphology and Controlling Factors.
Figure 9 shows the morphology of hydraulic fracture when
five stress differences HSD =1 MPa, 3 MPa, 5 MPa, 7 MPa,
and 9Mpa were used in the numerical simulation in this
paper. Figures 9(a) and 9(b) show that HDS is small, the
expansion of hydraulic fractures was obviously affected by
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TaBLE 3: Input parameters for simulating hydraulic fracture
propagates in naturally fractured reservoirs.

Parameters Value
Young’s modulus 2.6 GPa
Poisson’s ratio 0.25
Formation effective permeability 2.6E*D
Porosity 8%
Pressure dependent leak-off coeflicient 1E™
Specific weight of injection fluid 9800
Fluid viscosity lcp
Tensile strength of intact coal 2MPa
Shear strength of intact coal 6 MPa
Tensile strength of natural fracture 0.55 MPa
Shear strength of natural fracture 1.75MPa
Fracture displacement 0.001 m
Injection rate 0.01 m*/s
Initial pore pressure 3.14 MPa

natural fractures, and the expansion path was relatively
curved. The length of hydraulic fractures on one wing was
obviously greater than that of the other wing. The length of
the fracture has obvious characteristics of asymmetric expan-
sion. Figures 9(c)-9(e) show the expansion path of the
hydraulic fracture under the condition of increasing HSD
which was straighter than that of Figures 9(a) and 9(b), and
the expansion of the hydraulic fracture was more balanced
in both wings.

The stress shadow effect of hydraulic fractures directly
affects fracture width, morphology, extension direction, and
fracture initiation pressure, which in turn affects the produc-
tion, recovery, and economic efficiency of horizontal well
fracturing design. Wang [12] pointed out that the stress
shadow effect and resistance-related fluid distribution were
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FIGURE 9: Hydraulic fracture morphology with different stress differences.

the main reasons why the hydraulic fractures do not form the ~ As shown in Figure 9(f), the hydraulic fracture morphology
expected “tree-like” hydraulic fracture network. Four possi-  of this simulation was in good agreement with the complex
ble fracture morphologies in the reservoir were predicted.  fracture morphology pointed out by Wang, and the hydraulic
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fracture consisted of a main fracture and a large number of
component branch fractures, with the tip of the main fracture
expanding in the opposite direction and the branch fractures
not fully developed.

Comparing the experimental results (Figure 5 (#2)) and
numerical simulation results (Figure 9(b)), when the HSD
=3 MPa, there is a more obvious angle deviation between
the fracture and oy. By comparing Figure 5 (#4) and
Figure 9(d), when HSD is 7MPa, the fracture expansion
direction tends to the direction of 0. The experimental
and simulation results verify that the in situ stress has an
obvious control effect on the horizontal principal stress. In
this simulation, when the local stress difference HSD > 5
MPa, that is, when K > 0.625, the fracture direction and oy
were relatively uniform. The results shown in Figure 9 also
demonstrate that the propagation of fractures in fractured
coal is obviously controlled by the in situ stress. Even when
a large number of natural fractures exist, the main propaga-
tion path has not completely changed. Especially when
HSD is large, the fractures tend to be single-plane fractures.
In the case of high stress difference, the control effect of frac-
ture propagation along the main stress direction is very
strong, while in the case of small stress difference, the exten-
sion direction of the main fracture is more obviously affected
by natural fractures.

3.3.3. Expansion Pattern of Hydraulic Fractures Encountering
Natural Fractures. The numerical simulation shows that
there are three forms of expansion when hydraulic fractures
encounter natural fractures: (1) stagnation of hydraulic frac-
tures after propagation along natural fractures; (2) the
hydraulic fracture extends in the natural fracture for a certain
distance, then extends out of the natural fracture and con-
tinues to expand; and (3) hydraulic fractures propagate
directly through natural fractures. Figure 9(a) shows the frac-
ture extension process when HSD =1MPa, the hydraulic

fracture in the upper part stagnates at the fracture along the
natural fracture surface while the hydraulic fracture in the
lower part continues to extend forward; Figure 9(b) shows
the fracture extension process for the case of HSD = 3 MPa.
The hydraulic fracture in the upper part first extends within
the fracture and then continues to extend forward from the
right boundary of the natural fracture. As shown in
Figure 9(c), the hydraulic fracture directly passes through
the natural fracture and expanded forward when the HSD
=5MPa, where the shear effect of the hydraulic fracture is
obvious. The HSD determines the form of hydraulic fracture
through the natural fracture when the approach angle is
large. Similarly, Figures 9(d) and 9(e) similarly show the
shearing effect of hydraulic fractures on natural fractures
under high stress conditions. The higher shearing effect
caused friction particles at the interface to plug some of the
fractures and thereby decrease the fracture permeability. This
situation is not conducive to the development of coalbed
methane.

3.3.4. Parametric Analysis on Fracture Propagation

(1) Effect of Elasticity Modulus. To investigate the effect of
elastic modulus on hydraulic fracturing, the elastic modulus
of coal was set to 2.6, 4.6, and 6.6 GPa, while the elastic mod-
uli of natural fracture were taken as 0.80 GPa, and the model
with HSD =5MPa was selected; the numerical results are
shown in Figure 10. As elastic modulus of coal increases,
the fracture fluid injection volume and maximum fracture
width of the main fracture decreased, and the length and
fracture pressure of the main fracture increased. The analysis
shows that the maximum fracture width of the main crack is
strongly correlated with the variation of the elastic modulus.
When the elastic modulus increased from 2.6 GPa to 4.6 GPa,
the maximum fracture width of the main fracture decreased
by about 37.0%, the fracturing fluid injection volume



Geofluids

70 o 80 14 100
1.2

60 70 9 o ~ Fos
E el g 5
=) = ) Ay
E = 1.0 & =
< o =} =
g 50 260 Qo =S 96 o
= - o 9 Z 2
& 5 9 @ [085 2
£ 3 +) g =
s 40 - & 50 o L 94 3B
& = (* ) = 5]
8 g 9 Q Lo6 2 =
= = = L
= = o s /M

30 40 = Fo2

o 0.4
o
Y o
20 30 ; ; ; ; ; 02 Loao
0.5 0.6 0.7 0.8 0.9 1.0

Tensile strength natural fracture (MPa)

—-@—- Major fracture length
—-@- Major fracture width

—-@- Fracture network volume
-@- Breakout pressure

FiGure 11: Effect of tensile strength of natural fractures on the expansion of hydraulic fractures.

604 80 15 112
-10.8

554 75 P
el - o 12 & =
g g’ / ) Cf
= £ o " £ 104 5
g 50 270+ S = o
= = g 5

5 =4 2

o g - 09 % F100 8
g2 .13 3 9 9 £ o
£ 454565 o 2 ]
5 2 Qo 9 ‘Qs) F9.6 <
= = 2 ]
s = ° H06 3 2

40 60 2

o 9.2
[}
o—o
354 55 , , , , 03 Lgs
0 2 4 6 8 10

—-@- Major fracture length
—-@- Major fracture width

Different horizontal in-suit stresses (MPa)

—-@- Fracture network volume
—@- Breakout pressure

FiGurg 12: Effect of HSD on hydraulic fracture extension.

decreased by about 23.9%, the main fracture length increased
by 13.5%, and the fracture pressure increased by 34.5%. This
is because the increase of the elastic modulus of the matrix
makes the fluid carry more energy into the fracture [30].

(2) Effect of Fracture Toughness on Fracture Propagation. In
order to study the effect of tensile strength of natural frac-
tures on hydraulic fracture extension, the tensile strength
values of simulated natural fractures were set to 0.55, 0.70,
0.85, and 1 MPa, and the shear strength value was set to be
5 times the tensile strength value, and the fracture strength
value of coal matrix was kept constant. Set HSD =7 MPa,
and the values of other parameters were chosen as shown
in Table 3. The calculated results (Figure 11) show that the

breaking pressure tends to increase with the increase of nat-
ural fracture tensile strength. The length and maximum
width of the primary fracture show a decreasing trend, while
the fracture volume also shows a decreasing trend. The total
volume of hydraulic fractures decreased with increasing ten-
sile strength of natural fractures, because the volume of frac-
tures within the coal matrix produced per unit energy is
smaller than that of hydraulic fractures extending within
the natural fractures [31-35].

(3) Effect of HSD on Fracture Propagation. To study the effect
of in situ stress difference on fracture extension, the HSD
were set to 1, 3, 5, 7, and 9 MPa, while keeping the other
parameters constant. The results of simulation are shown in
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FiGure 13: Effect of fracturing fluid injection rate on hydraulic fracture propagation.

Figure 12. With the increase of HSD, the length of the main
fracture tends to decrease, the width of the main fracture
and the volume of fracturing fluid injection increase, and
the change in the fracture pressure was not evident. The
length of the fracture tends to decrease as the stress difference
increases, which is caused by the flatter extension of the frac-
ture when the in situ stress difference increases. When the
HSD was large, especially greater than 5 MPa, the hydraulic
fracture became more flat and the complexity of the fracture
was reduced. The increase of the HSD has a great effect on
the fracture fluid injection volume and maximum fracture
width of the fracture, while other factors have little influence.
When the HSD increases from 1 MPa to 9 MPa, the injection
volume of fracturing fluid increases by 33.02%, the maxi-
mum fracture width increases by 34.31%, and the fracture
length of the main fracture decreases by 7.27%. This shows
that HSD controls the geometry of the fractures, and when
HSD is small, the angle between the fractures’ morphological
expansion and the maximum principal stress will increase
significantly. This is because the higher HSD increases the
initial shear stress in the coal seam, especially in locations
with natural fractures, where hydraulic fractures are more
likely to expand [36-38].

(4) Effect of Injection Rate on Fracture Propagation. In order
to explore the influence of injection rate of fracturing fluid on
hydraulic fracture propagation, the injection rate was set to
0.1, 0.2, 0.3, and 0.4 m’/min. Figure 13 shows the main geo-
metric parameters of hydraulic fractures in different injection
rates when the HSD was 5 MPa. The other parameters are
presented in Table 3. According to the data in Table 3, the
fracture pressure of the fracture has a tendency to increase
with the increase of the fracturing fluid injection rate. The
fracture volume and length have an obvious tendency to
decrease. Meanwhile, from the fracture morphology, the
hydraulic fracture is more developed in both wings when
the pumping rate is 0.1 m>/min. Also, the phenomenon that

one wing is fully expanded and the other is not exists when
the pumping rate was 0.2, 0.3, and 0.4 m’/min. Therefore,
the pumping speed of hydraulic fracturing was not conducive
to the formation of complex fracture network and the high
production of CBM when the pumping speed was too large,
which is consistent with the findings by the references in
the literature [39, 40].

In order to obtain better fracturing effect in industrial
field, appropriate stress difference should be utilized during
the fracturing process to ensure a larger volume of hydraulic
fracture. The stress difference should not be too low in order
to make the hydraulic fracture extend farther, pass through
more natural fractures, and obtain more complex fractures.
The injection rate should also not to be too high in order to
ensure that the volume of the hydraulic fracture is larger
and the hydraulic fracture extends farther [41, 42].

4. Conclusions

Understanding the law of hydraulic fracture propagation in
low-permeability CBM reservoirs with natural fractures is
essential for evaluating the complexity of hydraulic fractures
and improving the efficiency of CBM development. This
study uses a combination of experiments and numerical sim-
ulations to study the expansion pattern of hydraulic fractures
in fracture-bearing coal reservoirs. The following conclusions
can be drawn:

(1) The existence of stress shadow effect makes the
hydraulic fractures expand along the main fracture
trace, and the branch fractures close quickly without
extending too far. Complex fractures are the main
fracture morphology in naturally fractured CBM res-
ervoirs. It is difficult for hydraulic fractures to form a
complex tree-like seam network in coal reservoirs.
The stress shadow effect is caused by the increase of
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the minimum principal stress in the surrounding coal
of the hydraulic fracture

(2) The horizontal stress difference and natural fractures
jointly determine the overall shape of the hydraulic
fracture network. When HSD is small, the hydraulic
fractures are more complex and the morphology of
the hydraulic fractures is significantly influenced by
the natural fractures

(3) To ensure the efficiency of hydraulic fracturing, a res-
ervoir environment with a certain horizontal stress
difference under specific reservoir conditions can
ensure the increase of fractured reservoir volume
and the controllability of fracture expansion
direction. In order to increase the fractured reservoir
volume and fracture length, the pumping rate of frac-
turing fluid should not be too large
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