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Featured Application: This study can provide guidance for coal and coalbed methane mining
processes in multi-layered coal seams.

Abstract: Coalbed methane is not only a clean energy source, but also a major problem affecting the
efficient production of coal mines. Hydraulic fracturing is an effective technology for enhancing the
coal seam permeability to achieve the efficient extraction of methane. This study investigated the
effect of a coal seam reservoir’s geological factors on the initiation pressure and fracture propagation.
Through theoretical analysis, a multi-layered coal seam initiation pressure calculation model was
established based on the broken failure criterion of maximum tensile stress theory. Laboratory
experiments were carried out to investigate the effects of the coal seam stress and coal seam dip angle
on the crack initiation pressure and fracture propagation. The results reveal that the multi-layered
coal seam hydraulic fracturing initiation pressure did not change with the coal seam inclination when
the burial depth was the same. When the dip angle was the same, the initiation pressure linearly
increased with the reservoir depth. A three-dimensional model was established to simulate the
actual hydraulic fracturing crack propagation in multi-layered coal seams. The results reveal that the
hydraulic crack propagated along the direction of the maximum principal stress and opened in the
direction of the minimum principal stress. As the burial depth of the reservoir increased, the width of
the hydraulic crack also increased. This study can provide the theoretical foundation for the effective
implementation of hydraulic fracturing in multi-layered coal seams.
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1. Introduction

Nowadays, methane is the main threat to the increase of productivity in the coal industry [1].
The high gas pressure in coal seams may lead to coal and gas outburst accidents [2]. The rational use
of methane is as efficient and clean energy-coalbed methane (CBM), which mainly contains methane
and is an economical and promising solution for the global energy crisis [3]. Therefore, there is an
urgent need for developing CBM resources, which are abundant.

China has the most coal seams with low permeability, which make it difficult to achieve
rapid extraction compared with other countries (such as Australia and the United States) [4,5].
Low permeability severely restricts the extraction of methane in coal seams and also restricts the
speed of coal mining. Hydraulic fracturing is an efficient stimulation method of pressure relief and
permeability enhancement for strengthening the effect of methane drainage. Moreover, hydraulic
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fracturing has been applied to coal seam pressure relief to prevent coal mine gas outburst accidents [6,7].
Presently, existing research on hydraulic fracturing in coal mines mainly concerns on-site practical
applications. The occurrence of coal seams in different mines is variable, and a single theory cannot
explain the complicated and variable coal seam hydraulic fracturing process.

Researchers have investigated theoretical and technological approaches toward enhancing the
permeability of coal seams. In the last century, researchers proposed the theory of tensile failure
induced by hydraulic fracturing caused by stress concentration in the wall. The analysis of the
circumferential tensile stress of the borehole wall has indicated that the circumferential tensile stress
of the borehole wall increases with the liquid pressure in the wellbore. The cracks initiate when the
tensile stress exceeds the tensile strength of the hole wall rock [8–10]. The fracture condition of the coal
around the borehole wall of the horizontal bedding layer is established based on the maximum tensile
stress failure criterion, and the formula for the critical value of the coal fracturing crack initiation
pressure can be derived [11,12]. Several theoretical models have been proposed for predicting the
fracture initiation pressure for different pore pressure conditions and rock properties [13,14]. Through
hydraulic fracturing experiments in soft rock, it has been found that the confining pressure and
fracturing fluid properties determine the effect of hydraulic fracturing [15]. Many factors such as high
injection pressure exert a certain influence on the hydraulic fracturing efficiency [16]. The influence of
the pre-fracture shear strength on the propagation of hydraulic fracture was investigated [17]. Over the
past decades, considerable research effort has been directed toward investigating the mechanics of
hydraulic fracturing [18]. Computer simulation technology has been used to simulate hydraulic
fracturing in coal seams [19–21]. For example, the effect of natural fractures on hydraulic fracturing
has been investigated by analyzing the characteristics of the crack radius, crack number, and growth
rate of cracks versus the injection time using PFC2D [22].

Hydraulic fracturing technology of inclined coal seams has been extensively investigated, and
many theories of hydraulic fracturing initiation have guided the safe production of coal mines, which
effectively supports economic development. Zhang studied the effect of the maximum principal stress
or intermediate principal stress on initiation and propagation of fractures [23]. The borehole stress
has been analyzed through coordinate transformation, revealing the initiation pressure, initiation
location, and initiation direction of inclined well [24,25]. The crack initiation mechanism of penetrating
boreholes in vertical seams was studied by analyzing the horizontal principal ground stresses [26].
However, many mining areas in China, such as Songzao, have multiple coal seam layers and a large
burial depth and dip angle range. The crack initiation and extension law during the fracturing of these
coal seams have not been clarified, which results in the uninformed selection of fracturing parameters
and drilling arrangement. Drilling an inclined crossing borehole in a multi-layered coal seam and
then performing hydraulic fracturing is an effective method for increasing the permeability of the
abovementioned coal seams, as shown in Figure 1.

The relationship between the extended pressure with internal pressure cracks, and the original
geo-stress field and mechanical properties of the surrounding rock have been obtained. The minimum
fracture pressure of hydraulic fracture initiation in rock mass has also been obtained [27]. According
to previous studies, the geo-stress has a controlling effect on the vertical propagation of hydraulic
fractures. As the minimum horizontal principal stress of the adjacent layer increases, it is difficult for
hydraulic fractures to penetrate the adjacent layers [28]. Numerical simulation based on the finite
element method have been used to solve the problem of natural cracking in wellbores under different
geo-stress conditions. The cracking pressure and influence of geo-stress on the cracking position have
been analyzed [29,30]. This study mostly focused on a single coal seam, and investigated the hydraulic
fracturing of coal seams under complex conditions (multi-layered and soft-layered), which has been
poorly researched.
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Figure 1. Relative position of crossing borehole and coal seam.

Therefore, the objective of this study was to clarify the abovementioned theoretical mechanisms.
The theoretical analysis of the cracking pressure of the borehole wall in a multi-layered coal seam was
carried out. The hydraulic fracture testing of the coal seam was carried out by simulating different
burial depths and dips to investigate the cracking pressure, cracking position, and crack propagation
of the coal seam. The results of this paper can be useful as theoretical guidelines for the development
of coalbed methane in complex coal reservoirs.

2. Analysis of Crack Initiation Pressure of Inclined Crossing Borehole Wall

2.1. Analysis of Stress Distribution in Inclined Borehole

To analyze the stress of the rock surrounding an inclined borehole, it is necessary to convert the
original rock stress distribution into the axial and radial stress distribution of the borehole. A coordinate
system (σv, σH, σh) consistent with the direction of the three-way principal geo-stress was established.
Additionally, a Cartesian coordinate system (x, y, z) was established in a section of the borehole, where
the Oz axis corresponds to the central axis of the borehole, and Ox and Oy are located along the planes
perpendicular to the central axis of the borehole. The coordinate transformation of the central axis of
the borehole is shown in Figure 2.
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Figure 2. Coordinate transformation of drilling central axis.

According to Figure 2, after transforming the principal geo-stress system (σv, σH, σh) into the
borehole rectangular coordinate system (x, y, z), the following stress transformation expression can be
obtained [31]: 

σx =
(
σH cos2 α+ σh sin2 α

)
cos2 β+ σv sin2 β

σy = σH sin2 α+ σh cos2 α

σz =
(
σH cos2 α+ σh sin2 α

)
sin2 β+ σv cos2 β

(1)

where σv, σH, and σh are the stress components of the borehole cross-section coordinate system; α is
the angle between the borehole azimuth and σH; and β is the angle between the borehole center axis
and σv.

2.2. Stress Distribution of Rock Surrounding Wall of Inclined Borehole

Presently, most coal mines use hydraulic fracturing by a crossing borehole. It is assumed that the
borehole wall of the crossing borehole cracks along a certain section under the action of water injection
pressure and original stress. At this time, the stress distribution of the section can be treated as a plane
strain problem, as shown in Figure 3.
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The stress distribution can be obtained by superimposing the compressive stress in the radial
direction of the borehole section and the stress component generated by the water injection pressure.
The stress distribution at a certain point of the radial section of the borehole section is expressed as
follows [26]:  σr =

σx+σy
2

(
1− R2

r2

)
+

σx−σy
2

(
1− 4R2

r2 + 3R4

r4

)
cos 2θ+ pR2

r2

σθ =
σx+σy

2

(
1 + R2

r2

)
−
σx−σy

2

(
1 + 3R4

r4

)
cos 2θ− pR2

r2

(2)

where σr and σθ are the radial stresses and tangential stress at any point in the rock surrounding the
borehole; R is the radius of the borehole; r is the distance from any point to the center of the borehole;
θ is the direction angle of a certain measuring point; and p is the injection pressure of water.

The stress distribution at a point along the radial surrounding rock of the borehole section under
the three-way geo-stress and injection pressure of water can be obtained as follows [32]:

σr =
pR2

r2 +
(σH cos2 α+σh sin2 α) cos2 β+σv sin2 β+σH sin2 α+σh cos2 α

2

(
1− R2

r2

)
+
(σH cos2 α+σh sin2 α) cos2 β+σv sin2 β−σH sin2 α−σh cos2 α

2

(
1− 4R2

r2 + 3R4

r4

)
cos 2θ

σθ = −
pR2

r2 +
(σH cos2 α+σh sin2 α) cos2 β+σv sin2 β+σH sin2 α+σh cos2 α

2

(
1 + R2

r2

)
−
(σH cos2 α+σh sin2 α) cos2 β+σv sin2 β−σH sin2 α−σh cos2 α

2

(
1 + 3R4

r4

)
cos 2θ

(3)

2.3. Analysis of Crack Initiation Pressure of Multi-Layered Coal

Because the tensile strength of the rock mass is much smaller than the compressive strength,
the failure criterion of the surrounding rock fracture of the borehole considers the maximum tensile
stress theory [33]. Under the combined action of water injection pressure and geo-stress, the tensile
stress generated at a certain position of the surrounding rock of the borehole exceeds the tensile
strength of the rock mass, and cracking occurs. In other words, the water injection pressure needs to
overcome the tangential stress of the surrounding rock when cracking occurs to avoid stretch damage
to the borehole wall.

2.3.1. Analysis of Cracking Pressure When Cracking Occurs along Radial Direction of Borehole

The cracking of the surrounding rock starts from the wall surface of the borehole. According to
Equation (3), the tangential stress along the radial wall of the borehole section under the triaxial stress
and water injection pressure can be obtained, as follows:

σθ = −p +
[(
σH cos2 α+ σh sin2 α

)
cos2 β+ σv sin2 β+ σH sin2 α+ σh cos2 α

]
−2

[(
σH cos2 α+ σh sin2 α

)
cos2 β+ σv sin2 β− σH sin2 α− σh cos2 α

]
cos 2θ

(4)

It is assumed that the maximum horizontal principal stress is consistent with the coal seam
tendency, while the minimum horizontal principal stress is consistent with the coal seam trend.
The azimuth of the borehole is assumed to crack along the axial layer of the borehole when the coal is
fractured, and the influence of the radial stress of the borehole can be ignored.

σθ =
(
σH cos2 β+ σv sin2 β+ σh

)
− 2

(
σH cos2 β+ σv sin2 β− σh

)
cos 2θ− p (5)

When 0 ≤ θ ≤ 180◦, only θ = 0 and θ = 90◦ result in an extreme tangential stress value. Therefore,
the tangential stress is considered only with the direction angle and extreme values in both cases. σθ=0 = 3σh − σH cos2 β− σv sin2 β− p

σθ=90 = 3
(
σH cos2 β+ σv sin2 β

)
− σh − p

(6)



Appl. Sci. 2020, 10, 1153 6 of 15

For the borehole wall to crack, |σθ| > σt must be satisfied, where σt is the tensile strength of the coal
seam. Because each coal layer has a different tensile strength, σti is considered as the tensile strength of
the ith coal layer, min{σti} is the minimum coal layer tensile strength, 1 ≤ I ≤ n, and n is the coal layer
number. Then, the cracking pressure must satisfy the following conditions: pθ=0 > 3σh − σH cos2 β− σv sin2 β+ min{σti}

pθ=90 > 3
(
σH cos2 β+ σv sin2 β

)
− σh + min{σti}

(7)

Therefore, when only the radial cracking is analyzed, the cracking pressure of the borehole wall
can be expressed as follows:

p1 = min

 3σh −
(
σH cos2 β+ σv sin2 β

)
+ min{σti},

3
(
σH cos2 β+ σv sin2 β

)
− σh + min{σti}

 (8)

2.3.2. Analysis of Cracking Pressure When Cracking Occurs along Axial Direction of Borehole

The drilling inclination angle is β, the angle between the borehole and the normal direction of the
coal seam is γ = β − ϕ, and, according to the axial stress σz of the borehole in Equation (1), the normal
stress Pf on the coal layer can be obtained as follows:

p f =
[(
σH cos2 α+ σh sin2 α

)
sin2 β+ σv cos2 β

]
cos(β−φ) (9)

When α = 0:
p f =

(
σH sin2 β+ σv cos2 β

)
cos(β−φ) (10)

If the coal seam fracture occurs along the axial direction of the borehole, the water injection
pressure P must overcome the normal stress Pf and the cohesive force C of the coal layer to cause
damage to the coal layer. Let us consider Ci as the cohesive force of the ith coal layer, and min{Ci} as
the minimum cohesive force between the layers, where n is the number of coal layers. According to
Equation (10), the water injection pressure when the borehole is cracked in the axial direction can be
satisfied as follows:

p2 =
(
σH sin2 β+ σv cos2 β

)
cos(β−φ) + min{Ci} (11)

To achieve multi-layered coal cracks initiated by axial or radial cracks, different water injection
pressure conditions must be satisfied. The water injection pressure calculation model of the multi-layer
coal seam can be established as follows:

p = min
{
p1, p2

}
= min


3σh −

(
σH cos2 β+ σv sin2 β

)
+ min{σti},

3
(
σH cos2 β+ σv sin2 β

)
− σh + min{σti},(

σH sin2 β+ σv cos2 β
)

cos(β−φ) + min{Ci}

 (12)

where σv is the vertical principal stress, σH is the maximum horizontal principal stress, and σh is the
minimum horizontal principal stress.

From the above formula, it follows that the initiation pressure is affected by the coal seam
geo-stress, dip angle, coal tensile strength, interface cohesive force, and borehole angle.

3. Hydraulic Fracturing Experiment

3.1. Experimental Apparatus

The experimental apparatus used to conduct the hydraulic fracturing simulation was a triaxial
simulation system. As shown in Figure 4, the apparatus comprised a large stress loading system,
pressurization system, injection system, data acquisition system, and computer control system.
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3.2. Experimental Design

The model was compared with the coal seam in Songzao, and the experiment was designed
according to the geometric similarity, weight similarity, and geo-stress similarity; the similarity constant
of stress was 7.6. The physical and mechanical properties of the experimental samples are listed in
Table 1. The experimental parameters and experimental program were designed as shown in Table 2.
To investigate the effects of the coal layer’s depth and dip angle on the propagation of hydraulic
fractures, the experimental specimens were multi-layered and in different stress states.

Table 1. Physical and mechanical properties of samples.

Material Name Quality Ratio γ
/kN/m−3

σc
/MPa

σt
/MPa

Hard layer of coal seam Pulverized coal:cement:gypsum = 3:3:1 1.9 7.01 0.66
Soft layer of coal seam Pulverized coal:soil = 3:1 1.3 3.67 0.45

Table 2. Hydraulic fracturing simulation experiment for multi-layered samples.

Number Simulation Depth σv/σH/σh/MPa Coal Seam Dip/◦ Fracturing Fluid

#1 300 1.07/1.07/0.64 0 Water
#2 400 1.42/1.42/0.85 0 Water

#3a 500 1.78/1.78/1.07 0 Water
#3b 500 1.78/1.78/1.07 10 Water
#3c 500 1.78/1.78/1.07 20 Water
#3d 500 1.78/1.78/1.07 30 Water
#3e 500 1.78/1.78/1.07 40 Water
#3f 500 1.78/1.78/1.07 50 Water
#4 600 2.13/2.13/1.28 0 Water
#5 700 2.49/2.49/1.49 0 Water
#6 800 2.84/2.84/1.71 0 Water
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3.3. Specimen Preparation

Pulverized coal was collected from the M8 coal seam in the Songzao coal mine in southwest China.
Multi-layered specimens with a hard layer and soft layer and different component ratios were made
in the laboratory, as shown in Figure 5. Multi-layered coal seam specimens with different coal seam
inclination angles were made. The specimen size was 300 mm × 300 mm × 300 mm, and each specimen
had a soft coal layer sandwiched between two hard coal layers; each layer thickness was 100 mm.
Subsequently, the steel tube was fixed to the center hole to simulate the crossing borehole. The front
end of the fracturing drill pipe was connected to a screen tube such that high water pressure could be
applied to the coal seam. The non-open borehole section was cemented using a specific chemical glue.
The process of producing the multi-layer coal seam samples is shown in Figure 6.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 8 of 16 

#3b 500 1.78/1.78/1.07 10 Water 
#3c 500 1.78/1.78/1.07 20 Water 
#3d 500 1.78/1.78/1.07 30 Water 
#3e 500 1.78/1.78/1.07 40 Water 
#3f 500 1.78/1.78/1.07 50 Water 
#4 600 2.13/2.13/1.28 0 Water 
#5 700 2.49/2.49/1.49 0 Water 
#6 800 2.84/2.84/1.71 0 Water 

3.3. Specimen Preparation 

Pulverized coal was collected from the M8 coal seam in the Songzao coal mine in southwest 
China. Multi-layered specimens with a hard layer and soft layer and different component ratios were 
made in the laboratory, as shown in Figure 5. Multi-layered coal seam specimens with different coal 
seam inclination angles were made. The specimen size was 300 mm × 300 mm × 300 mm, and each 
specimen had a soft coal layer sandwiched between two hard coal layers; each layer thickness was 
100 mm. Subsequently, the steel tube was fixed to the center hole to simulate the crossing borehole. 
The front end of the fracturing drill pipe was connected to a screen tube such that high water pressure 
could be applied to the coal seam. The non-open borehole section was cemented using a specific 
chemical glue. The process of producing the multi-layer coal seam samples is shown in Figure 6. 

 

Figure 5. Specimen design. 

 

Figure 6. Specimen preparation. 

3.4. Experimental Procedure 

Figure 5. Specimen design.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 8 of 16 

#3b 500 1.78/1.78/1.07 10 Water 
#3c 500 1.78/1.78/1.07 20 Water 
#3d 500 1.78/1.78/1.07 30 Water 
#3e 500 1.78/1.78/1.07 40 Water 
#3f 500 1.78/1.78/1.07 50 Water 
#4 600 2.13/2.13/1.28 0 Water 
#5 700 2.49/2.49/1.49 0 Water 
#6 800 2.84/2.84/1.71 0 Water 

3.3. Specimen Preparation 

Pulverized coal was collected from the M8 coal seam in the Songzao coal mine in southwest 
China. Multi-layered specimens with a hard layer and soft layer and different component ratios were 
made in the laboratory, as shown in Figure 5. Multi-layered coal seam specimens with different coal 
seam inclination angles were made. The specimen size was 300 mm × 300 mm × 300 mm, and each 
specimen had a soft coal layer sandwiched between two hard coal layers; each layer thickness was 
100 mm. Subsequently, the steel tube was fixed to the center hole to simulate the crossing borehole. 
The front end of the fracturing drill pipe was connected to a screen tube such that high water pressure 
could be applied to the coal seam. The non-open borehole section was cemented using a specific 
chemical glue. The process of producing the multi-layer coal seam samples is shown in Figure 6. 

 

Figure 5. Specimen design. 

 

Figure 6. Specimen preparation. 

3.4. Experimental Procedure 

Figure 6. Specimen preparation.

3.4. Experimental Procedure

To simulate the process of hydraulic fracturing, the wellbore direction was vertical to the face, and
at an angle to the mezzanine. To prevent the mechanical shear failure of the specimen, which is caused
by triaxial stress loading, the three-dimensional stresses were simultaneously loaded. The pressure
and flow data acquisition system was turned on, and the hydraulic fracturing test was initiated after
the high-pressure water pump was turned on.

For convenient crack observation, a yellow agent was mixed with the fracturing fluid to enhance
the detection of hydraulic fracturing. The pump was turned off when the injection pressure became
stable, and the yellow agent overflowed from the specimen. At the end of the test, the specimen was
removed and the crack distribution was observed after the specimen had fractured.
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3.5. Results and Analysis

3.5.1. Influence of Geo-Stress on Coal Seam Hydraulic Fracturing

The experimental results reveal that, when there existed a difference between the vertical stress
and the dip angle, the initiation pressure of the coal seam was different, and the variation of water
injection pressure during fracturing could approximately reflect the three stages of hydraulic fracturing,
as shown in Figure 7.
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As shown in Figure 7, the hydraulic fracturing process is divided into three processes: the initial
stage, crack initiation, and crack propagation. In the initial stage of hydraulic fracturing, that is, in the
stress accumulation stage, the water injection pressure and flow rate slightly and steadily increased.
When the stress of the borehole wall reached a certain value, the water injection pressure rapidly
increased and reached the peak value. At this time, the tangential stress, which was formed by the water
injection pressure around the borehole wall, was greater than the tensile strength of the multi-layered
coal seams, and the original gap in the coal seam opened to form the initial crack. The initial cracks
penetrated each other under the action of water pressure. At this stage, a fracture started forming in
the coal seam, and the flow rapidly increased to the peak flow. The deepest part of the tracer color in
the figure indicates the cracking location. In the stage of crack propagation, as the water injection was
filled again while the crack had formed in the coal seam, the crack continued to expand and formed a
through fracture.
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The cracking location of a multi-layer coal seam is always in the soft layer under different stress
states. In the test, the angle between the fracture hole and the vertical direction was zero, and the
tensile strength σti of each coal was obtained through experiments. The cohesion force Ci was selected
according to the existing test data. According to Equation (12), the initiation pressure of coal fracturing
was theoretically calculated, as shown in Figure 8. In multi-layer coal seams, the in-situ stress has an
effect on hydraulic fracturing. As the depth and stress increase, the cracking pressure of the multi-layer
coal seam increases in an approximately linear manner. The experimental results and theoretical
calculation results are in good agreement.
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3.5.2. Influence of Coal Seam Dip Angle on Hydraulic Fracturing

Five types of typical multi-layer coal seam specimens were used in the hydraulic fracturing
experiment. The crack initiation pressure and initiation location were recorded as they evolved with
time. Moreover, the theoretical calculation results for the initiation pressure with different coal seam
dips was obtained (Figure 9) using Equation (12). Thus, the evolution of the crack initiation pressure
and crack initiation location can be observed for different coal seam dip angles.Appl. Sci. 2020, 10, x FOR PEER REVIEW 11 of 16 
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As can be seen in Figure 9, the theoretical and actual crack initiation pressures hardly changed
with the dip angle of the coal seam in the coal seam inclination range (0–50◦). The network crack was
formed in the near horizontal coal seam, and an obvious main crack did not exist. In the inclined coal
seam, an obvious main crack could easily form. As the dip angle increased, the network crack around
the main crack gradually decreased.

4. Three-Dimensional Numerical Simulation of Hydraulic Fracturing

This paper proposes a three-dimensional finite element model. Factors such as the in-situ stress,
initial coal seam status, initial fluid density, and fluid leaking were considered. Additionally, the process
of hydraulic fracturing in multi-layer coal seams was simulated with consideration to different depths.

4.1. Simulation Model and Parameters

A three-dimensional model was constructed to simulate the true hydraulic fracturing of
multi-layered coal seams in coal mines using the ABAQUS finite element software. Figure 10
shows the schematic of the 3D model. The dimensions of the model were 60 m, 50 m, and 100 m in the
X, Y, and Z direction, respectively. The hard coal layer and soft coal layer were assumed to be fully
bonded. Two potential fracture propagation faces with cohesive unit properties were set to observe
the interaction between the adjacent hard and soft layer hydraulic fractures [34]. The maximum
principal stress occurred along the X direction, while the minimum principal stress occurred along the
Z direction. The initiating point was located at the center of the coal seam. To improve the accuracy
of the simulation results, local grid refinement was carried out to define the grids of the hydraulic
fractures and multi-layered coal seams. The parameters used in the model are listed in Table 3.
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Table 3. Model parameters.

Items Unit Hard Coal Layer Soft Coal Layer

Elastic modulus GPa 2.2 0.4

Poisson’s ratio 0.39 0.15

Geo-stress σ x/σ y/σ z(300 m)

MPa

5/8/10 5/8/10
Geo-stress σ x/σ y/σ z(400 m) 7/11/13 7/11/13
Geo-stress σ x/σ y/σ z(500 m) 8/13/15 8/13/15
Geo-stress σ x/σ y/σ z(600 m) 10/16/18 10/16/18
Geo-stress σ x/σ y/σ z(700 m) 13/19/21 13/19/21
Geo-stress σ x/σ y/σ z(800 m) 15/21/23 15/21/23

Permeability coefficient m/s 1 × 10−7 1 × 10−7

Fluid leak off 1 × 10−14 1 × 10−14

Pore ratio 0.2 0.2

Fluid gravity N/m3 9800 9800

Saturation 1.0 1.0

2D flow m2/s 0.01 0.01

Liquid viscosity Pas 0.001 0.001

4.2. Simulation Results and Analysis

The following conclusions were drawn from the simulation results:

(1) The cracking location of the hydraulic fracturing in the multi-layered coal seam was always
in the soft coal layer. When the depth was 300 m, the initiation pressure of the multi-layered
coal seam was 12.6 MPa. When the depth reached 800 m, the initiation pressure was 27.5 MPa,
which marks an increase of 2.2 times. Figure 11 shows the variation of the initiation pressure
of the multi-layered coal seam under different depths and geo-stress states. As can be seen, the
initiation pressure of the multi-layered coal seam linearly increased with the increase of the coal
seam depth. As shown in Figure 11, the theoretical calculation results are in good agreement with
the numerical simulation results.

(2) The hydraulic fracturing cracks occurred along the X direction (minimum principal stress direction)
in the soft coal layer, and propagated along the Z direction (maximum principal stress direction),
without penetrating the hard coal layer. The direction of hydraulic fracture propagation in
multi-layer coal seams is consistent with that of single coal seam. The half width of the fracture
was approximately 0.02 m at different coal seam depths, when the water injection time was 20 s.
When the water injection time reached 300 s, the half width of the fracture in the multi-layered
coal seam with a simulated depth of 300 m was 0.033 m, and the half width of the fracture in the
multi-layered coal seam with a simulated depth of 800 m was 0.063 m (Figure 12). As the burial
depth and three-dimensional geo-stress increased, the width of the hydraulic fractures in the soft
layer of the multi-layered coal seam significantly increased. The research results are similar with
the rules shown in Reference [35].
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In this study, the minimum crack initiation pressure of a multi-layered coal seam was theoretically
derived. Additionally, a triaxial hydraulic fracturing simulation experiment for the multi-layered
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coal seam was carried out to verify the accuracy of the theoretical model, and a three-dimensional
multi-layered coal seam model was established to investigate the hydraulic fractures.

The calculation model of the initiation pressure was established with consideration to factors
such as the in-situ stress, tensile strength, and coal seam inclination of the multi-layered coal seam.
The calculation and simulation experiment results reveal that the in-situ stress conditions had a
significant impact on the initiation pressure for the hydraulic fracturing of the multi-layered coal seam.

At the coal seam inclinations of 0–50◦ and depths of 300–800 m, the initiation pressure did not
change with the change of the coal seam inclination angle, and the initiation pressure linearly increased
with the burial depth. The experimental results are consistent with the theoretical calculation results.

The fracture initiation location of the hydraulic fracture cracks in the multi-layered coal seam
was located in the soft coal layer and extended along the maximum principal stress direction. As the
dip angle increased, the hydraulic fracturing cracks in the multi-layered coal seam transitioned from
complex fracture networks to single main fractures.
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