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A B S T R A C T

Hydraulic fracturing operation as an effective enhancing coalbed gas production method is widely used in ultra-
low permeability coal seam. However, complex geo-stresses and high heterogeneity between natural cleats
structure lead to difficulty predicting hydraulic fracture patterns. Fracture evolution behavior for fracturing
operation in coal seams requires a better understanding. In this study, a 2D model of hydraulic fracture prop-
agation was built based on the cohesive zone model of finite element method. The effect of orthogonal cleat
system, in-situ stress, dig angle and construction parameters on fracture geometries were main investigated. The
main conclusions were as follows: (1) According to the interaction types between hydraulic fracture and cleat
system, ladder-shaped fracture and H-shaped fracture geometry was summarized. The difference between them
was whether there were continuous and small pressure fluctuation stages. (2) When the horizontal stress dif-
ference coefficient was lower and larger than 3/12, fracture geometry was prone to present Н shape and ladder
shape respectively. Besides, the dimensionless fracture length and the dimensionless fracture extension aspect
ratio of fracture were increasing with larger horizontal stress difference coefficient. (3) The favorable condition
for fracture extension was that the dig angle was 45◦. Hydraulic fracture tended to propagate along face cleats
direction. (4) Larger fracture fluid displacement was beneficial to form more balanced hydraulic fracture ge-
ometry and promote large extension scale. As fracture fluid viscosity increased, the fracture geometries trans-
formed from ladder shape to H shape.

1. Introduction

Hydraulic fracturing as artificial stimulation technology has wide
application in ultralow permeability and porosity reservoir. Fracture
geometry and extension scale have significant influence on the exploi-
tation of unconventional natural gas, which are also important points for
hydraulic fracturing design and optimization, well pattern arrangement
and well spacing determination (Cipolla et al., 2010; Huang et al., 2020;
Zhang et al., 2022; Feng et al., 2020; Sarkar et al., 2008). Coalbed
methane as a typical unconventional gas resource is rich in coalbed
reservoir. However, enhancing coalbed gas production through hy-
draulic fracturing operation faces huge challenges and field problems.
Coalbed reservoir as fracture-developed strata, artificial fractures were
prone to extended along natural fracture direction, which caused limited
fracture extension scale and low single well production Moreover,

natural characteristics, such as low hardness, low tensile strength, low
permeability and porosity, lead to difficult in fracture extension and
limited fracture width (Zhang et al., 2018; Clarkson, 2013; He et al.,
2023; Huang et al., 2024).

To better understand the mechanism of evolution of hydraulic frac-
ture in coal seams, the physical and mechanical properties of coal rock
has been tested and hydraulic fracture extension models based on
experimental and numerical research has been proposed in the recent
years. Coalbed reservoir belonged to pores-fracture double medium
strata and coal rock had unique orthogonal cleat system through the
observation of underground cores (Laubach et al., 1998; Solano-Acosta
et al., 2007). The types and distribution of cleat system impacted on
mechanical properties and permeability anisotropy. Face cleats and butt
cleats were basic fracture types in coal and they were roughly vertical
and interconnected with each other. Coalbed methane mainly migrated
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to the well through face and butt cleats (Fan et al., 2014; Abass et al.,
1991). Since the connectivity and density of face cleats were greater
than butt cleats, the permeability of face cleats was usually higher than
that of butt cleats (Raza et al., 2019). In terms of mechanical properties
of coal rock, Li et al. (2000) proved that coal had typical characteristics,
such as low elastic modulus, high Poisson’s ratio, high brittleness and
easily breaking and compressing. Affected by the coal rock size and
natural fracture development degree, the experimental results about
rock mechanical properties presented large discreteness and obvious
anisotropy (Unrug et al., 1985; Huang et al., 2019; Tan et al., 2024). In
addition, the uniaxial compressive strength and elastic modulus along
face cleats direction was much greater than these along butt cleats di-
rection. Coal metamorphic degree also had certain impact on tensile
strength (Wu et al., 2020).

The hydraulic fracture growth in fractured reservoir has been widely
studied through physical laboratory experiment. Since fracture exten-
sion direction was highly related with natural fracture distribution and
density, in-situ stress and rock mechanical properties, the fracture ge-
ometries tended to become more complicate, such as T-shaped, offset,
branched or multiple fractures (Tan et al. 2017, 2020; Wan et al., 2019;
Zou et al., 2016a; Abdelaziz et al., 2023). Abass et al. (1991) found
fracture geometry presented multi-branch fracture network connecting
cleat system in coal strata instead of single plane fracture. Tan et al.
(2019) pointed out that there was high pumping pressure during hy-
draulic fracturing operation, since lots of pulverized coal migrating into
the fracture and multiple fractures near the wellbore, and then these
would increase fracturing fluid flow resistance. By using the analogical
method, Fan et al. (2014) use concrete material as an analogue for coal
rock and found that pumping pressure continued to fluctuate when
natural fractures were activated and opened.

In the aspect of numerical modelling, many simulation methods,
such as finite element method, extended finite element method,
displacement discontinuity method, discrete element method and phase
field method, can be used to simulate fracture extension (Khisamitov
and Meschke, 2021; Zou et al., 2016b; Tang et al., 2019; Wang et al.,
2022; Zheng et al., 2022). Compared with other simulation methods, the
cohesive zone model (CZM) as a dominant method in the FEM was
employed widely. CZM could simulate fracture evolution by presetting a
fracture path zone, whose constitutive model was defined by a
traction-separation law. This method could avoid the problem of stress
singularity at the fracture tip in linear elastic material (Hwang et al.,
2019). Guo et al. (2015) built a 2D fracturing simulation model using
CZM to simulate the interaction patterns between artificial fracture and
natural fracture. Tan et al. (2021) studied the fracture extension
behavior when propagating through transition zone by utilizing the
XFEM and CZM. Carrier and Granet (2012) and Wang (2019) developed
a tool to realize global zero thickness pore pressure cohesive zone
(PPCZ) element, therefore hydraulic fracture could extend along arbi-
trary direction. However, many numerical studies ignored the effect of
cleat systems on fracture extension, resulting in simple and fracture
geometries in coal seams.

In this study, a 2D model of hydraulic fracture was built with the
consideration of natural fractures in coal seam. The effect of cleat sys-
tem, in-situ stress, dig angle and construction parameters on fracture
patterns were main investigated. In addition, dimensionless fracture
length (DFL), dimensionless fracture extension aspect ratio (DFEA) and
fracture length were defined to quantitatively analyze fracture propa-
gation characteristics, the fluctuation features of pumping pressure and
fracture width of injection node were summarized, according to
different hydraulic fracturing operation stage.

2. Methods

2.1. Fluid-solid equations

Rock as a porous medium is composed of rock matrix and pore

structure. Equilibrium is expressed by writing the principle of virtual
work for the volume, which is shown in Eq. (1) (Reddy, 2019). Fluid is
distributed in porous space and fracture void. The continuity equation of
fluid flow in porous media is written as Eq. (2) (Zhao et al., 2018). In
addition, the fluid flow behavior can be expressed by Darcy’s law Eq. (3)
(Mohammadnejad and Khoei, 2013).
∫
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∫
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f ⋅δvdV (1)

∫

V

1
J

∂
∂t
(Jρwnw)dV+

∫

V

∂
∂x

⋅ (ρwnwvw)dV= 0 (2)

vw = −
1

nwgρw
k⋅
(

∂pw

∂x
− ρwg

)

(3)

2.2. Constitutive equation of element

The description of rock matrix deformation process can use linear-
elastic equation and namely the stress is proportional to the strain.
The equitation is showed below:
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where E, V, G are elastic modulus, Poisson’s ratio and shear modulus. εx,
εy, εz and γx, γy, γz are the normal strain and shear strain in three
directions.

Before the cohesive element presents damaged condition, the stress-
strain relationship is satisfied the following Eq. (5).
⎡

⎣
σn
ts
tt

⎤

⎦=

⎡
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Enn Ens Ent
Ens Ess Est
Ent Est Ett

⎤

⎦

⎡

⎣
εn
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εt

⎤

⎦=Eε (5)

where σn, τs and τt are the force applied to cohesive surface in the
normal and two shear directions, MPa. εn, εs and εt are the strain in
three directions.

2.3. Damage initiation and evolution in cohesive element

As shown in Fig. 1, there are two serial processes in CZM, fracture

Fig. 1. Damage criterion for cohesive element.
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initiation and evolution, which is simulated by traction-separation
constitutive laws (Zhao et al., 2018).

Maximum nominal stress rule is used to identify whether fracture
starts opening or not, which are showed in Eq. (6) and Eq. (7) (Zhao
et al., 2018).

max
{

〈σn〉
σmax

n
,

τs

τmax
s

,
τt

τmax
t

}

= 1 (6)

〈σn〉=
{

σn σn ≥ 0
0 σn < 0 (7)

stiffness evolution of cohesive element can be described as linear loading
and linear degeneration, which is showed by Eq. (8) and Eq. (9).

tn =

{
(1 − D)tn tn ≥ 0

tn tn < 0

ts = (1 − D)ts
tt = (1 − D)tt

(8)
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δf

m
(
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m − δo
m
)

δmax
m

(
δf

m − δo
m

) (9)

2.4. Fluid flow in cohesive element

The description of rock matrix deformation process can use linear-
elastic equation and namely the stress is proportional to the strain.
The equitation is showed below:

Fluid flow process, including tangential flow in fracture void and
seepage process from fracture void to rock porous space (Fig. 2), can be
summarized by Eq. (10) and Eq. (11), respectively (Gonzalez et al.,
2015).

q=
w3

12μ∇p (10)

{
qt = ct(pi − pt)

qb = cb(pi − pb)
(11)

3. Model establishment and verification

3.1. Model establishment

Cleats were extremely developed in coal seams and there was huge
difference between the butt and face cleats in the aspect of mechanical
properties. To investigate the influence of cleat system on fracture ge-
ometry evolution, butt and face cleats was assigned different mechanical
parameters. Then the effect of in-situ stress, dig angle, pumping rate,
fluid viscosity and cleats on the initiation and propagation of hydraulic
fracture were studied. The model was composed of rock matrix, butt and
face cleats (Fig. 3). The size of fracturing model was 20*20 m, and butt
and face cleats were orthogonal to each other.

In this work, the perforation site was simulated by initial damaged
element at the center part of injection node. Therefore, fracture initiated
from the perforation point and propagated along the cleats path. The
rock elements were presented by solid element CPE4P, which could
simulate solid deformation and fluid seepage process. The mesh diagram
with the value dig angle of 45◦ is shown in Fig. 4(a). The cleat system
was set as the cohesive element, which was meshed as COH2D4P
element, 4823 units totally. Fig. 4(b) shows the top view of different
element combination. Cohesive elements (COH1, COH2 and COH3)
preset in rock solid elements (E1, E2, E3, E4 and E5) were used to
simulate face cleats and butt cleats. It is worthy to point out that middle
nodes in cohesive elements should be merged at intersection point,
which makes pressure continuity in face cleat element and butte cleat
elements. Therefore, this method can simulate fracture penetration and
branch behavior. In addition, Ux(X = 0) = Ux(X = 20) = 0 and UY(Y =

0) = UY(Y = 20) = 0 meant that the displacement of X-components and
Y-components at the boundary surface being zero. Effective stress rules
were adopted for whole formation pressure system, therefore the stress
applied to rock matrix was equal to geo-stress minus the product of pore
pressure and Biot coefficient.

3.2. Model parameters

Previous studies showed that the tensile strength and fracture
toughness had significant impact on fracture extension (Awaji and Sato,
1978). These parameters could give a basic reference to build simulation
model. Therefore, natural field rocks were trimmed to different size
cores for Brazilian disk splitting test (BDST) and Straight-notched Bra-
zilian disc test (SNBD).

The BDST was conducted with 25 mm in diameter and 5 mm in
thickness sample. During the test, the sample was loaded along diameter
direction of disc until the splitting failure occurred. The indirect tensile
strength of coal rock could be calculated by Eq. (12) from the standard

Fig. 2. Demonstration of cohesive zone damage and fluid flow.

Fig. 3. The diagram of numerical model with 0 dig angle. (a) Diagram of the model and the orange point is the injection node; The red lines in (b) and (c) represent
the cleat system; (d) Rock matrix.

P. Tan et al.
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method of ISRM (Bieniawski and Hawkes, 1978). The experimental
procedure of SNBD was similar to BDST. The sample of BDST was
trimmed to a disc with a diameter of 50 mm firstly, then 8 mm or 10 mm
of crack was preset in the central part of samples. The angle between
loading direction and preset crack presented 30◦. The II-type fracture
toughness was obtained by Eq. (13) (Atkinson et al., 1982). The results
of BDST and SNBD is showed in Table 1. The average of the tensile
strength and fracture toughness in coal is 0.74MPa and 0.16MPa•m1/2,
respectively. In addition, the hardness of coal was measured by hardness
tester and the average value is 20.96 kg/mm2. Overall, coal rock was a
typical low tensile strength, low fracture toughness and low hardness
material. Based on experimental results, the simulation model parame-
ters are showed in Table 2.

St =2P / (πdl) (12)

K=P
̅̅̅
a

√
N
/( ̅̅̅

π
√

RB
)

(13)

3.3. Model verification

In order to validate the simulation method, a 2D hydraulic fracture
extension simulation model was built (Fig. 5(a)). The simulation pa-
rameters were below: the elastic modulus and Poisson’s radio are 20 GPa
and 0.2 respectively. The value of fracture fluid viscosity and displace-
ment were 0.1 Pa s and 0.002 m3/s, and the total calculating time was
100 s. Since the CZM solution was compared with analytic solution of
KGD model, the influence of in-situ stress on fracture extension was
ignored in calculating process. In addition, hydraulic energy was mainly
dissipated in the opening of fracture and friction loss of fracturing fluid,
and the fluid viscosity was usually large in field operation. Therefore,
the methods of comparison mainly focused on the impact of fracturing
fluid viscosity on fracture extension. The comparison of fracture width
of injection point between the KGD model and simulation model is
presented in Fig. 5(b). The average value difference between twomodels
was smaller than 5% and it validated this simulation method.

4. Results and analysis

4.1. Hydraulic fracture geometry in coal seams

Under the observation of simulation results, 2D fracture extension
path was not always present a single straight line with impact of the
distribution of cleat faces, the difference of in-situ stress, the displace-
ment and viscosity of fracturing fluid. Normally, fracture geometries
showed non-linear extension path with the opening of weak structural
planes. Therefore, two typical geometry evolutions of hydraulic fracture
under different situations were summarized according to the extension
path characteristic. The process of different types of fracture extension is

Fig. 4. Schematical representation of the orthogonal cleat system with 45o dig angle (The angle between the minimal horizontal principal stress and face cleats in
coal rock). (a) The position of butt cleats and face cleats, (b) Intersection point in the connection of cohesive element.

Table 1
BDST and SNBD test results.

BDST test results SNBD test results

Load/
KN

Tensile
strength/MPa

Fracture
length/mm

Load/
KN

Fracture toughness/
MPa⋅m½

0.072 0.350 8 0.32 0.145
0.175 0.850 10 0.382 0.187
0.247 0.989 10 0.289 0.149

P. Tan et al.
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shown in Fig. 6.

(1) Ladder shaped fracture: Hydraulic fracture initiated from the
injection node on the butt cleats and propagated along the σH
firstly. Then the fracture extended to the face cleats and formed a
small shaped fracture (Fig. 6(a1)). After that, hydraulic fracture
communicated butt cleats and face cleats in turn (Fig. 6(a2-a7)).
Finally, the ladder shaped fracture was formed after several
extension direction turns (Fig. 6(a8)).

(2) Asymmetry H shaped fracture: Hydraulic fracture initiated from
the injection node and propagated along butt cleats (Fig. 6(b1)),
and then hydraulic fracture connected butt and face cleats and
present symmetrical pattern (Fig. 6(b2-b4)). While the injection
of fracturing fluid, the fracture began to show the characteristics
of non-conforming propagation (Fig. 6(b5-b7)). Ultimately, the
fracture geometry presented asymmetry shape (Fig. 6(b8)).

4.2. Characteristics of pump pressure curve

The injection pressure curves and fracture width of injection node
are shown in Fig. 7. According to the fracture evolution features, frac-
ture propagation process of the hydraulic fracture can be divided in to
three stages.

(1) Energy accumulation

Hydraulic fracture initiated at the injection node and fracturing fluid
began to enter and gradually filled in the pores and formation. At this
stage of a-b, fracture propagated along the butt cleats and the pressure
curve presented small fluctuation, since the fracture extended to the
intersectional area between butt cleats and face cleats. After that, hy-
draulic fracture turned its extension direction and propagated along the
face cleats. Since face cleats had large critical normal stress value, the
opening of face cleats needed more hydraulic energy. When sufficient
pressure of fluid in the fracture void, face cleats were opened and then
communicated by the hydraulic fracture. The accumulation of pressure
process is shown in H stage (a-c).

(2) Pumping pressure decreasing

Beyond peak pressure (point c), the fracturing fluid gradually
enriched into the face cleats, and injection pressure decreased at the
minimum point as it reached the point of d. The decrease of pressure
process is shown in H stage (c-d). The bifurcation of hydraulic fracture
and opening face cleats needed more hydraulic energy. When fracture
turned the extension direction smoothly, the pumping pressure in the
injection node decreased immediately.

(3) Formation of different shape fracture

At this stage (d-e), ladder shaped fracture and asymmetry H shaped
fracture showed different characteristics. During the process of ladder
shaped fracture, the fluid pressure was re-accumulated and pressurized
with continuous fluid injection. When the fluid pressure was sufficient to
overcome the interfacial tension of butt cleats, butt cleats could be
activated and opened. Then the pressure of injection point dropped
again. The pressure of injection point fluctuated frequently resulting
from the effect of fracture extension direction turning. The hydraulic
fracturing pressure and fracture width of injection node were increasing
dramatically. During the extension process of asymmetry H shaped
fracture, the pressure curve in III stage was smoother and stabler than
that of ladder shaped fracture, because fracture propagated along the
face cleats horizontally and artificial fracture would not connect butt
cleats. The bottomhole pressure and fracture width had little increase
and stay relative stable.

5. Analysis of influencing factors on hydraulic geometry

5.1. Effect of cleat system

The existence of highly developed natural weak surface such as cleat

Table 2
Numerical model parameters.

Categories Parameters Value

Rock matrix Elastic modulus, E (GPa) 5.344
Poisson’s ratio, v 0.345
Permeability coefficient, k (m/s) 1.5 × 10− 6

Void ratio 0.1
Face cleat Critical normal stress, σmax

n (MPa) 0.972
First direction shear stress, τmax

n (MPa) 8
Second direction shear stress, τmax

t (MPa) 8
Butt cleat Critical normal stress, σmax

n (MPa) 0.517
First direction shear stress, τmax

n (MPa) 8
Second direction shear stress, τmax

t (MPa) 8
In-situ stress Maximal horizontal principal stress, σH (MPa) 11~12

Minimal horizontal principal stress, σh (MPa) 11
Pumping
Parameters

Fluid viscosity, μ (Pa•s) 0.01
Injection rate, q (m3/s) 0.01–0.1

Initial conditions Leakoff coefficient, C (m/Pa⋅s) 1 × 10− 14

Pore pressure, Po (MPa) 10
Biot coefficient, α 0.8

Fig. 5. The validation of CZM.

P. Tan et al.
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Fig. 6. (a1)-(a8) and (b1)-(b8) show the ladder shaped fracture and H shaped fracture extension process.

P. Tan et al.
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Fig. 7. (a) and (b) represented the bottom hole pressure and fracture width in different types of fracture geometries.

P. Tan et al.
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system, bedding planes was the prerequisite condition to realize the
effective development of unconventional reservoir. Butt cleats and face
cleats were interlaced in coal rock, and opening different kinds of nat-
ural weak surface needed different hydraulic energy. This was the
reason why the ultimate fracture geometry presents abnormal compli-
cated and diverse characteristic.

Natural weak fracture was an advantage for forming complex frac-
ture network in unconventional reservoir. The cohesive strength of cleat
system, tensile and shear strength of coal rock was much smaller than
these of rock matrix (Zhao et al., 2018). In this study, hydraulic fracture
had the tendency to propagate along the natural weak fracture path
rather than propagate in rock matrix, and the fracture extension direc-
tion was prone to steer and bifurcate (See Fig. 8), which showed that
hydraulic fracture extension direction was not always parallel to the
maximum horizontal principal stress direction. In addition, mechanical
property such as tensile strength and fracture energy difference was not
only reflected in rock matrix and natural fracture surface, but also in
butt cleats and face cleats. Therefore, there was a different difficulty
between butt cleats and face cleats to be opened and activated. Sum-
marily, hydraulic fracture easily propagated along the direction of
minimal tensile strength and fracture energy, and hydraulic fracture

extension law was followed to the principle of minimal flow resistance,
minimal energy dissipation and shortest propagation path. Thus, it was
necessary to explore the distribution of natural weak fracture and test
the mechanical strength of weak surface. On the base of above, it is
beneficial to design the hydraulic fracturing operation plan with largest
stimulated stimulate reservoir and ultimate gas production.

5.2. Effect of in-situ stress

In-situ stress condition was one of the predominate factors to
determinate the ultimate hydraulic fracture geometry in coal gas
reservoir. The influence of horizontal in-situ stress on hydraulic fracture
initiation and propagation could be attributed to horizontal geo-stress
difference coefficient. The coefficient can be expressed as the ratio of
the difference between the maximum and the minimum horizontal
principal stress to the minimum horizontal principal stress (See Eq.

(14)). There are six different horizontal in-situ stress difference co-
efficients were set in the numerical simulation.

KH =
σH − σh

σh
=

Δσ
σh

(14)

The simulation results showed that horizontal principal stress dif-
ference coefficient induced hydraulic fracture steering and bifurcating
and the evolution of hydraulic fracture extension direction would in-
fluence the ultimate hydraulic fracture extension scale and fracture
length. The direction turning degree and expanding range of hydraulic
fracture were different with different in-situ stress. With low horizontal
principal stress difference coefficient value, hydraulic fracture pattern
presented H shape and mainly connected face cleats. As the value
increased, hydraulic fracture type was changed from H shape to ladder
shape and turned extension direction many times (see Fig. 9).

Fracture length along butt cleat direction and fracture extension
scale were two major indicators to describe hydraulic fracture propa-
gation geometry. To summarize the impact of horizontal stress differ-
ence on hydraulic fracture patterns, two dimensionless parameters were
defined: dimensionless fracture length (DFL) and dimensionless fracture
extension aspect ratio (DFEA).

The DFL could be used to describe the degree of fracture extension
direction change. The large value of DFL meant that fracture extension
direction change more frequently and fracture mainly connect butt
cleats. The DFEA ratio was to describe the equilibrium of hydraulic
fracture growth pattern. That the value was much closer to one showed
that hydraulic fracture propagated with more balanced way. The impact
of horizontal stress difference on DFL and DFEA ratio is present in
Fig. 10. The results showed that when the horizontal stress difference
coefficient was smaller than 2/12, the DFL and DFEA ratio had the
smaller value. DFL and DFEA are increasing with increase of horizontal
stress difference coefficient increased. Therefore, under low horizontal
stress difference coefficient, the fracture extension patterns were mainly
affected by the mechanical properties of cleat system. Under high value
situation, the fracture propagation behavior was dominated by hori-
zontal stress difference.

Fig. 8. The burification and steering of hydraulic fracture in (a) and (b) respectively.

Dimensionless fracture length= fracture length along butt cleat direction / simulation
model length

Dimensionless fracture extension aspect ratio= accumulated activating butt cleats length/ accumulated activating face cleats length

P. Tan et al.
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5.3. Effect of dig angle

The distribution of natural fracture in reservoir affected the hy-
draulic fracture propagation way and ultimate extension scale. Previous
study was mainly focused on the interaction type and propagation cri-
terion of one hydraulic fracture and one natural fracture. However,
natural weak surfaces in coal rock were developed. Therefore, it is
necessary to consider the impact of natural fracture group distribution
on hydraulic fracture extension geometry. The dig angle was especially
defined as dig angle between the face cleat and minimal horizontal
principal stress (See Fig. 11). Three dig angles were set as 0◦, 45◦ and 90◦

to investigate the effect of dig angle on fracture patterns.
As the simulation results were showed in Fig. 11, hydraulic fracture

extension direction was affected by the combined influence of in-situ
stress and natural fracture group. The possibility of hydraulic fracture
propagating along the face cleats increased with dig angle increasing.
When dig angle was 0o, the possibility of fracture extension direction
along face cleats or butt cleats were almost similar. When the value was
90◦, fracture mainly extended along face cleats direction, also the
maximum horizontal principal stress direction. The ultimate fracture
length was short in 90◦ dig angle, since there was no the effect of butt
cleats during propagation. In conclusion, the most advantageous dig

Fig. 9. The fracture geometry with different KH values.

Fig. 10. The DFL and DFEA radio under different stress difference coefficient.
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angle for creating hydraulic fracture length was 45◦. Under the condi-
tion of natural fracture group distribution and in-situ stress direction,
hydraulic fracture had the tendency to propagate along face cleats di-
rection, and activated more butt cleats as the same time, thus the largest
fracture length could be formed in this situation.

5.4. Effect of injection rate and fluid viscosity

Injection rate and fluid viscosity were the significant construction
parameters in hydraulic fracturing operation design. Field operation
experiment showed that high displacement and high viscosity were
beneficial to form single and straight hydraulic fracture geometry

Fig. 11. The simulation results of 0◦, 45◦ and 90◦ dig angle are shown in (a), (b) and (c).

Fig. 12. The fracture geometries under different injection rate.
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instead of complex fracture network in dense reservoir. However, it was
difficult to form long main hydraulic fracture in coal gas reservoir, since
there are numerous natural fractures. Therefore, different injection rates
and viscosity of fracturing fluid were set in this section and the effect of
engineering parameters on fracture extension area and fracture patterns
were main investigated.

The fracture patterns with different pump rate are shown in Fig. 12.
As the increase of injection rate from 0.005 m3/s to 0.010 m3/s, the
fracture extension scale became larger and extension geometry kept
constant. The possible reason was that high injection rate meant that
pressure could be accumulated at fracture tips and the chance of fracture
opening was much larger. It has little influence on fracture extension
direction change and then fracture patterns keep same type. The fracture
geometry with different fracturing fluid viscosity is presented in Fig. 13.
When the viscosity ranges from 0.01 Pa s to 0.05 Pa s, there was no huge
change in the fracture geometry and fracture extension scale, but when
the value was beyond 0.10 Pa s, the fracture geometry turned to
unsymmetric H-shape fracture, which meant that viscosity of hydraulic
fluid affected the fracture extension direction, since hydraulic fracture
extension law was obeyed to the lowest resistance. Normally Stimulated
Reservoir Volume (SRV) or Stimulated Reservoir Area (SRA) are used to
evaluate the process of hydraulic fracturing in 3D space (Hou et al.,
2014; Wei et al., 2017). Because of the 2D numerical model, the fracture
length evolution as time with different factors is employed to evaluate
the hydraulic fracture extension scale. The results of fracture length in
different displacement and fluid viscosity are shown in Fig. 14. It is
worthy to point out that there were initial damage cohesive elements, so
hydraulic fracture length started non zero value. The fracture length
presented a positive correlation with injection rate and was negative
correlation with fluid viscosity. The larger displacement meant that
more hydraulic energy could be used to open natural fracture. When
fluid viscosity increased and flow resistance in fracture was larger,
therefore the hydraulic energy which should have been used for opening
new fracture were employed for overcoming flow friction resistance.

6. Discussion

(1) Bedding planes and cleat system were extremely developed in
coal gas reservoir. The tensile and shear strength of these weak

structures were far lower than that of rock matrix. Hydraulic
fractures were prone to open natural fracture, turn their exten-
sion direction and induce lots of fracture fluid filtration. As the
fluid was injected into formation, the pressure in hydraulic
fracture increased and fractures could communicate with farther
weak planes. Therefore, the existence of natural fracture and its
complex degree could induce hydraulic fracture propagation. In
addition, the difficulty degree of fracture extension was related
with the type of natural fracture and distribution structure.
Different from bedding planes in shale rock, the coal measure
strata showed strong heterogeneity in the interlayer and inter-
face, since natural fracture types included face cleats and butt
cleats. In terms of structure, face cleats and butt cleats were
perpendicular or nearly perpendicular to each other. There was
huge difference in physical property and mechanical parameters
between two directions. On the basis of above analysis, the effect
of different factors on fracture extension in coal was mainly
studies in this paper. The result showed that when the angle be-
tween in-situ stress and face cleats was 45o, hydraulic fracture
geometry presented “zigzag” extension model and mainly
extended along the face cleat direction, which had the same
conclusion compaered with Olsen et al. (2003) (See Fig. 15(a)).
Both of them formed “zigzag” hydraulic fracture, which validated
the accuracy of simulation method. In addition, Massarotto et al.
(2003) calculated the permeability anisotropy degree of coal rock
in horizontal plane and found that permeability difference be-
tween plane cleat and end cleat was up to 6:1. The effect of
permeability difference between face cleat and butt cleat on
fracture extension could be considered in further study. In addi-
tion, due to the calculating capacity limitation, the fracture
extension in height direction was ignored in this paper. There-
fore, it was necessary to study fracture propagation in three di-
mensions scale in coal seams.

(2) To further study the hydraulic fracture geometry in coal measure
reservoir, the simulated coal rock sample was made by pouring
concrete into a 300 mm*300 mm*300 mm cube mould. With the
consideration of well-developed face cleat and butt cleat in coal
rock, two groups of orthogonal cemented fractures were made.

Fig. 13. The fracture geometries under different fluid viscosity.
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Fig. 14. The fracture length in different injection rate and fluid viscosity.

Fig. 15. Complex fracture geometry where maximum stress is at an angle to face cleats. (a) Simulation result, (b) The diagram of hydraulic fracture patterns in coal
(Olsen et al., 2003).

Fig. 16. The tri-axial experiment of coal rock (Fan et al., 2014).
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Fig. 17. The pumping pressure curve.
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The true triaxial hydraulic fracturing test system was used to
conduct experiment (Fan et al., 2014). Fluorescent tracer was
added into fracturing fluid was convenient to easily observe hy-
draulic fracture propagation geometry, when splitting the spec-
imen along the crack surface after experiment. The results
showed that the hydraulic fracture patterns presented non-plane
expansion and opening with weak structural plane. In order to
observe the hydraulic fracture geometry in three dimensions, the
fracture extension path was rebuilt according to the fluorescent
tracer distribution (See Fig. 16(a)). Surface with different color
showed that the orthogonal cleat system was continuously active
or opened. The result of experimental and numerical research in
the study showed that fracture propagated tortuously in hori-
zontal plane and the natural fracture could induce the diversion
and branch of fracture, which could enhance the complexity of
hydraulic fracture network. On the other hand, the hydraulic
fracturing fluid loss increased and the hydraulic energy was
dissipated.

(3) The difference between ladder shaped fracture and H shaped
fracture was whether there were continuous small pressure
fluctuation stages during hydraulic fracture connected natural
fracture. The pumping pressure of ladder shaped fracture is pre-
sented in Fig. 17(a). When hydraulic fracture communicated the
cleat system in coal rock (A-C), there were many “increase-drop-
increase” stages in the pressure curve. It was considered that
when ladder fracture was connecting natural weak surfaces, the
diversion of fracture in horizontal plane needed more hydraulic
energy. Besides that, the opening of new fracture and direction
change of fracture joint distributed of the whole hydraulic en-
ergy. The accumulation and release of hydraulic fracture in
fracture tip led to the fluctuation in pumping pressure curve.
Under the condition of H shaped fracture, there was no change of
hydraulic fracture extension direction between face cleat and
butt cleat, and pumping pressure increased steadily. (See Fig. 17
(b)). In the filed operation, coal powder was easily mixed with
hydraulic fracturing fluid and then formed paste, which possibly
blocked the fracture channel of coalbed methane migration,
increased the flow resistance and enhanced the hydraulic fracture
pressure. When pressure could accumulate a certain high value,
the hydraulic energy was enough to break through the blocking
zone and hydraulic fracture could extend further. Therefore, the
construction pressure also tended to show many wave curves of
“increase-drop-increase” fluctuation in coal gas reservoir. Com-
bined with the pressure curve in triaxial hydraulic fracturing
experiment, there was several minutes of pressure fluctuation

stage (See Fig. 16(b)), which had high agreement with numerical
study results. The fracture extension patterns and the connecting
degree between artificial fracture and natural fracture could be
judged by pressure fluctuation characteristic in coal gas reservoir,
which also gives a good guidance to hydraulic fracturing
operation.

(4) The long support artificial fracture and large seepage area during
fracturing operation were beneficial to effectively enhance the oil
and gas production. Therefore, the balanced extension and
propagation scale of hydraulic fracture was vital to hydraulic
fracturing operation design. According to the lowest energy
principal, the hydraulic fracture was prone to extend along the
maximum horizontal principal stress in homogenous rock.
However, there were many natural weak structures in coal, the
extension path of fracture was not always along the maximum
horizontal principal stress. Based on above analysis, three types
of hydraulic fracture geometry in coal rock were summarized
(See Fig. 18). Unbalanced extension mode presented that fracture
propagation ability in one certain direction was much larger than
other directions, which led to hydraulic fracture could effectively
connect the natural fractures. Balanced extension mode was
showed in Fig. 18(b–c), the fracture extension capacity in
maximum or minimum principal horizontal stress direction kept
the same level. But the extension scale was different between
each other, since the displacement in (c) was larger than that in
(b). The balanced extension fracture geometry and large stimu-
lated reservoir area were desired to be formed in field operation.
Thus, it was not only necessary to survey the in-situ stress con-
dition in advance, but also to obtain the distribution and strike of
cleat surface, which was helpful for hydraulic fracture activating
natural fractures. In addition, suitable enhancement of injection
rate could enlarge the hydraulic fracture extension area in coal
gas reservoir.

7. Conclusions

The numerical experiments were conducted to simulate the evolu-
tion of hydraulic fracture in coal seams. The effect of cleat system, in-situ
stress, dig angle and construction parameters on fracture geometries
were main studied. The main conclusions were as follows.

(1) Cleats surfaces significantly influenced the hydraulic fracture
extension direction. According to the interaction types between
hydraulic fracture and cleat system, two types of typical hy-
draulic fracture geometries were found, including ladder shaped

Fig. 18. Hydraulic fracture geometry in horizontal plane.
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fracture and H shaped fracture. The difference between two types
fracture was whether there were continuous small pressure
fluctuation stages when connecting face cleats and butt cleats.

(2) The ultimate fracture patterns in coal gas reservoir were different
under different in-situ stress conditions. When the horizontal
stress difference coefficient was lower than 3/12, the fracture
geometry was prone to present shaped fracture. When larger
than 3/12, the ladder shaped fracture was formed. In addition,
the dimensionless fracture length and the dimensionless fracture
extension aspect ratio of fracture was increasing with larger
horizontal stress difference coefficient.

(3) The distribution of cleats structure in coal seams had a great
impact on the formation of complex fracture network. The
favorable condition to fracture extension was that the dig angle
was 45◦. Hydraulic fracture had the tendency to propagate along
face cleats direction and activated more butt cleats meanwhile.

(4) Larger fracture fluid displacement was beneficial to form
balanced and large extension scale hydraulic fracture geometry.
As the increase of fracture fluid viscosity, hydraulic fracture ge-
ometries transformed from ladder shape to H shape.
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Nomenclature

St= tensile strength, MPa
P= applied radial force, N
d= diameter of rock sample, mm
l= core length, mm
K= fracture toughness, MPa⋅m1/2

P= loading pressure, Pa
α= half of prefabricated fracture length, mm
N= dimensionless stress intensity factor
R= sample radius, mm
B= sample thickness, mm
σ= effective stress skeleton of rock, Pa
δε= virtual strain rate tensor, S− 1

δv= virtual velocity, m/s
t= surface force, N/m2

f= volume force, N/m3

J= formation volume change rate, dimensionless
nw= void radio
ρw= fracturing fluid density, Kg/m3

vw= fluid velocity, m/s
k= permeability matrix, m/s
g= gravitational acceleration vector, m/s2

To= critical stress, Pa
δo

m= separation reaches the critical value, m
σn= tensile stress of the normal direction applied to the cohesive element surface, MPa
τs and τt= shear strengths, MPa
σmax

n , τmax
n and τmax

t = critical failure stress, MPa
tn ts and tt= stress components predicted by the elastic traction-separation behavior for the strains without damage
D= dimensionless damage factor
δf

m= distance when the cohesive element is fully damaged, m
δmax

m = maximum value of the effective separation during the loading period, m
δo

m= displacement of unit node when the cohesive element begins to be damaged, m
q= volume flow, m3/s; w - fracture width, m; μ - fluid viscosity, Pa•s
P= pressure in the hydraulic fracture, Pa
qt and qb= flow rates filtrating to the formation with different surface, m/s
ct and cb= loss coefficients, m/(Pa•s)
Pi= fluid pressure in the fracture, Pa
Pt, Pb= pore pressure with top and bottom surface, Pa
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