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To reveal the influence of fracturing fluid velocity on hydraulic fracturing fracture propagation, a hydraulic fracturing numerical
model was established based on a coalbed methane (CBM) field in the northeast of China. The influence of fracturing fluid
velocity on hydraulic fracturing fracture propagation is mainly investigated, and the relationship between fracturing fluid
velocity and fracture tip displacement is obtained. The results show that the fracture front presents different morphological
characteristics at different times of fracturing. The larger the fracturing fluid velocity, the larger the fracture length and width
after the same time of hydraulic fracturing. However, the fracture length will not increase indefinitely; the fracture will stop
spreading when the injected fluid reaches a balance with the fluid that is permeated or filtered from the fracture surface. With
the increase in fracturing fluid velocity, the fracture length increases logarithmically and gradually flattens out. The research
conclusion provides a certain reference for improving the fracture propagation effect of hydraulic fracturing.

1. Introduction

The resources of coalbed methane (CBM) in China are
about 35 × 1012m3, and the CBM content of a low-rank
coal reservoir is about 16 × 1012m3, accounting for more
than 47% [1]. Currently, the production of CBM wells is
generally low in China, which is largely related to the poor
conditions of the coalbed methane reservoir. CBM reser-
voirs in China are generallycharacterized by low reservoir
pressure, low initial permeability, low gas saturation and
poor homogeneity, due to the influence of several tectonic
movements. Especially for the shallow coalbed methane
reservoir, it is verydifficult for desorption and migration
of CBM due to the low reservoir pressure.[2]. In low per-
meability coal seam, the effect of using natural gas seepage
migration law to preextract gas is poor, so it is usually
necessary to take some artificial methods to increase the
permeability of coal rock. The commonly used methods
mainly include the loosening blasting method and the
hydraulic fracturing method [3]. Hydraulic fracturing is
the most widely used method.

Hydraulic fracturing is the use of high water pressure
inside the borehole to destroy the surrounding rock of the
borehole wall, resulting in the initiation and expansion of
cracks around the borehole, forming a certain scale of a frac-
ture network and forming a pressure-relief zone around the
fracture, thus increasing the permeability of coal rock. After
fracturing, many widely distributed hydraulic fractures can
appear in the coal seam, which causes a large area of pres-
sure drop around the well hole when the gas is extracted
from the well. The surface area of gas desorption caused by
the pressure drop of the coal seam is increased, which
ensures the rapid and relatively lasting discharge of coalbed
methane. The gas production is about 5-20 times higher
than that before fracturing, and the recovery effect is very
significant [4].

In terms of the fracture propagation mechanism of
hydraulic fracturing, many researchers have carried out a
lot of research in numerical simulation and physical tests.
Warpinski used the stress ring device to monitor the fracture
propagation process during the mine test in real time and
found that the main fracture and branch fracture were
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extended simultaneously during fracturing [5]. Behrmann and
Nolte conducted triaxial hydraulic fracturing test research and
found that hydraulic fractures would initiate and expand along
the direction of the minimum principal stress [6]. Shicheng
et al. used CT to observe and analyze the internal fractures
of the fractured samples and found that the fracturing fluid
displacement and fracturing fluid viscosity are conducive to
the formation of complex fractures within a certain range,
and either too high or too low will have negative effects. When
the ground stress difference is low, hydraulic fractures easily
crack directly along the natural fractures [7]. The effect of
the high stress difference is favorable for more natural frac-
tures to form a relatively complex fracture net structure.
Hou et al. studied the communication behavior between
hydraulic fractures and natural fractures during fracturing
and found that whether hydraulic fractures can penetrate nat-
ural fractures is mainly related to the opening and cementa-
tion degree of natural fractures [8]. Natural fractures with a
large opening and low cementation strength are easy to turn
along hydraulic fractures and not easy to form complex frac-
tures. The interaction between hydraulic fractures and natural
fractures forms a spatial nonplanar fracture network.

However, the actual cleaved fractures in coal seams are
very developed, and natural fractures, bedding planes, and
structural planes have a great influence on the expansion mor-
phology of hydraulic fractures, leading to the formation of
three-dimensional hydraulic fractures in the actual reservoir
that will be very complex, and many fracture branches may
occur. The vertical extension of hydraulic fractures in coal res-
ervoirs is easily limited by the thickness of coal seams [9].

Some scholars have found that when the bottomhole
pressure exceeds the vertical ground stress, horizontal frac-
ture components are prone to occur at the interface between
the coal seam and the adjacent roof and floor strata, result-
ing in T- or H-type fractures [10, 11]. Thiercelin et al. found
that the smaller the fracture toughness of rock strata, the
easier it is for hydraulic fractures to spread in it [12]. On
the contrary, the greater the fracture toughness of the rock
layer, the greater the pressure required for fracture propaga-
tion. According to the theory of linear elastic fracture
mechanics, Simonson et al. proved that the hydraulic frac-
tures in the rock strata with higher Young’s modulus could
extend to the critical rock strata with lower Young’s modu-
lus. In contrast, the propagation of hydraulic fractures in
rocks with lower Young’s modulus is limited by critical rocks
with higher Young’s modulus [13]. Chen et al. studied the
complex fracture of a T-shaped fracture generated by a coal
seam by establishing a mathematical model, controlling
flow, and single-factor analysis and obtained the extension
rule of a T-shaped fracture in the coal seam [14]. Deng
et al. used the Griffith theory and hydraulic fracturing
method to analyze the hydraulic fracture propagation pro-
cess of rock mass pore wall in the stress field, the relation-
ship between the original stress field, the propagation
pressure of cracks containing internal pressure, and the
mechanical properties of surrounding rock [15].

The previous researches mainly focus on the hydraulic
fracture geometry and extension law of the hydraulic frac-
turing test. However, the fracturing fluid velocity is one of

the important parameters affecting hydraulic fracturing.
Under different fracturing fluid velocities, the fracture initi-
ation modes are also different; that is, the fracturing fluid
velocity and other factors will affect the evolution character-
istics of the hydraulic fracturing fracture initiation. How-
ever, the current research on the relationship between the
fracturing fluid velocity and the initiation and propagation
of hydraulic fractures is insufficient.

Therefore, this paper takes a coalbed methane field in
China as the research background, through the numerical
simulation method to study the fracture propagation of dif-
ferent pump injection rates in the process of hydraulic frac-
turing and explore its regularity with hydraulic fracturing,
which has certain guiding significance for improving the
effect of hydraulic fracturing.

2. Engineering Overview

CBM field is located in Yanbian Korean Autonomous Pre-
fecture in the east of Jilin Province, adjacent to the Tumen
River in the west, Hulu Turtle in the east, Songshu Village
in the north, and the China-Russia border in the south, cov-
ering an area of about 630 km2. Hunchun River is located
from the northeast across the basin, flowing southwest, into
the Tumen River. The plain is 21-80m above sea level, and
the hilly area is 80-260m above sea level. Most of them are
cut into gullies and ridges by south-north streams. In the
west of the basin, there are Baliancheng, Chengxi, Sandaol-
ing, and Yingan mining areas. In the south is the detailed
exploration district of Baishi #1, #2, and #3. In the east, there
are Tuohezi, Wujiazi census areas, and Miaoling mining area
(Figure 1). Among them, the predicted coalbed methane
resources of the gas field can reach19:6 × 108m3, which is a
block with good prospects for the exploration and develop-
ment of low-rank coal CBM in China.

The widely developed coal seams in the whole area include
19, 20, 21, 22, 23, 26, and 30 coal seams. The thickness of
single-layer coal is generally 0.2-3.0m, and the maximum
thickness is 8.5m. The cumulative thickness is generally 5-
40m, with a maximum thickness of 43.44m, which is charac-
terized by a thin coal seam and many layers (Figure 2). The
burial depth of coal seam is larger in the west than in the east.
From west to east, coal is long flame coal, long flame coal-lig-
nite, lignite, and bottom-up coal is long flame coal, lignite. The
coal accumulation center is located in the east of Balancheng,
the middle of the west of the city, and the north of the Banshi
district #1 area. The cumulative thickness of the coal seam is
more than 20m, the coal layers are many, and the distribution
is stable. The coal seam becomes thinner and less continuous
in the east. The burial depth of the coal seam in the west is
larger than that in the east, but the burial depth of the main
coal seam is generally less than 600m, which is very suitable
for the development of CBM.

3. Mechanical Model of Hydraulic Fracturing of
CBM Field

3.1. Cohesion-Displacement Equation of Bonding Element. It
is assumed that fracture propagation is controlled by the

2 Geofluids



bond zone model [16, 17]. The model requires a predefined
fracture propagation path composed of bond elements, and
later fractures will expand along the predefined expansion

path. The model is based on Zheltov and Khristianovitch’s
assumption that the load acting on the fracture should
ensure the boundedness of crack tip stress [18]. The bond
zone model consists of two parts: one is the cohesion-
displacement equation which controls the fracture propaga-
tion and the other is the hydrodynamic equation which
describes the fluid flow in the fracture and osmotic filtration
to the rock interior [19].

The bond zone is located at the tip of the fracture, and
the cohesion force should resist the tension inside the frac-
ture and counteract the stress singularity at the tip. The
region near the fracture tip undergoes plastic deformation
and microfracture process under the action of hydraulic ten-
sion, which is a transition region between the fracture and
undamaged rock. In the bond zone model, the shape of a
fracture tip is not completely sharp, which can avoid the sin-
gular phenomenon of fracture tip stress.

The zero-thickness cohesive element has been used in
this paper, i.e., the geometric thickness of the element is
set to zero, by which more accurate model results could
be obtained. Figure 3 shows the bond element and its rela-
tionship with the adjacent finite element [20]. Bonding
elements share or bind binding constraints with nodes of
surface elements in adjacent areas. Different from the con-
ventional bonding element, there are pore pressure nodes
between the upper and lower adjacent nodes of the bond-
ing element, which are used to describe the mechanical
characteristics of the fluid pressure acting on the bonding
element surface. The pore pressure node has no displace-
ment degrees of freedom but only pore pressure degrees
of freedom.

The cohesion-displacement model assumes that the rock
is linear elastic before damage occurs, and the damage
occurs and evolves after a certain displacement/stress
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Figure 1: Tectonic outline of Hunchun basin.
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condition is reached. The elastic constitutive relation of rock
is shown in the following equation:
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where tn is the tension perpendicular to the fracture surface
and ts and tt are the shear forces in two directions parallel to
the fracture surface.

Figure 4 shows the cohesion-displacement criterion of
the bonding element [20]. At the initial stage of hydraulic
fracturing, the cohesion of the crack tip increases linearly
with the increase in the displacement of the upper and
lower fracture surfaces. When the surface displacement
of the upper and lower fractures reaches δ0, the cohesion
reaches the critical stress, which is the bond strength of
the bonding element t0. When the displacement is greater
than δ0, the cohesion force at the fracture tip follows an
irreversible linear damage evolution law due to material
damage. When the displacement is δf , the cohesion is 0,

and the fracture is completely split. The region below the
cohesion-displacement curve represents the fracture
energy, Gc.

When damage occurs inside the rock, the strength also
begins to degrade. When the stress/strain inside the rock
reaches the specified initial damage criterion, the strength
of the rock decreases gradually. The initial damage criterion
of rock in this paper is the quadratic normal stress criterion
[21], as shown in

tnh i
t0n

� �2
+ ts

t0s

� �2
+ tt

t0t

� �2
= 1, tnh i = tn + tnj jð Þ

2 , ð2Þ

where t0n, t
0
s , and t

0
t represent the peak strength of the normal

stress of rock that should be reached when the crack expands
only along the vertical fracture plane or only along the two
shear directions parallel to the fracture plane, respectively.
The Macaulay bracket operator “<>” is used to specify that
the rock will not be damaged under compressive stress or
deformation.

The damage evolution law describes the degradation rate
of material strength when the specified initial damage crite-
rion is satisfied. The stress component in the cohesion-
displacement model after rock damage is as follows:

Pore pressure nodes
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Part 1

Part 2

Pore pressure
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Figure 3: The pore pressure cohesive elements.
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1 −Dð Þtn, tn ≥ 0
tn, tn < 0 It is assumed that no damage occurs when the rock is pressed:ð Þ

(
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tt = 1 −Dð Þtt ,
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where tn, ts, and tt , respectively, represent the stress com-
ponents determined according to the cohesion-
displacement criterion assuming no damage to the rock
material, as shown in Figure 4. D is the damage factor,
which represents the damage degree of rock material.
After rock damage occurs, the damage factor changes
monotonically from 0 to 1 with the increase in load. In
this paper, the rock material accords with the law of linear
damage evolution.

D = δfm δmax
m − δ0m

À Á

δmax
m δfm − δ0m

� � , ð4Þ

where δm represents the effective displacement, and the
mathematical expression is as follows:

δm =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δnh i2 + δs

2 + δt
2

q
: ð5Þ

In Equation (4), δfm represents the effective displace-
ment when the rock is completely damaged; δ0m represents
the effective displacement of the initial rock damage; δmax

m
represents the maximum effective displacement experi-
enced by the rock during its loading history.

3.2. Equation of Fluid Dynamics. The fluid in the fracture is
assumed to be incompressible. The fluid flows in the
hydraulic fracture along two directions: one is tangential
flow, that is, the direction parallel to the fracture surface,
which is used to simulate the fluid flow in the hydraulic
fracture in the expansion direction. The other is vertical
flow, that is, the direction perpendicular to the fracture
surface, which is used to model fluid exchange between
the permeable fracture surface and the porous media rock
mass.

The fluid parallel to the fracture surface is assumed to be
a Newtonian fluid, and the flow rate is controlled by the
lubrication equation derived from the Navier-Stokes equa-
tion in the following form [22]:

qd = −kt∇p: ð6Þ

According to the Reynolds equation, tangential perme-
ability can be defined as follows:

kt =
d3

12μ : ð7Þ

According to the conservation equation of fluid mass,
the following can be obtained:

∂d
∂t

+∇ ⋅ qdð Þ + qt + qbð Þ =Qinj, ð8Þ

where q is the fluid velocity, kt is tangential permeability,
∇p is the fluid pressure gradient along the fracture direction,
d is crack opening, μ is fluid viscosity, Qinj is the pumping
flow rate, and qt and qb are the vertical flow velocities flow-
ing into the upper and lower fracture surfaces, respectively,
reflecting the fluid filtration loss from the fracture to the
rock.

The vertical flow is expressed as follows:

qt = ct p − ptð Þ,
qb = cb p − pbð Þ,

ð9Þ

where ct and cb are, respectively, the fluid loss coefficients of
the upper and lower surfaces of the bonding unit. pt and pb
are pore pressures in rock units, respectively. p is the fluid
pressure acting on the fracture surface.

4. Numerical Simulation

4.1. Modeling. The regularity of fracture initiation and prop-
agation in the process of reservoir hydraulic fracturing has
always been the focus of many scholars. The effect of
hydraulic fracturing directly determines the productivity of
coalbed methane and the recovery rate of CBM. Taking a
coalbed methane field in China as the background, the vari-
ation characteristics of fracturing fluid velocity during the
process of hydraulic fracture propagation are studied by
numerical simulation (See Figure 5) [23–25]. The permeabil-
ity of coal samples under different pore pressures was tested
by the steady-state permeability testing method. The porosity
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Figure 4: The traction-separation criterion.
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of the coal was obtained by a mercury injection test. The main
parameters of the model are shown in Table 1. The minimum
horizontal stress σx is 7.2MPa, the maximum horizontal stress
σy is 9.0MPa, and the vertical stress σz is 8.1MPa.

4.2. Results and Analysis. Figure 6 shows the results of
hydraulic fracture propagation in coal seam at different
times when the fracturing fluid velocity is 0.117m3/s. The

PFOPENXFEM parameter in the figure represents the frac-
ture width (fracture opening) at each point on the fracture.
At 0.59 s, the fracture begins to crack. Since the minimum
horizontal principal stress is along the x-direction, the frac-
ture plane is parallel to the yoz plane. At different times,
the fracture front presents different morphological charac-
teristics: as shown in Figure 6(b), the fracture front is inside
the coal seam; as shown in Figure 6(c), the upper (or lower)

5 m

120 m

250 m

x

yz

Hydraulic fracturing
pump injection point

Figure 5: Model diagram of hydraulic fracture.

Table 1: Main model parameters.

Permeability
(mD)

Tensile strength t
(MPa)

Young’s modulus E
(GPa)

Porosity
Poisson’s
ratio μ

Filtration coefficient (×10-13
m/Pa.s)

Fluid viscosity
(Pa.s)

0.034 1.6 4.71 0.110 0.26 4.30 0.10

PFOPENXFEM
(Avg: 75%)

+1.371e–02
+1.257e–02
+1.143e–02

+2.285e–02

+1.028e–02
+9.141e–03
+7.998e–03
+6.856e–03
+5.713e–03
+4.570e–03
+3.428e–03

+1.143e–03
+0.000e+00

z

y
x

(a) t = 0:59 s

PFOPENXFEM
(Avg: 75%)

+1.292e–01
+1.185e–01
+1.077e–01

+2.154e–02

+9.693e–02
+8.616e–02
+7.539e–02
+6.462e–02
+5.385e–02
+4.308e–02
+3.231e–02

+1.077e–02
+0.000e+00

z

y
x

(b) t = 217:58 s
PFOPENXFEM
(Avg: 75%)

+1.368e–01
+1.254e–01
+1.140e–01

+2.280e–02

+1.026e–01
+9.118e–02
+7.978e–02
+6.839e–02
+5.699e–02
+4.559e–02
+3.419e–02

+1.140e–02
+0.000e+00

z

y
x

(c) t = 311:31 s

PFOPENXFEM
(Avg: 75%)

+1.570e–01
+1.439e–01
+1.309e–01

+2.617e–02

+1.178e–01
+1.047e–01
+9.160e–02
+7.851e–02
+6.543e–02
+5.234e–02
+3.926e–02

+1.309e–02
+0.000e+00

z

y
x

(d) t = 444:63 s

Figure 6: The results of hydraulic fractures in coal seams at different times when fluid velocity is 0.117 m3/s.
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part of the coal seam is connected with the internal crack
and is at the most front; as shown in Figure 6(d), the maxi-
mum seam length at the upper and lower points in the coal
seam is the same. However, in any case, due to the thin coal

seam (5m) simulated in this paper, there is little difference
in the fracture length corresponding to each point at the
front of the fracture during the process of hydraulic fracture
expansion, and there is no great difference between the
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Figure 7: Fracture length at different fracturing fluid velocities.
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upper and lower fracture lengths and the middle fracture
lengths. The seam width of each point in the direction of
the seam height is basically the same.

The fracture propagation at different times at different
fracturing fluid velocities was calculated. Figures 7 and 8
show the results of the fracture length and the fracture width
at the pumping point at different fracturing fluid velocities,
respectively. As can be seen from the figure, the larger the
fracturing fluid velocity, the larger the fracture length and
width after the same time of hydraulic fracturing. However,
with the increase in time, the fracture length will not
increase indefinitely; the fracture will stop spreading when
the injected fluid reaches a balance with the fluid that is per-
meated or filtered from the fracture surface.

As shown in Figure 7, with the increase in pumping
time, the fracture length gradually approaches a certain
limit value, and the corresponding limit value is different
for different fracturing fluid velocities. The greater the
fracturing fluid velocity, the greater the fracture length
limit, because the higher the fracturing fluid velocity, the
greater the fluid loss is required to achieve dynamic equi-
librium with it.

Figure 9 shows the fracture length after 1000 s of hydrau-
lic fracturing at different fracturing fluid velocities. As can be
seen from the figure, with the increase in the fracturing fluid
velocity, the fracture length increased in a logarithmic pat-
tern (Equation (10)) and finally gradually tended to be flat.

y = 23:71 ln xð Þ + 181:78,
R2 = 0:99,

ð10Þ

where y is the fracture length (m) and x is the fracturing
fluid velocity (m.s-2).

5. Conclusions

Based on the background of the coalbed methane (CBM)
field in the northeast of China, the numerical analysis
method is used to investigate the fracture propagation of dif-
ferent fracturing fluid velocities during hydraulic fracturing.
The following main conclusions were reached:

(1) The fracture front presents different morphological
characteristics at different times of fracturing. The
larger the fracturing fluid velocity, the larger the
fracture length and width after the same time of
hydraulic fracturing

(2) The fracture length will not increase indefinitely. The
fracture will stop spreading when the injected fluid
reaches a balance with the fluid that is permeated
or filtered from the fracture surface

(3) With the increase in fracturing fluid velocity, the
fracture length increases logarithmically and gradu-
ally flattens out
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