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The morphology of hydraulic fracture is affected by many factors. In previous studies, due to the heterogeneity of rock samples
and the limitations of sample size, influence degree of various factors on fracture deflection angle has not been well
distinguished in laboratory experiments. Based on the boundary element method, we established a mathematical model to
study the factors controlling the morphology of hydraulic fracture. Simulation results show that with increasing injection
pressure, the radius of the fracture curvature increases. When the difference between the injection pressure and the maximum
principal stress is 5 times the ground stress difference, the influence of in situ stress on hydraulic fracture deflection can be
ignored. Hydraulic fracture deflection angle was relatively larger when considering the viscosity of the fracturing fluid. When
stress difference is too small or the injection pressure is too big, the deflection angle of fracture is easy to fluctuate during
initial propagation. Too large Young’s modulus and too small Poisson’s ratio will inhibit the fracture deflection and cause a
narrower width of fracture. The effect of Poisson’s ratio on fracture aperture is less than 1mm. When perforation angle is
perpendicular to maximum horizontal principal stress, the fracture width first increases rapidly and then gradually decreases
from heel to tip. The influence degree of each factor on fracture deflection is ranked: stress difference of in-situ stress is the
biggest, followed by injection pressure and perforation angle. This study is of great significance for the control of hydraulic
fracture morphology and the further improvement of fracturing effect.

1. Introduction

With the progress of science and technology, people’s
demand for energy grew with the passage of time [1–3].
From 2010 to 2019, global consumption of natural gas
increased by 23.5%, while oil is 12.7%. By 2020, fossil fuel
consumption accounts for 90% of the world primary energy
consumption (24.7% natural gas and 31.2% oil) [4]. Cur-
rently, unconventional oil and gas reserves are abundant,
but due to its low flow capacity [5–8], hydraulic fracturing
technology is an important way to enhance oil and gas
recovery on unconventional reservoir [9–12].

Since the introduction and application of hydraulic frac-
turing technology in previous decades, extensive research
has been conducted on the damage of rock, propagation

and evolution of hydraulic fracture (HF), migration of
hydraulic fracturing proppant. The propagation of HF is
always the focus of field engineers [13–17]. Due to lack of
accurate and effective monitoring technology, it is impossi-
ble to directly observe the HF propagation process and
morphology of underground reservoir [18]. Many scholars
have studied the initiation and propagation of HF by
numerical simulation method and laboratory-scale fractur-
ing experiments.

In experiments, Xing et al. studied the influence of
loading rate on the size of fracture process zone through
the Brazil splitting test [19]. Experiment results have shown
that with the loading rate increasing, the length of frac-
ture process zone increased from about 5mm to 17mm.
Fast fluid injection inhibits the deflecting of NF (natural
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fracture), allowing HF to propagate along the initially
designed direction [20]. Yang et al. used dynamic caustics
in conjunction with high-speed photography to investigate
the interaction of running fractures by obliquely incident
blast stress waves, which revealed that the moving fracture
intended to deflect away from the blast wave source when
the fracture and stress wave have the same direction; how-
ever, it will propagate toward the blast wave source when
they have opposite direction [21]. In the initial stage of
hydraulic fracturing, HF is dominated by tensile failure,
while compression and shear events tend to occur in the
nonplanar extension stage [22]. Due to the limitation of
sample size, physical experiments are often difficult to
quantitatively reflect the crack trajectory under the influence
of multiple factors.

Therefore, numerical simulation techniques are widely
used to study and predict hydraulic fracture propagation
trajectories. At present, the investigation of the deflection
rule during HF propagation always focus on the effect of
injection pressure and rate, maximum horizontal principal
stress, perforation angle, etc. Zheng et al. [23] proposed that
during the propagation of HF, it was easier to deflect to the
side of the high pore pressure area. Zhao et al. [24] simulated
the influence of injection rate and perforation angle on frac-
ture propagation. With the increase of perforation angle and
injection rate and decrease of stress difference, HF tend to
propagate in the original direction and turning distance
from well increase. Zhou et al. and Zheng et al. [25, 26] pro-
posed H factor to evaluate the combined effect of in situ
stress, injection pressure, and perforation angle; however,
they did not make a parallel comparison of the influence of
each factor. Meanwhile, various damage criteria have been
used in simulation model, such as energy release rate
criterion [27], maximum circumferential stress criterion
[28], and minimum strain energy density criterion [29].
Physically, the maximum energy release rate is the most
acceptable. But so far, it is difficult to explain the fracture
path observed in the experiment, and there is still no unified
result. The two-dimensional model based on strain energy
density is in good agreement with the experimental results.
However, the physical nature of the connection between
the theory and material destruction remains unclear. Com-
pared with the above two fracture criteria, maximum
circumferential stress criterion is more suitable for brittle
fracture problems. When the perforation direction during
hydraulic fracturing is not perpendicular to the horizontal
minimum principal stress direction, HF is subjected to both
tensile stress (by injected fluid into the fracture) and shear
stress (by in situ stress), which will deflect in the direction
of the maximum principal stress [25, 30].

As is known to all, the trajectory of hydraulic fractures is
often affected by formation heterogeneity, which makes it
difficult to reach the target fracture length or create complex
fracture networks. Therefore, controlling hydraulic fractures
to stimulate natural fractures to produce complex fracture
networks or to communicate multiple oil-gas enrichment
areas is an important way to improve fracturing effects.
The above research provides abundant references for the
effective control of HF in field construction but still has

some problems that need to be resolved. For example, the
influence degree of different factors on fracture deflection
has not been quantitatively compared, the morphology of
hydraulic fractures in 3-dimensional view is studied, and
few people have studied the change of fracture deflection
trajectory caused by rock mechanical properties.

To reveal the mechanism of HF deflection during prop-
agation, based on the theory of linear elasticity and fracture
mechanics, a numerical simulation model with boundary
element method was established. This paper is organized as
the following 3 sections. The construction of the computa-
tional model and relevant validation are described in Section
2. Parametric studies are presented in Section 3 to analyze
fracture morphology and curvature radius during propaga-
tion. The paper ends with some conclusions in Section 4.

2. Numerical Model

2.1. Model Assumption. In reality, the propagation of
hydraulic fracture is the result of the joint action of multiple
physical fields. At present, it is difficult to establish a multi-
field coupling solution model considering the interaction of
all factors. So in order to simplify the calculation model
and focus our research on fracture morphology and stress
interference in horizontal well, the following assumptions
are introduced during the establishment of the mathematical
model: (1) the target formation belongs to linearly elastic
medium; (2) HF satisfies the plane strain condition [31];
(3) the study domain is infinite and ignores the abnormal
pressure caused by geological tectonic movement; (4) the
fracture propagation process follows the theory of linear
elastic fracture mechanics [32]; (5) the fluid inside the HF
is incompressible and belongs to the Poiseuille flow between
two parallel plates [33]; and (6) this paper does not consider
proppant migration and uneven distribution within the
fracture.

2.2. Fracture Deformation and Flow of Fracturing Fluid in
Fracture. Displacement discontinuity method (DDM) is
one of the boundary element methods (BEM) and first
proposed by Crouch [34]. In this paper, we use DDM to
simulate the deformation of HF and induce stress field.
Separate HF into N segment discontinuous microelements.
When a discrete fracture microelement is subjected to field
stress in the discrete state, relative displacement between
the upper and lower surfaces will occur. In general, the shear
stress and normal stress in each element of fracture is as
follows [35]:
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where Ds,Dn are the horizontal and vertical relative
displacements of the discontinuous microelement in s–n
coordinate system, m; Aj,i
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coefficients of unit i under the discontinuous displacement
of unit j, Pa/m; and σi

s, σin are the shear stress and normal
stress in fracture element, respectively, Pa. The impact coef-
ficients are as follows:

Ai,j
ss = 2G −f ′�x�y sin 2γ − f ′�y�y cos 2γ − �y f ′�x�y�y sin 2γ − f ′�y�y�y cos 2γ
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ð2Þ

where f ′x, f ′y , f ′xx, f ′xy, f ′xyy, and f ′yyy are the derivatives
of function f ðx, yÞ, respectively; ν is the Poisson ratio; and
G is the shear modulus, MPa. For a detailed description of
rock deformation, refer to our previous studies [36].

In the initial stage of fracturing, the HF is affected by
both in situ stress and fluid pressure inside the fracture.
Considering that the study domain is infinite, the stress
equilibrium equation on each fracture element is given by

σis = −
1
2 σh − σHð Þ sin 2βi

σin = pi − σh sin2βi − σH cos2βi

8<
:   i = 1, 2,⋯,Nð Þ,

ð3Þ

where σh, σH are the minimum and maximum horizontal in
situ stress, Pa, and βi is the angle between the X-axis and the
si-axis in ith element, rad.

Navier-Stokes equations are introduced to describe the
pressure drop of the fracturing fluid in HF. At this point,
the flow of power-law fluid on a flat plate between two
smooth planes can be expressed as [37]

∂p x, tð Þ
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= −2€n+1k 1 + 2n
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where P is the pressure inside the fracture, Pa; q is the flow
rate per unit time through the fracture cross section, m3/s;
hf is the height of HF, m; w is the width of fracture, m;
and €n and k are the fluid power law index and the consis-
tency index, respectively. In general, fracturing fluid is
Newtonian fluid, so €n = 1:

q x, tð Þ = −
hf w

3

12k
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: ð5Þ

Put Equations (1) and (3) into a matrix form:
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By eliminating Ds in Equation (7), the width of HF (Dn)
can be directly solved:
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ð7Þ
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Then, the specific stresses and displacements of each
point in the reservoir caused by jth microelements can be
obtained as follows [11]:
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where σj
xx, σj

yy, σj
xy , uj

x, uj
y are the induced stress and

displacements.

2.3. The Initiation and Propagation of Fracture. The stress
intensity factors (SIFs) are important parameters to describe
the field stress of fracture tip, which is calculated by discon-
tinuous displacement value on the fracture surface. SIFs at
the fracture tip can be shown [38]:
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where KΙ and KΙΙ are the stress intensity factor of different
types of cracks, MPa∙m0.5; E is Young’s modulus, MPa; ν
is Poisson’s ratio; and a is the half-length of crack, m.

At the same time, the maximum circumferential stress
(MCS) criterion is introduced to judge the initiation and
propagation direction of fracture [39]. The fracture deflec-
tion angle can be obtained by solving the first-order partial
derivative for the circumferential stress:
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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The mixed mode of stress intensity factor is used to iden-
tify the initiation of HF:

Ke = cos θ0
2 KΙ cos2

θ

2 −
3
2KΙΙ sin θ0

� 	
, ð12Þ

WhenK IC > Ke, fracture is initiated. Preset cracks propa-
gate at a fixed length each time.

2.4. Flow Chart. The computer program flow chart
(Figure 1) and corresponding solving procedure are as
follows: (1) input initial parameters, such as maximum
horizontal stress, minimum horizontal stress, Young’s
modulus, Poisson’s ratio, fracture toughness, injection
pressure, perforation depth, and perforating angle; (2)
hydraulic fracture discretization and establish the deforma-
tion equation with Equations (1) and (5); (3) use the
Newton-Raphson iteration method to calculate the discon-
tinuous displacement of fracture element, pressure in frac-
ture; (4) check the current construction time and total
time; if the total time is reached, finish calculation; (5) if
construction time does not reach the total time, calculate
the stress intensity factor (Equation (10)) and determine
whether the tip of HF has cracked (Equation (12)); (6) cal-
culate the deflection angle (Equation (11)) with maximum
circumferential stress [25], and increase the number of
fracture element and construction time; (7) go to step 2
again, and make the fracture element discrete. The
hydraulic fracture path is built step by step until the con-
struction time is bigger than the total time.

2.5. Model Validation. Firstly, verify the induced stress
caused by fracture deformation. Our model satisfies the
plane strain condition and assumes that the height of
fracture is constant [32]. The analytical solution of the
induced field stress around the fracture can be expressed
as [40]
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where Pf is the injection pressure, Pa; r, r1, r2 are, respec-
tively, the distance between the fracture and the point Q,
m; and θ, θ1, θ2 are the angle between the X-axis and the line
the distance. The specific mechanical model is shown in
Figure 2(a).

The initial simulation parameters are as follows: injec-
tion pressure (Pf ) is -3MPa, the half-length of crack (a) is
1m, the coordinates of point Q: x = 0:5m, and y increase
from 0m to 10m. Calculate the induced stress at point
Q under different vertical distances (coordinate y) from
the fracture plane. The normal stress and shear stress
obtained by simulation and calculation decrease with the
increase of the distance from the fracture plane, and the
numerical solution is basically consistent with the analyti-
cal solution, where in Figure 2(b), the solid line represent
analytical results, and the dotted line represents the simu-
lation results.

Compared with other simulation method and approaches,
DDM has some clear advantages. The discretization of
the elastic problem reduces to defining the unknowns
only on the fracture surface, which significantly lowers
the size of the problem. At the same time, the elasticity
equations can be constructed easily due to the stresses
along the fracture which are equal to the superposition
of the contribution of discontinuity displacement on all
fracture elements. Besides this, deformation equation,
which derived from analytic solution, makes the calcula-
tion result have high precision.

3. Results and Discussion

3.1. The Distribution of Induced Stress after Hydraulic
Fracturing. The purpose of this paper is to quantitatively
assess the influence degree of different factors on the deflec-
tion of HF. Our numerical simulation is primarily aimed at
unconventional reservoirs, so the simulation data are mainly
based on the rock mechanical parameters of unconventional
reservoirs. The algebraic relationships among perforating
angle, deflection angle, in situ stress, and injection pressure
are established based on previous studies [25].

H + cos2β

 �

sin θ = 1
2 sin 2β 3 cos θ − 1ð Þ,

H =
Pf − PH

PH − Ph
,

ð14Þ

where θ is the deflection angle and β is the perforating angle.
However, in the derivation of the basic model, it is

assumed that HF is straight line, so the above equation
cannot be used for the calculation of continuous fracture
deflection. And the superposition effects of other hydraulic
fracture elements on fracture tip elements should also be
considered. Therefore, numerical simulation is carried out
based on the boundary element method. The fracture trajec-
tory and the influence of fracture deformation on horizontal
principal stress distribution are shown in Figure 3. A

Initial parameters: In-situ stress, mechanical
properties of rock, construction parameters

Discrete fracture element

Establish the fluid-solid coupling
equation

Given the initial solution

Calculate the width and pressure
in the fracture

Check convergence

Yes

Check fracturing
time: t > t!

No
No

No

Calculate stress intensity factor, if
Ke > KIC

Calculate deflection angle
and step lengthYes

t = t + Δt

�e construction
time: t = t + Δt

Increase the number of
fracture units

Exit the calculationYes

Figure 1: Computer program flow chart.
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schematic diagram is provided in Figure 3(a)to indicate the
boundary conditions and the initial fracture location com-
pared to the reservoir. The initial parameters are as shown
in Table 1.

From Figures 3(b) and 3(c), we can see that under in situ
stress, fractures tend to deflect to maximum horizontal stress
direction. The planar-induced stress distribution can be
intuitively shown in Figures 3(b) and 3(c). However, the
force magnitude and the positive and negative sign of the
force in the fracture tip area determine the subsequent prop-
agation direction of the fracture. Therefore, Figures 3(d) and
3(e) are drawn to show the magnitude and direction of
stress. In this paper, when the normal stress is positive, it
means the reservoir is under tension, and vice versa. Shear
stresses always occur in pairs; they are equal and opposite.
During the propagation of HF, tensile stress areas are
formed on both tips of the fracture. At the same time, the
abrupt change of shear stress at the crack tip indicates that
the shear stress also affects HF deflection.

3.2. The Deflection of Hydraulic Fracture. Construction
parameters and rock mechanics parameters are often impor-
tant factors affecting fracture deflection. So we will discuss
the deflection mechanism of hydraulic fracture from injec-
tion pressure (Pf ), horizontal principal stress (σh, σH),
perforating angle, viscosity of fracturing fluid (μ), and
mechanical properties of rock (E, ν) and finally determine
the degree of influence of different factors on fracture deflec-
tion. The simulation data is shown in Table 2. These data are
applicable to tight sandstone reservoirs, and we have sum-

marized the value range of data in previous studies. For
details, please refer to Zheng et al. [36]. According to
formula (14), there is a certain relationship between stress
difference and HF angle. Therefore, in order to make each
parameter have comparability between each other, the study
of the in situ stress and the pressure in the fracture is
expressed in the form of stress difference.

In our simulation, ignore fracturing fluid filtration. On
the premise of given injection pressure, only the pressure
drop of fracturing fluid under the condition of flat flow in
the fracture is considered. In order to make the fracture have
more deflection space for easy observation, the basic direc-
tion of the fracture is approximately perpendicular to the
maximum horizontal principal stress. The maximum hori-
zontal principal stress was set as a constant value (40MPa)
so that other stress values could be determined. The perfo-
rating depth is 1m, the initial perforating angle of fracture
is defined as the angle between the perforation direction
and the maximum horizontal stress direction. Note that in
a homogeneous reservoir, when the fracture is completely
perpendicular to the direction of maximum horizontal prin-
cipal stress, the fracture does not deflect due to the zero
cosine value, but this does not occur in a real reservoir due
to reservoir heterogeneity. Therefore, in order to better fit
the actual situation, when the perforation angle is 90°, we
will set a small tilt in the model so that the cosine is very
small but not zero.

We divided the simulation into 12 groups and set groups
3 and 10 as the control group, to study the influencing
factors of HF deflection, including horizontal principal stress
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difference (cases 1-3), hydraulic fracture pressure (cases
3-5), differences in initial perforating angle (cases 3, 6,
and 7), the pressure inside hydraulic fracture considering
the fluid pressure drop (cases 8-10), the viscosity of fractur-
ing fluid with the pressure drop in the fracture (cases 10-
12), and consider and disregard fluid pressure drop (cases 5
and 10). To eliminate the effect of fluid pressure reduction
during fracture deflection, the pressure was set constant in
the simulation to allow a complete analysis and comparison
of simulation results from the perspective of single factor
influence. The simulation results of first seven groups are as
shown in Figure 4. From cases 1 to 3, we can see that with
the decrease of the minimum horizontal principal stress,
the interference effect of stress difference on fracture deflec-
tion gradually increases. It can be predicted that if the direc-
tion of in situ stress reverses in the later period, the fracture
track will swing back and forth, and the swing amplitude will
increase with the increase of the stress difference. Cases 3-5
show that the greater the internal pressure of hydraulic frac-
ture is, the easier it is for the fracture to get rid of the influ-
ence of in situ stress on its track direction in the process of
propagation. Cases 3, 6, and 7 indicate that the direction of
perforation has a great influence on the hydraulic fracture
trajectory. When the hydraulic fracture extends along the
approximate horizontal principal stress direction, the influ-

ence of the maximum horizontal principal stress on the
hydraulic fracture trajectory increases gradually. Xing et al.
[20] proposed the influence of injection rate on fracture
deflection; the increase in injection rate is similar to the
increase in injection pressure in cases 3-5. But their research
did not involve the effect of stress difference, perforation
angle, fracturing fluid viscosity, etc.

In order to have a clear exhibition of the morphology of
HF in three-dimensional view during hydraulic fracturing,
we constructed the pseudo-three-dimensional morphology
about the torsion of HF by orthogonally superimposing the
plane strain model. Specifically, the fracture propagation
morphology in the X-Z plane is calculated first, and then,
the fracture propagation morphology is calculated for each
node element mentioned above in the X-Y plane with the
coordinates of each node element as the starting point.
Finally, the fracture plane is constructed by interpolation.
In this paper, the X-axis is the direction of minimum
horizontal principal stress, which is also the wellbore
direction. The Y- and Z-axes represent the direction of
maximum horizontal principal stress and vertical in situ
stress, respectively. These two forces are usually perpen-
dicular to the wellbore. Simulation results are as shown
in Figure 5. It can be seen from the figure that the
greater the pressure in the fracture, the easier the hydrau-
lic fracture is to propagate along its initial direction; on
the contrary, the lower the pressure in the fracture, the
easier the fracture surface is torsion.

3.3. The Curvature Radius of Hydraulic Fracture during
Deflection. In the above section, the deflection morphology
of a single fracture is mainly studied, but it did not clearly
reflect the deflection rate during HF propagation, and as a
result, we cannot evaluate which factors are more likely to
cause fracture deflection. Therefore, in this section, the frac-
ture deflection rate is amplified by converting the fracture
deflection angle into the radius of curvature. The fracture
deflection radius model is shown in Figure 6(a). Suppose
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Table 1: Data for simulation.

Young’s modulus 30GPa

Poisson’s ratio 0.25

Maximum horizontal stress 40MPa

Minimum horizontal stress 38MPa

Injection pressure 43MPa

Perforating depth 1m

Fracture toughness (MPa·m1/2) 2.5MPa·m1/2
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that the deflection angle of a discrete fracture element is
θðr,iÞ; then,

θ r,ið Þ =
θi+1 − θi, i = 1, 2, 3⋯ n,
θ1, i = 1,

(
ð15Þ

where θi is the angle between HF and the direction of
minimum horizontal principal stress.

The curvature radius of each fracture element is calcu-
lated. And the deflection rate is as shown in Figure 5(b).

In Figure 6, the slope of the curve can be used to repre-
sent the fracture deflection rate. By observing cases 3, 6, and
7 in Figure 6(b), it is found that the deflection of fracture
caused by the perforating angle basically tends to be stable
after HF propagation of about 3m; this indicates that the
original propagation direction of HF cannot be maintained
only by increasing the perforation angle. From cases 1 to 3
in Figure 6(c), we can see that, in the stage of crack
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Figure 5: Spatial morphology of hydraulic fractures: (a) case 3; (b) case 5.
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initiation, the greater the stress difference, the more likely the
crack will be deflected, while the deflection velocity of frac-
ture caused by stress difference gradually accelerates. Since
the HF has been deflected a lot in the initial stage, after the
HF propagated for 5-10m, the greater the stress difference,
the less likely the crack will be deflected. For comprehensive
comparison, we draw the first seven groups of case curves in
one graph, Figure 6(d). According to cases 3-5, the influence
of fluid pressure inside the HF on the deflection rate is not

obvious when it is too low. Only when the pressure in the
fracture is much greater than the maximum horizontal prin-
cipal stress, the deflection rate will decrease significantly, but
it is still decreasing gradually, and the curve is convex. When
the pressure in the fracture is large enough, the fracture can
easily maintain the original extension direction. By compar-
ing the above three factors, the influence degree of each factor
on fracture deflection is ranked: stress difference of in situ
stress > injection pressure > perforating angle.
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The fluctuation of the curve at the initial position is
due to the length of the HF which is too small at the
initial moment, which causes the HF to be affected by
both the in situ stress and the element length. This is
the same as the commonly observed saw tooth crack
in reality. This phenomenon series is obvious in cases
1, 5, and 7; thus, it can be seen that low stress differ-
ence and high injection pressure easily lead to unstable
deflection at the initial moment. But it will disappear

when the hydraulic fracture reaches 2-9 times of its ini-
tial length.

3.4. The Deflection of Hydraulic Fracture considering the
Drop of Fluid Pressure. We have studied the deflection of
HF without considering the drop of fluid pressure in the
above cases (1-7). Now, fluid flow and pressure drop in rock
fractures are described by the Navier-Stokes equations in
fluid mechanics [37]. For comparison, we simulated the
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cases 1-3, 6, and 7 to study the deflection situation under
different stress differences and perforation angles, which
considered the drop of fluid pressure. Figure 7 indicates that
fractures can easily stop propagation due to loss of pressure
drop. At the same time, the pressure drop loss further
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weakens the influence of the perforation angle on the
fracture trajectory.

Cases 8-12 in Figure 8 are the simulation results of the
effect of fracture pressure and fracturing fluid viscosity on
fracture deflection when considering fluid pressure drop.

It can be seen from Figure 8 that the fracture deflection
of cases 8-10 in considering the drop of fluid pressure is
similar to that without pressure drop. Cases 10-12 indicate
that with increasing viscosity of the fracturing fluid, the
pressure in the fracture decreased more rapidly, but the
deflection angle of HF was relatively inconspicuous. How-
ever, the initiation of HF will be suppressed when the viscos-
ity of fracturing fluid is too high (case 12). Thus, the
adjustment space to adjust the fracture trajectory through
the viscosity of the fracturing fluid was limited. Comparing
case 3 with case 9, the fluid pressure drop can cause signifi-
cant change in fracture trajectory. Reducing the viscosity of
fracturing fluid without considering filtrate is helpful for
fractures to restrain the influence of in situ stress on its
deflection. However, low-viscosity fracturing fluid is more
likely to penetrate into the formation, resulting in a faster
drop of pressure in the fracture, and excessive fluid viscosity
will cause frictional resistance increase and increased pres-
sure loss making it difficult to initiate HF.

3.5. Influence of Rock Mechanical Properties on Fracture
Trajectory. We have studied the influence of construction
factors on fracture deflection in the above section, and then,
we will study the influence of rock mechanical properties on
it. It can be seen from the numerical model in Section 2 that,
when simulating HF propagation, it is necessary to deter-
mine the deflection angle and propagation length of the
crack tip each time it breaks. From Equations (1) and (2),
we can see that when the crack surface is stressed, it can be
written in the following form:

Dn =
R1
G

,

Ds =
R2
G

,
ð16Þ

where G is the shear modulus, G = E/ð2ð1 − υÞÞ, and R1
andR2 are the constant coefficient.

Substitute formula (16) for formula (10):

KΙ =
R3
1 + υ

,

KΙΙ =
R4
1 + υ

,
ð17Þ

where R3 and R4 are the constant coefficient.
It can be seen that the stress intensity factor is indepen-

dent of Young’s modulus in this solving process. From
Equations (10), (11), and (17), we can obtain the following
relation:

θ0 = arcsin
R4 R3 + 3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R3

2 + 8R4
2p� �

R3
2 + 9R4

2

2
4

3
5: ð18Þ

Now, it can be seen that the combination of the previous
boundary element deformation equation, the stress intensity
factor solution equation, and the maximum circumferential
stress criterion is suitable for judging the instability of the
fracture tip. However, this method cannot well reflect the
influence of rock mechanical properties (E, ν) when calcu-
lating the deflection angle and fracture propagation length
after fracture tip rupture, so it is not suitable for simulat-
ing fracture trajectories under different rock mechanical
properties.

Based on the above situation, we introduce Griffith
energy release theory [41, 42] to analyze this problem.
Suppose that there is an infinitely thin plate of thickness δ;
the shape of HF in it is as shown in Figure 9, where P is
the fluid pressure in the fracture, Δa is a certain length in
fracture tip, and Δv is the volume increment of the fracture
after the fracture tip expands for a certain length.

At this time, the work done by the fluid pressure P on
the fracture surface can be expressed as ΔWp, and the work
done by the in situ stress is ΔW1ðΔW1 = Δv∙σnÞ. As fracture
propagates, a part of the energy is converted into strain
energy and stored in the rock matrix. This part of the energy
can be expressed as ΔW0, and the remaining energy is used
to supply new cracks, which is called the specific surface
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energy, and its size is 2γδΔc. Then, the energy balance equa-
tion can be expressed as [43]

ΔWP = ΔW0+ΔW1 + 2γδΔa: ð19Þ

Different rock mechanical properties have different sur-
face energies, so the length increments generated during
instability are also different, which will lead to different
extension trajectories of fractures, as shown in Figure 10.
Under the combined action of tensile stress and shear stress,
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even if the fracture element is deflected at the same angle,
different propagation paths are produced when the element
lengths are different.

At this time, the fracture volume increment can be
expressed as [42]

Δv = 2πδσna∙
Δa

E′
=Q0∙Δt, ð20Þ

where E′ is the modulus of elasticity for plane strain condi-
tion, E′ = E/ð1 − υ2Þ; γ is surface energy; δ is the thinness of
infinite domain; and Q0 is the injection rate of the fracturing
pump.

When fracturing fluid filtration is not considered, from
the volume balance, the fracture volume change is equal to
the fluid volume injected per unit time step, so we can obtain
the length increment per unit time step at the crack tip. The
influence of Young’s modulus is as shown in simulation
results in Figures 11 and 12. As Young’s modulus increases
and Poisson’s ratio decreases, the fractures are less prone
to deflection, and the fracture aperture will be reduced
accordingly at the same time. The biggest apertures of HF
do not always appear at the wellhead. This is because the
initial fracture is approximately perpendicular to the maxi-
mum horizontal principal stress. With the deflection of the
hydraulic fracture, the compressive stress on the fracture
surface from the direction of the maximum principal stress
will decrease, and the width of HF will increase relatively.
However, as the length of HF continues to increase, the frac-
ture width gradually decreases, and the smaller the Young
modulus, the greater the rate of the HF width. Note that this
model does not consider the effect of proppant on fracture
pressure.

4. Conclusions

In this paper, a fracture deflection model during hydraulic
fracture propagation is established to simulate the trajectory
of HF under different parameters.

The deflection of HF is affected by different parameters,
which include the construction parameters during HF prop-
agation and the geologic parameters. And these parameters
contain a compensation relationship. In other words, the
influence of the same parameter with different values on
the fracture deflection trajectory can be compensated for
and balanced by other parameters.

Under the influence of different parameters, the deflec-
tion rate of hydraulic fractures is not the same. In order to
clearly show the different factors on HF deflection, we used
curvature radius to evaluate the deflection rate of HF. Stress
difference has the greatest influence on the curvature radius
of HF. However, when the pressure in hydraulic fracture is
much greater than the horizontal in situ stress, the in situ
stress has little influence on the deflection of hydraulic frac-
ture. When stress difference is too small or the injection
pressure is too big, the deflection angle of fracture is easy
to fluctuate during initial propagation. The influence degree
of each factor on fracture deflection is ranked: stress

difference of in situ stress > injection pressure > perforating
angle.

As the fracturing fluid viscosity increases, the pressure in
the fracture decreased more rapidly, but the hydraulic frac-
ture deflection angle was relatively larger than the fracture
with higher fracturing fluid viscosity. When considering
the fluid pressure drop, HF is easier to deflect.

Theoretical analysis shows that conventional methods
for coupling boundary element deformation calculation
model, stress intensity factor calculation and maximum cir-
cumferential stress criterion, cannot distinguish the influ-
ence of rock mechanical properties on the deflection of
hydraulic fractures during hydraulic fracturing. Based on
this situation, a calculation method of the fracture extension
increments at the fracture tip based on energy release is
introduced in discontinuous displacement model.

As Young’s modulus increase and Poisson’s ratio
decreases, the fractures are less prone to deflection, and the
fracture aperture will be reduced accordingly at the same
time. The biggest apertures of HF do not always appear at
the wellhead; this is often related to the angle between the
fracture and the maximum horizontal principal stress.

There are still many shortcomings in this paper. Future
studies will be a systematic and in-depth study of fracture
morphology under different geological conditions and
fracturing technologies. In terms of numerical simulation,
optimize the calculation model so that the propagation of
three-dimensional fracture can be calculated, and consider
the heterogeneity of pore pressure, rock mechanical proper-
ties, multiscale cracks, etc. In laboratory experiments, large-
scale fracturing experiments will be carried out to verify the
simulation results. Finally, we hope to develop a set of
hydraulic fracturing methods that can be used for fracture
morphology control based on this paper.
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