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The fracture propagation in hydraulic fracturing is described as a nonlinear problem dynamic boundary. Due to the limitation of
mesh refinement, it is difficult to obtain the real crack propagation path using conventional numerical methods. Meshless methods
(MMs) are an effective method to eliminate the dependence on the computational grid in the simulation of fracture propagation. In
this paper, a hydraulic fracture propagation model is established based on the element-free Galerkin (EFG) method by introducing
jump and branch enrichment functions. Based on the proposed method, three types of fracturing technology are investigated. The
results reveal that the stress interference between fractures has an important impact on the propagation path. For the codirectional
fracturing simultaneously, fractures propagate in a repel direction. However, the new fracture is attracted and eventually trapped by
the adjacent fracture in the sequential fracturing case. For the opposite simultaneous fracturing in multiwells, two fractures with a
certain lateral spacing will deflect toward each other. The effect of stress shadow should be used rationally in the optimization of
construction parameters; for the single well multistage fracturing, the stage spacing should be out of stress inversion area, while
for the simultaneous fracturing of multiple wells, stress inversion zones should be used to maximize communication between
natural fractures. Overall, this study establishes a novel and effective approach of using MM to simulate the propagation of
hydraulic fractures, which can serve as a useful reference for understanding the mechanism of hydraulic fracture propagation
under various conditions.

1. Introduction

Hydraulic fracturing is a vital technology for the stimulation
of unconventional tight reservoirs with low permeability and
complex pore-throat system [1–6]. Complex fracture
network is of great significance for economic exploitation
of shale gas. The prediction of hydraulic fracture propaga-
tion paths plays an important role in fracturing design;
consequently, it has received considerable research attention
[7–9]. In recent years, except for physical experiments [10,
11], various numerical methods have been adopted by
researchers to investigate this problem, including finite ele-
ment method (FEM), displacement discontinuity method
(DDM) [12], extended finite element method (XFEM) [13],
and phase field method (PFM) [14].

Hunsweck et al. [15] proposed a FEM-based algorithm to
examine the effect of fluid lag during the fracturing process
by considering the nonlinear coupling between the fluid pres-
sure and fracture opening. A multiple fracture propagation
3D model based on the FEM established by Guo et al. [16],
the inhibit effect on the fracture length and width produced
by the stress interference effect between hydraulic fractures
was presented. In addition, Shauer and Duarte [17] proposed
an improved generalized finite element method (GFEM) to
simulate the 3D hydraulic fracture propagation, and the
results suggested that this algorithm could decrease the num-
ber of Newton iterations and increase the robustness. As one
of the methods based on FEM, the cohesive zone method
(CZM) has also been widely applied for the simulation of
hydraulic fracture propagation [18–20]. Its main idea is to
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embed the cohesive zone element into the region between
solid elements to simulate the fractures. The main disadvan-
tage of this method is that the propagation path of the
fracture is predefined, and the extension direction of the frac-
ture cannot be changed according to the real-time stress
state. Meanwhile, FEM depends on the mesh structure. Espe-
cially after the crack propagation, the mesh needs to be
restructured, and its quality seriously affects the accuracy of
the simulation results [21–23].

To better solve the problem of the discontinuous structure
in the traditional FEM. Belytschko and Black [13] introduced
an enrichment function that could describe the discontinuous
structure in the shape function of the conventional finite ele-
ment, so the requirement in the conventional FEM that the
mesh must coincide with the boundary of the discontinuous
structure was avoided, and the grids describing the crack
could be independent of other grids. This is the core idea of
XFEM [24]. However, in this method, additional equations
are required to describe the fluid flow equations in fractures
and reservoir filtration for simulating the hydraulic fracture
propagation. Based on XFEM, Taleghani and Olson [25]
introduced lubrication equation to describe the fluid flow in
the fracture and examined the interaction between hydraulic
fracture and natural fracture. Suo et al. [26] considered the
effect of fluid leak-off and mixed-mode failure to investigate
the interaction between hydraulic and natural fractures. Sim-
ilarly, Zheng et al. [27] used XFEM to study the interaction
between hydraulic and natural fractures, and the results
showed that the approach angle and stress difference had a
predominant effect on the reactivation of natural fractures
as compared to the other parameters. In addition, it has been
proposed to combine XFEM with CZM or other methods to
simulate fracture propagation [28–30].

As one of the boundary element method (BEM), DDM
is widely used to solve the fracture extension problem,
especially for staged multicluster fracturing [31–33]. The
advantage of this method is that only the hydraulic frac-
tures need to be discretized. Based on this method, Zhou
et al. [4] proposed a factor “H” to evaluate the relationship
between the initial angle and deflection angle of fracture. It
may be noted for a reservoir containing natural fractures,
the path of hydraulic fractures can be disturbed by natural
fractures, and the natural fractures may open and shear due
to stress interference from hydraulic fractures before
hydraulic fractures intersect with natural fractures [3].
Based on DDM method, Ren et al. [34] simulated the non-
planar propagation of hydraulic fractures and obtained the
stimulated reservoir volume (SRV) of tensile or shear fail-
ure zone. Wu and Olson [35] suggested that the mechanical
interaction between cracks was underestimated in the
pseudo-3D DDM proposed by Olson [36], and a modified
method called fully 3D DDM was proposed to overcome
this problem. The results showed that the extra elements
generated by the height of cracks could be eliminated.
However, the filtration of liquid was not considered in this
method, and it was only suitable for linear elastic and
homogeneous materials. In addition, it was difficult to
describe the variation of fluid pressure and its distribution
at the intersection point.

The basic idea of PFM is to introduce a field order param-
eter or fracture field to describe the smooth transition
between complete and incomplete states to solve the fracture
problem. In other words, the sharp fractures are transformed
into diffused cracks by introducing an auxiliary phase field
variable [37]. The main advantage is that no additional rules
are required to track the fracture interface, and the grid need
not be restructured after fracture extension [38–40].

As pointed by Lecampion et al. [37], meshless methods
(MMs) are effective for solving the problem of fracture prop-
agation in elastic and porous-elastic [41]. The MMs are pri-
marily divided into two categories: element-free Galerkin
(EFG) and smoothed particle hydrodynamics (SPH)
methods. The EFG method was originally developed by
Belytschko et al. [42], and its main idea is to use moving least
squares method for the approach functions. To solve the
discontinuous boundary problem, Belytschko et al. [43] pro-
posed to use a jump function for the displacement disconti-
nuity along the crack faces and the Westergard’s solution
enrichment around the crack tip. The main advantage of this
method is that it does not require any connectivity data
between the nodes; in addition, the accuracy of the results
can be ensured even if the node arrangement is irregular.
However, there are only few studies on the simulation of
hydraulic fracture propagation based on MMs. Oliaei et al.
[44] simulated the propagation path of hydraulic fractures
in homogeneous and heterogeneous saturated soils using
the EFG method to verify the feasibility of this method.
Furthermore, Wen et al. [45] used the 3D EFG method to
simulate the fracture propagation in coalbed methane
(CBM). In this model, the fluid pressure distribution in the
fracture was considered, and the simulation results were
consistent with the experimental results.

In this study, a hydraulic fracture propagation model
based on the EFG method is established. Further, the evolu-
tion of deflection angle and the effect of spacing on the frac-
ture propagation are investigated. Compared to the existing
studies on the simulation of fracture propagation using
MM, the morphology of multiple fractures occurring simul-
taneously or sequentially are presented.

2. Methodology

2.1. Governing Equations of Hydraulic Fracturing Problem.
As shown in Figure 1, for the hydraulic fracture in the control
region Ω, the fracture surface boundary, the external force
boundary, and the displacement constraint boundary can
be expressed as Γc, Γt , and Γu, respectively. The model estab-
lished in this paper is based on the following assumptions:

(1) The solid model is isotropic in two-dimensional (2D)
space

(2) The rock deformation is considered as a small linear
elastic deformation

(3) The fluid in the fracture is considered as an incom-
pressible Newtonian fluid, and the effect of fluid
filtration is not taken into account
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Without considering the influence of the body force, the
equilibrium differential equation can be expressed as follows:

∇σ = 0: ð1Þ

The boundary conditions of the equation can bewritten as

Γt : σ ⋅ n =�t
Γc : σ ⋅ n =�tc
Γt : u = �u

8>><
>>: : ð2Þ

According to the principle of virtual displacement, the
equilibrium equation can be obtained as follows:

ð
Ω

∂σx
∂x

+
∂τxy
∂y

� �
δu +

∂σy
∂y

+
∂τxy
∂x

� �
δv

� �
dΩ = 0, ð3Þ

whereδu and δv represent the virtual displacement in the x
and y directions, respectively.

Using the partial integral formula, we obtainð
Ω

σxδεx + τxyδγxy + σyδεy
� �

dΩ =
ð
Γ

σxnx + τxyny
� 	

δu



+ σyny + τxynx
� 	

δv
�
ds,
ð4Þ

wherenx = cos ðn, xÞ andny = cos ðn, yÞ.εx, εy, and γxyrepre-
sent the strain in the x direction, y direction, and the shear
strain, respectively.

On the force boundary of the elastomer, f x and f y repre-
sent the surface forces along the x and y directions, respec-
tively. Combined with the elastic mechanics equation,
equation (4) yields the following:ð

Ω

σxδεx + τxyδγxy + σyδεy
� �

dΩ =
ð
Γ

f xδu + f yδv
� �

ds:

ð5Þ

2.2. Fluid Flow within the Fractures. The flow of fracturing
fluid within the hydraulic fracture is considered as a flow

between parallel plates, which satisfies the following cubic
law:

q x, tð Þ = −
w3 x, tð Þ
12μ

∂pf x, tð Þ
∂x

, ð6Þ

where q is the volume flow rate along the crack direction, t is
the fracturing time, w denotes the crack opening, pf repre-
sents the fluid pressure in the fracture, and μ is the viscosity
of the fracturing fluid.

Assuming that the fluid has no filtration loss and is
incompressible in the fracture, the material balance equation
in the fracture can be expressed as

∂q x, tð Þ
∂x

+ ∂w x, tð Þ
∂t

= 0: ð7Þ

Because the filtration of the crack is not considered, the
total material balance equation is

ðL
0
w x, tð Þhdx =Q0t, ð8Þ

where L is the length of the crack, h represents the height of
the crack, and Q0 is the volume flow of injection.

In addition, at the tip of the fracture, the flow rate of the
fracturing fluid is zero, and the crack width is also zero. Thus,
the boundary conditions can be expressed as follows:

q 0, tð Þ =Q0

q L, tð Þ = 0
w L, tð Þ = 0

8>><
>>: : ð9Þ

The crack width, which is formed by the displacement of
the crack wall surface (as shown in Figure 1), can be
expressed as

w = n u+up − u−bot
� �

, ð10Þ

where n is the normal unit vector outside the crack surface,
u+up represents the displacement of the upper surface of crack,
and u−bot is the displacement of the bottom surface of crack.

The displacement of the fracture surface must be calcu-
lated by MM.When the fluid and stress are coupled, the fluid

u

t
tc

c

t
Hydraulic fracture

pf

Q0

nenr
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W

Figure 1: Schematic of linear elastic solid with hydraulic fracture.
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flow equation in the fracture for MMmust be simultaneously
coupled iterative calculations. The finite-difference method
and Picard iteration method are applied to solve the fluid
flow equation in the fracture.

2.3. Meshless Method (MM)

2.3.1. Displacement Field Approximation. Motivated by the
XFEM, Belytschko et al. [43] proposed to use the partition
of unity (PU) enhanced method to obtain a new displace-
ment function for MM. The expression can be divided into
two parts: continuous displacement and discontinuous
displacement. The approximate displacement function can
be expressed as follows:

u xð Þ =〠
I∈S

NI xð ÞuiI + 〠
I∈Sc

NI xð ÞH f xð Þð ÞαiI + 〠
I∈Sf

NI xð ÞBj xð ÞβiI j,

ð11Þ

where I is the node set, i = 1,2,3,⋯, n; n represents the total
number of nodes; S represents the general node set; uiI repre-
sents the node displacement set; Sc is the step strengthening
point set; Sf denotes the crack tip strengthening point set; N
is the shape function; αiI and βiI j represent unknown vector
coefficients. H is the Heaviside function, which is defined as

H f xð Þð Þ =
+1 if f xð Þ > 0
−1 if f xð Þ < 0

(
: ð12Þ

Branch enrichment function BjðxÞ indicates the displace-
ment function of the crack tip. It can be written as follows:

Bi xð Þ = ffiffi
r

p
cos θ

2

� �
,

ffiffi
r

p
sin θ

2

� �
,

ffiffi
r

p
sin θð Þ sin θ

2

� �
,

�

r sin θð Þ cos θ

2

� �r �
,

ð13Þ

where r and θ represent the coordinates of the crack tip in the
local polar coordinate system.

2.3.2. Shape Function. The displacement and stress in a solid
field can be calculated by establishing field nodes based on
MM, where the mesh dependency of the traditional method
can be eliminated. However, the shape function generated
using the traditional method may not be suitable for MM
as there is no connectivity between the nodes. Therefore, a
new method is needed to generate the shape function for
MM. To this end, a circular domain of influence is intro-
duced, as shown in Figure 2 (yellow line). For this case, the
radius of influence region is 1.7 times the maximum spacing
between the field nodes.

The shape function is generated by using the moving least
squares method due to its high stability in EFG [46]. Consid-
ering the displacement variable function uðxÞ in a continuous

domain, the moving least squares approximation at x can be
expressed as follows:

u xð Þ = 〠
m

i=1
pi xð Þai xð Þ = pT xð Þa xð Þ, ð14Þ

where pðxÞ is the basis function in 2D space coordinate sys-
tem, and aðxÞ is an undetermined parameter. A monomial
is usually adopted as the basis function.

A reasonable value of aðxÞ can make the approximate
function as the optimal solution of uðxÞ function in one
neighbourhood of the calculation node. To obtain this value,
the weight function is defined on each node, and the error
estimation function is introduced. Finally, the shape function
can be expressed as follows:

NT xð Þ = pT xð ÞA−1 xð ÞB xð Þ: ð15Þ

2.3.3. Weight Function. The selection of weight function is
extremely important for the generation of shape function.
Usually, they are expressed using 3rd order and 4th order
spline functions. Liu et al. [47] provided a general expression
to construct any continuous-order weight function. To meet
the corresponding conditions, the 4th order spline function
can be expressed as follows:

W xð Þ = 1 − 12r2 + 20r3 − 9r4, r ≤ 1
0, r > 1

(
, ð16Þ

r = x − xi
rw

, ð17Þ

where x − xi represents the distance between the nodes x and
xi, and rw represents the radius of domain of influence.

2.3.4. Overall Stiffness Matrix. Equation (5) can be written in
vector form as follows:

ð
Ω

δεT ⋅ σdΩ =
ð
Γ

δuT ⋅ f dΓ: ð18Þ

Equation (18) is the integral form generated by the

r

Domain of influence

xk

Figure 2: Schematic of domain of influence.
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discretization of the solid equation. Further, the matrix
expression can be obtained as follows:

Ku = F, ð19Þ

where

K =
ð
Ω

BTDBdΩ

F =
ð
Γ

NT f dΓ

8>>><
>>>:

: ð20Þ

In contrast to the FEM, the expansion term brought by
enriched degree of freedom is included in the Bmatrix, which
is expressed as

B = Bstd Benrj
h i

, ð21Þ

where Bstd and Benr are written as follows:

Bstd = B1, B2, B3,⋯,BN½ �, ð22Þ

Benr
i =

Nið Þ,xφi +Ni φið Þ,x 0
0 Nið Þ,yφi +Ni φið Þ,y

Nið Þ,yφi +Ni φið Þ,y Nið Þ,xφi +Ni φið Þ,x

2
664

3
775: ð23Þ

Here, φi is the branching function of crack tip. The
specific formula is shown in equation (13).

2.4. Fracture Extension Criteria. In this paper, the maximum
circumferential stress theory is considered as the fracture
propagation criteria. For the 2D mixed-mode fracture, the
stress component at the crack tip is expressed in the polar
coordinate system as follows [48]:

σrr =
1

2
ffiffiffiffiffiffiffi
2πr

p KI 3 − cos θð Þ cos θ

2 + KII 3 cos θ − 1ð Þ sin θ

2

� �

σθθ =
1

2
ffiffiffiffiffiffiffi
2πr

p cos θ

2 KI 1 + cos θð Þ − 3KII sin θ½ �

τrθ =
1

2
ffiffiffiffiffiffiffi
2πr

p cos θ

2 KI sin θ + KII 3 cos θ − 1ð Þ½ �

8>>>>>>>><
>>>>>>>>:

:

ð24Þ

The fracture propagation occurs when σθθ max reaches the
fracture toughness, and the deflection angle is expressed as
follows [49]:

θ0 = 2 arctan
1 ±

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + 8 KII/KIð Þ2

q
4 KII/KIð Þ

0
@

1
A, ð25Þ

where KI and KII represent the stress intensity factor (SIF)
for the opening mode and shear mode, respectively; KIC is
the fracture toughness, and θ0 is the deflection angle.

Start

Parameters input

New time step,
if time ≤ end time?

No End

Check convergence

No

Yes

New crack units added 

Time increment
Initial fracture length

Initial pressure distribution

Lubrication equation
calculation

Calculation of rock
deformation equation (MM) 

Fracture
aperture

Stress
distribution

Is the material balance equation used to
calculate the crack length increment?

Yes

Extension
direction

Figure 3: Flow chart of calculation process.
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3. Computational Flow

Based on the theory mentioned above, the computation flow
is presented in Figure 3. The main calculation process is as
follows:

(i) The information on freedom of nodes generated

(ii) As shown in Figure 4, the nodes are classified into
three types. A circular region is formed around
the crack tip with a radius of γa. All the nodes in
this region are classified as crack tip enhanced
nodes. The nodes located on both sides of the crack
within the minimum distance γa from the crack are
marked as step enhanced nodes. The remaining
nodes are classified as normal nodes.

(iii) The sparse matrix form is adopted to store the
overall stiffness matrix

(iv) Similar to FEM, the displacement boundary is
established by adopting the Lagrange multiplier
method

(v) Similar to the finite element, the displacement
boundary was loading by adopting the Lagrange
multiplier method

(vi) The singular value decomposition (SVD) or QR
decomposition method is employed to obtain the
stress and displacement fields

(vii) The SIF and the initiation angle of fracture are
calculated

(viii) Fluid-solid coupling process

The stress field and the Reynolds equationmust be simul-
taneously solved. The accurate injection time can be calcu-
lated using the material balance equation if the fluid
pressure in the fracture meets the error requirements. When

the injection time meets the error requirements, the next step
is implemented (the length of each time-step crack extension
unit is set as a constant).

4. Model Verification

In this section, the SIF and stress distribution during fracture
propagation obtained using MM are compared with those
reported in the literature to validate the feasibility of the
proposed model.

4.1. Stress Intensity Factor. The initiation of edge fracture
under distributed tensile stress in a finite wide plate is a gen-
erous case in fracture mechanics. The calculation model is
shown in Figure 5. For a plate with linear elastic property,

Injection
point

Hydraulic
fracture

Normal nodes
Stepped strengthening nodes
Crack tip strengthening nodes

ra

Figure 4: Treatment of nodes near cracks.

L

σ

σ

y

x

a

b

Figure 5: Calculationmodel forfinitewidth platewith an edge crack.

6 Geofluids



the SIF is independent of the length when the length is
greater than three times the width, and it can be expressed
as follows [48]:

KI = Yσ
ffiffiffiffiffiffi
πa

p
, ð26Þ

Y = 1:12 − 0:231 a
b
+ 10:55 a

b

� �2
− 21:72 a

b

� �3
+ 30:39 a

b

� �4
,

ð27Þ
where a represents the length of crack, and L and b are the
width and the length of plate, respectively; σ represents the
tensile stress on the plate.

Table 1 shows a comparison between the numerical and
analytical solutions of SIF at the crack tip under different
values of tensile stress σ, plate width b, plate length L, and
crack length d. It is clear that the numerical results are in
good agreement with the theoretical values.

4.2. Stress Distribution. The stress distribution of single
hydraulic fracture propagation was calculated by the MM
and DDM under the same parameter values. These values
are shown in Table 2. Figures 6(a) and 6(b) show the induced
stress distribution along and perpendicular to the fracture
direction, respectively. The shear stress distribution is pre-
sented in Figure 6(c). To present a clear comparison of stress
between the proposed and existing models, the stress along
the wellbore is presented in Figure 7. It is obvious from
Figures 6(c) and 6(d) that the induced stress components
are consistent with the DDM results reported by Ren et al.
[34]. As shown in Figure 7, dimensionless stress is adopted
for a clear comparison. Similarly, σxx, σyy, and τxy are in good
agreement with the DDM results in the direction perpendicu-
lar to the crack.

5. Results and Discussion

5.1. Basic Parameters. To verify the practicality and reliability
of the proposed method, three typical hydraulic fracturing
examples are established based on MM, including codirec-
tional simultaneous fracturing, sequential fracturing, and
opposite simultaneous fracturing, as shown in Figure 8. In
the first case, two fractures extend simultaneously. In the
second case, fractures propagate in sequence from bottom
to top. In the third case, two fractures extend toward each
other simultaneously. The law of multifracture interaction

during the hydraulic fracturing process is investigated by
using MM. The basic input parameters are shown in
Table 2. The direction of maximum principal stress is parallel
to the hydraulic fracture.

5.2. Codirectional Simultaneous Fracturing. Figure 9 shows
the displacement distribution of two simultaneously propa-
gating fractures. The stress interference between the fractures
is weak during the initial period of fracturing, while it
becomes strong later. The reason is that with the injection
of liquid, the fluid pressure in the fracture gradually facilitates
the stress interference between the fractures. In addition, the
influence of cluster spacing and stress difference on crack
propagation trajectory is also studied. The variation in the
deflection angle of the crack tip is presented in Figures 10
and 11 under the cluster spacing of 10, 20, and 30m. It is
clear that the deflection angle gradually decreases with the
increase in the crack spacing, while it increases with the
increase in time. The reason is that with the increase of spac-
ing, in the initial time, the stress interference has not spread
to the adjacent fracture, and the intensity of the interference
between fractures is relatively small. As the liquid continues
injected, the fractures gradually propagate from each other.

The impact of stress difference (3, 5, and 7MPa) on the
deflection angle of crack is shown in Figures 12 and 13. It
can be seen that the deflection angle of fracture decreases
with the increase in stress difference. Obviously, during the
early stage, the deflection angle increases rapidly with the
increase in time but tends to decrease later until a plateau is
reached. This is because the effect of stress interaction on
the fractures becomes weak after the fracture is extended to
a certain distance. There have two explanations for this

Table 1: Comparison between theoretical and numerical solutions of SIF at the crack tip.

Tensile
stress/MPa

Plate
width/m

Plate half-
length/m

Fracture
length/m

Analytical
solution/MPa ffiffiffiffimp Numerical

solution/MPa ffiffiffiffimp Absolute
error/%

1 7 16 2.5 5.2915 5.1307 3.04

1 7 16 3 6.9819 6.7824 2.86

1 7 16 3.5 9.3721 9.0838 3.08

3 16 30 3 12.1007 12.3595 2.09

3 16 30 5 20.2732 20.3796 0.52

3 16 30 7 32.819 33.3066 1.49

Table 2: Primary parameters.

Parameter Value Unit

Dimension of model 100 × 100 m

Young’s modulus 28000 MPa

Poisson’s ratio 0.22 -

Fluid viscosity 100 MPa.s

Fracture height 40 m

Maximum principal stress 50 MPa

Minimum principal stress 47 MPa

Injection rate 5 m3/min
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phenomenon. One is that the increases of fluid pressure
required for the fracture deflect increase as the stress differ-
ence becomes larger. When the pressure required is higher
than that along the original direction, the deflection tendency
of the fracture would become weak according to the principle
of least resistance; another reason is that the increase of stress
difference makes it more difficult to form stress inversion in
the area around the fracture.

Previous studies have suggested that the reservoirs with
large stress difference generally exhibit poor fracability. How-
ever, from another perspective, in a reservoir with a higher
horizontal stress difference, the fracture can extend to a long
distance under uniform propagation. Therefore, the reservoir
can shatter far away fromwellbore. Other studies have shown
that for the reservoirs with well-developed natural fractures,
the natural fractures can easily intersect with hydraulic frac-
tures under large stress difference. However, it is not benefi-
cial for stimulating the natural fractures in the reservoirs and
for maximizing the SRV of reservoirs. Therefore, the con-

struction parameters must be optimized based on the devel-
opment and distribution of natural fractures.

5.3. Sequential Fracturing. Over the recent years, the average
number of fracturing stages per well has increased continu-
ously to boost the production from unconventional reser-
voirs [50]. However, single-stage fracturing is generally
used due to the limitations of the pump pressure and injec-
tion rate. In addition, Wang [51] suggested that the fracture
propagation behavior can change from complex to simple,
and the number of main fractures decreases when the prop-
agation distance from the wellbore increases. This leads to a
stage that is fractured first, which causes stress interference
on the later stage that affects the crack extension path. There-
fore, it is important to accurately predict the extension of
back pressure fractures in sequential fracturing.

Figure 14(a) shows the displacement contour when the
first fracture is initiated. Figure 14(b) presents the second
fracture propagation after the first fracturing process is
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finished. Obviously, the second fracture is attracted by the
first fracture and eventually coalesces with the first fracture.
This phenomenon is quite different from that reported ear-
lier in which the new fracture deviate from the first fracture.

Earlier studies have suggested when the second fracture
occurs, it is difficult to open it along the original direction
due to the additional induced stress in the matrix around
the initial fracture, and the new fracture extends away from
the adjacent fracture. However, our results indicate that the
phenomenon of fracture fusion may occur in one wellbore.
This has not been demonstrated earlier. This is because there
is a stress inversion region around the fracture, which implies
that the new fracture extends along the new direction of max-
imum horizontal principal stress, causing it to be attracted by

the previous fracture and intersect it finally. This explains
why some of the fracturing stages have almost no contribu-
tion to production according to the field test [52]. Accord-
ingly, the fracture propagation patterns with stage spacings
of 50, 60, and 70m are simulated. As shown in Figure 15,
the tendency of fractures to merge becomes weak as the stage
spacing increases. The fractures exhibit a trend of uniform
propagation when the stage spacing is larger than 70m.
Further, according to the vector distribution of maximum
principal stress, this distance is just outside the stress inver-
sion region. Therefore, it can be concluded that in the current
staged sequential fracturing technology, although tight stage
spacing leads to a higher initial production, but it is not
conducive to improve the long-term cumulative production.
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In general, the stage spacing should be outside the stress
inversion zone of the fractured fractures.

5.4. Opposite Simultaneous Fracturing. It is generally believed
that the shale gaswells exhibit a high production rate in a short
period, but the stable production rate is lower during the
entire production life. Therefore, the simultaneous fracturing
of horizontal infill wells is usually recommended. For this
case, the fracture paths under the lateral spacing of 0 and
15m are shown in Figure 16. When the spacing is 0, the two
fractures do not repel but merge into one fracture finally.
When the spacing is 15m, the two fractures attract each other,
and this behavior is consistent with the report of Zhou andHe
[53]. Based on this observation, the cases with different lateral
spacing are investigated, and the evolution of deflection angle
as a function of time is shown in Figure 17.

Initially, the fractures propagate with a small deflection
angle because the stress interference region still exists even
though the distance is larger, and the fractures repel slightly.
This is similar to the case of simultaneous propagation of
multiple fractures. However, the fractures gradually appear

close to each other, and the tip starts to deflect when the
influence regions of two fractures begin to overlap. Finally,
they return to the direction of maximum horizontal principal
stress. This is reflected in the evolution of deflection angle
under the lateral spacing of 40m.

The attraction between fractures can be attributed to the
fact that stress inversion occurs in this region due to the
superposition of induced stress of two cracks when the frac-
tures begin to overlap. While implementing simultaneous
fracturing of adjacent wells in the field, it is important to
appropriately utilize the stress inversion area. When stress
inversion occurs in the shale reservoir containing rich natu-
ral fractures, natural fractures that remain closed under the
original in situ stress state may suffer shear failure even
without proppant, and a new self-propping SRV is formed.
The stress inversion area becomes smaller when the lateral
spacing is small, while it is difficult to form the stress inver-
sion area under extremely large spacing. Therefore, there is
an optimal value of lateral spacing, which also depends on
the development and distribution of natural fractures in
the reservoir.
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Figure 16: Fracture propagation paths: (a) lateral spacing 0m; (b) lateral spacing 15m.
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6. Conclusions

A 2D fracture propagation model was established based on
MM. The validity of the proposed model was verified
through the calculation of SIF and stress distribution. Based
on this method, the nonplanar propagation of multiple
fractures was investigated. The main results of the study are
summarized as follows:

(1) It was proved that the MM with coupled fluid flow is
suitable for the simulation of hydraulic fracture prop-
agation. The interdependencies between grids can be
eliminated by using this method

(2) For the case of codirection simultaneous propaga-
tion, hydraulic fractures propagate from each other
due to the stress interference. The decrease of spacing
and reservoir stress difference will promote fracture
interaction

(3) During sequential fracturing, the subsequent fracture
was attracted by the adjacent fracture due to stress
reversal, and this phenomenon has been rarely
reported in the existing literature. Tight stage spacing
caused overlapping of some stages, which had almost
no contribution to the production. For the single well
fracturing, the stage or cluster spacing should be out
of the stress inversion area

(4) For the case of the opposite simultaneous fracturing
in multiple wells, two fractures with certain spacing
were easily attracted to each other due to stress rever-
sal. Overall, it is necessary to appropriately utilize the
stress shadow effect, and too small or too large lateral
spacing may fail to maximize the shear failure of
natural fractures in the overlap region

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

The authors declared that they have no conflicts of interest.

Acknowledgments

This research was funded by the National Natural Science
Foundation of China (51404204) and the National Science
and Technology Major Project of China (2016ZX05060).

References

[1] J. Z. Zhao, Q. Wang, Y. Q. Hu, C. N. Zhao, and J. Zhao, “Pre-
diction of pore pressure-induced stress changes during
hydraulic fracturing of heterogeneous reservoirs through
coupled fluid flow/geomechanics,” Journal of Engineering
Mechanics, vol. 145, no. 12, pp. 05019001–05019015, 2019.

[2] Y. Q. Hu, C. N. Zhao, J. Z. Zhao et al., “Mechanisms of fractur-
ing fluid spontaneous imbibition behavior in shale reservoir: a
review,” Journal of Natural Gas Science and Engineering,
vol. 82, p. 103498, 2020.

[3] J. Z. Zhao, Q. Wang, Y. Q. Hu, L. Ren, and C. N. Zhao,
“Numerical investigation of shut-in time on stress evolution
and tight oil production,” Journal of Petroleum Science and
Engineering, vol. 179, pp. 716–733, 2019.

[4] D. S. Zhou, P. Zheng, P. He, and J. Peng, “Hydraulic fracture
propagation direction during volume fracturing in unconven-
tional reservoirs,” Journal of Petroleum Science and Engineer-
ing, vol. 141, pp. 82–89, 2016.

[5] H. Pan, D. Yin, N. Jiang, and Z. Xia, “Crack initiation behav-
iors of granite specimens containing crossing-double-flaws
with different lengths under uniaxial loading,” Advances in
Civil Engineering, vol. 2020, Article ID 8871335, 13 pages,
2020.

[6] D. Liu, Z. Gu, R. Liang et al., “Impacts of pore-throat system
on fractal characterization of tight sandstones,” Geofluids,
vol. 2020, Article ID 4941501, 17 pages, 2020.

[7] C. Zhu, M. He, M. Karakus, X. Cui, and Z. Tao, “Investigating
toppling failure mechanism of anti-dip layered slope due to
excavation by physical modelling,” Rock Mechanics and Rock
Engineering, 2020.

0

10

20

30

40

50

60

70

80

90

0 10 20 30 40 50 60 70 80

D
efl

ec
t a

ng
le

 (°
)

Propagation length (m)

40 m
60 m
80 m

Figure 17: Variation in the deflection angle as a function of time under different lateral spacing.

14 Geofluids



[8] J. Xu, A. Haque, W. Gong et al., “Experimental study on the
bearing mechanisms of rock-socketed piles in soft rock based
on micro X-ray CT analysis,” Rock Mechanics and Rock Engi-
neering, vol. 53, no. 8, pp. 3395–3416, 2020.

[9] F. Ren, C. Zhu, and M. He, “Moment tensor analysis of acous-
tic emissions for cracking mechanisms during schist strain
burst,” Rock Mechanics and Rock Engineering, vol. 53, no. 1,
pp. 153–170, 2020.

[10] C. X. Wang, B. T. Shen, J. T. Chen et al., “Compression char-
acteristics of filling gangue and simulation of mining with
gangue backfilling: an experimental investigation,” Geomecha-
nics and Engineering, vol. 20, no. 6, pp. 485–495, 2020.

[11] B. Chen, S. Zhang, Y. Li, Z. Li, and H. Zhou, “Physical simula-
tion study of crack propagation and instability information
discrimination of rock-like materials with faults,” Arabian
Journal of Geosciences, vol. 13, no. 18, 2020.

[12] S. L. Crouch, “Solution of plane elasticity problems by the dis-
placement discontinuity method. I. Infinite body solution,”
International Journal for Numerical Methods in Engineering,
vol. 10, no. 2, pp. 301–343, 1976.

[13] T. Belytschko and T. Black, “Elastic crack growth in finite ele-
ments with minimal remeshing,” International Journal for
Numerical Methods in Engineering, vol. 45, no. 5, pp. 601–
620, 1999.

[14] G. A. Francfort and J. J. Marigo, “Revisiting brittle fracture
as an energy minimization problem,” Journal of the
Mechanics and Physics of Solids, vol. 46, no. 8, pp. 1319–
1342, 1998.

[15] M. J. Hunsweck, Y. Shen, and A. J. Lew, “A finite element
approach to the simulation of hydraulic fractures with lag,”
International Journal for Numerical and Analytical Methods
in Geomechanics, vol. 37, no. 9, pp. 993–1015, 2013.

[16] J. Guo, Q. Lu, H. Zhu, Y. Wang, and L. Ma, “Perforating
cluster space optimization method of horizontal well
multi-stage fracturing in extremely thick unconventional
gas reservoir,” Journal of Natural Gas Science and Engineer-
ing, vol. 26, pp. 1648–1662, 2015.

[17] N. Shauer and C. A. Duarte, “Improved algorithms for gener-
alized finite element simulations of three - dimensional
hydraulic fracture propagation,” International Journal for
Numerical and Analytical Methods in Geomechanics, vol. 43,
no. 18, pp. 2707–2742, 2019.

[18] Y. Li, W. Liu, J. Deng, Y. Yang, and H. Zhu, “A 2D explicit
numerical scheme–based pore pressure cohesive zone model
for simulating hydraulic fracture propagation in naturally frac-
tured formation,” Energy Science & Engineering, vol. 7, no. 5,
pp. 1527–1543, 2019.

[19] Y. Ju, Y. Wang, B. Xu, J. Chen, and Y. Yang, “Numerical anal-
ysis of the effects of bedded interfaces on hydraulic fracture
propagation in tight multilayered reservoirs considering
hydro-mechanical coupling,” Journal of Petroleum Science
and Engineering, vol. 178, pp. 356–375, 2019.

[20] Z. Ru, J. Hu, A. S. Madni, and K. An, “A study on the optimal
conditions for formation of complex fracture networks in frac-
tured reservoirs,” Journal of Structural Geology, vol. 135,
p. 104039, 2020.

[21] J. Wang, Y. Zhang, Z. Qin, S. Song, and P. Lin, “Analysis
method of water inrush for tunnels with damaged water-
resisting rock mass based on finite element method-smooth
particle hydrodynamics coupling,” Computers and Geotech-
nics, vol. 126, p. 103725, 2020.

[22] J. Chen, J. Zhao, S. Zhang, Y. Zhang, F. Yang, and M. Li, “An
experimental and analytical research on the evolution of min-
ing cracks in deep floor rock mass,” Pure and Applied Geophys-
ics, 2020.

[23] Q. Meng, H. Wang, M. Cai, W. Xu, X. Zhuang, and
T. Rabczuk, “Three-dimensional mesoscale computational
modeling of soil-rock mixtures with concave particles,” Engi-
neering Geology, vol. 277, article 105802, 2020.

[24] T.-P. Fries and T. Belytschko, “The extended/generalized finite
element method: an overview of the method and its applica-
tions,” International Journal for Numerical Methods in Engi-
neering, vol. 84, no. 3, pp. 253–304, 2010.

[25] A. Dahi-Taleghani and J. E. Olson, “Numerical modeling of
multistranded-hydraulic-fracture propagation: accounting for
the interaction between induced and natural fractures,” SPE
Journal, vol. 16, no. 3, pp. 575–581, 2013.

[26] Y. Suo, Z. Chen, S. S. Rahman, and H. Yan, “Numerical simu-
lation of mixed-mode hydraulic fracture propagation and
interaction with different types of natural fractures in shale
gas reservoirs,” Environmental Earth Sciences, vol. 79, no. 12,
pp. 1–11, 2020.

[27] H. Zheng, C. Pu, and C. Sun, “Study on the interaction
between hydraulic fracture and natural fracture based on
extended finite element method,” Engineering Fracture
Mechanics, vol. 230, p. 106981, 2020.

[28] T. Mohammadnejad and A. R. Khoei, “An extended finite
element method for hydraulic fracture propagation in
deformable porous media with the cohesive crack model,”
Finite Elements in Analysis and Design, vol. 73, pp. 77–95,
2013.

[29] Q. D. Zeng, J. Yao, and J. Shao, “Study of hydraulic fracturing
in an anisotropic poroelastic medium via a hybrid EDFM-
XFEM approach,” Computers and Geotechnics, vol. 105,
pp. 51–68, 2019.

[30] A. Ghaderi, J. Taheri-Shakib, and M. A. S. Nik, “The distinct
element method (DEM) and the extended finite element
method (XFEM) application for analysis of interaction
between hydraulic and natural fractures,” Journal of Petroleum
Science and Engineering, vol. 171, pp. 422–430, 2018.

[31] J. E. Olson and K. Wu, “Sequential vs. simultaneous multizone
fracturing in horizontal wells: insights from a non-planar,
multifrac numerical model,” in SPE Hydraulic Fracturing
Technology Conference, The Woodlands, Texas, USA, 2012.

[32] K. Wu and J. E. Olson, “Numerical investigation of complex
hydraulic-fracture development in naturally fractured reser-
voirs,” SPE Production & Operations, vol. 31, no. 4, pp. 300–
309, 2016.

[33] K. Wu and J. E. Olson, “Mechanisms of simultaneous hydrau-
lic fracture propagation from multiple perforation clusters in
horizontal wells,” SPE Journal, vol. 21, no. 3, pp. 1000–1008,
2016.

[34] L. Ren, R. Lin, J. Zhao, V. Rasouli, J. Zhao, and H. Yang, “Stim-
ulated reservoir volume estimation for shale gas fracturing:
mechanism and modeling approach,” Journal of Petroleum
Science and Engineering, vol. 166, pp. 290–304, 2018.

[35] K. Wu and J. E. Olson, Study of multiple fracture interaction
based on an efficient three-dimensional displacement disconti-
nuity method, 49th U.S. Rock Mechanics/Geomechanics Sym-
posium, San Francisco, USA, 2015.

[36] J. E. Olson, “Predicting fracture swarms - the influence of sub-
critical crack growth and the crack-tip process zone on joint

15Geofluids



spacing in rock,” Geological Society, London, Special Publica-
tions, vol. 231, no. 1, pp. 73–88, 2004.

[37] B. Lecampion, A. Bunger, and X. Zhang, “Numerical methods
for hydraulic fracture propagation: a review of recent trends,”
Journal of Natural Gas Science and Engineering, vol. 49,
pp. 66–83, 2018.

[38] A. Mikelić, M. F.Wheeler, and T.Wick, “A phase-field method
for propagating fluid-filled fractures coupled to a surrounding
porous medium,” Multiscale Modeling & Simulation, vol. 13,
no. 1, pp. 367–398, 2015.

[39] J. Liu, X. Liang, Y. Xue, Y. Fu, K. Yao, and F. Dou, “Investiga-
tion on crack initiation and propagation in hydraulic fractur-
ing of bedded shale by hybrid phase-field modeling,”
Theoretical and Applied Fracture Mechanics, vol. 108, article
102651, 2020.

[40] L. P. Yi, X. G. Li, Z. Z. Yang, and C. X. Yang, “Phase field
modeling of hydraulic fracturing in porous media formation
with natural fracture,” Engineering Fracture Mechanics,
vol. 236, p. 107206, 2020.

[41] S. Kumar, I. V. Singh, B. K. Mishra, and T. Rabczuk, “Model-
ing and simulation of kinked cracks by virtual node XFEM,”
Computer Methods in Applied Mechanics and Engineering,
vol. 283, pp. 1425–1466, 2015.

[42] T. Belytschko, Y. Y. Lu, and L. Gu, “Crack propagation by
element-free Galerkin methods,” Engineering Fracture
Mechanics, vol. 51, no. 2, pp. 295–315, 1995.

[43] T. Belytschko, G. L. Ventura, and J. X. Xu, “New methods for
discontinuity and crack modeling in EFG,” in Meshfree
Methods for Partial Differential Equations, Lecture Notes in
Computational Science and Engineering, M. Griebel and M.
A. Schweitzer, Eds., Springer, Berlin, Heidelberg, 2003,
https://link.springer.com/chapter/10.1007%2F978-3-642-
56103-0_3.

[44] M. N. Oliaei, A. Pak, and K. Soga, “A coupled hydro-
mechanical analysis for prediction of hydraulic fracture prop-
agation in saturated porous media using EFG mesh-less
method,” Computers and Geotechnics, vol. 55, pp. 254–266,
2014.

[45] G. Wen, H. Liu, H. Huang, Y. Wang, and X. Shi, “Meshless
method simulation and experimental investigation of crack
propagation of CBM hydraulic fracturing,” Oil & Gas Science
and Technology, vol. 73, p. 72, 2018.

[46] S. Samimi and A. Pak, “A fully coupled element-free Galerkin
model for hydro-mechanical analysis of advancement of fluid-
driven fractures in porous media,” International Journal for
Numerical and Analytical Methods in Geomechanics, vol. 40,
no. 16, pp. 2178–2206, 2016.

[47] M. B. Liu, G. R. Liu, and S. Li, “Smoothed particle hydrody-
namics–a meshfree method,” Computational Mechanics,
vol. 33, no. 6, p. 491, 2004.

[48] X. M. Zhang, L. Wan, B. Yan, and P. Y. Zhang, Fracture
Mechanics, 1st. Tsinghua University Press, Beijing, China,
2012.

[49] F. Erdogan and G. C. Sih, “On the crack extension in plates
under plane loading and transverse shear,” Journal of Basic
Engineering, vol. 85, no. 4, pp. 519–525, 1963.

[50] L. I. Guoxin, K. LUO, and D. SHI, “Key technologies, engineer-
ing management and important suggestions of shale oil/gas
development: case study of a Duvernay shale project in West-
ern Canada Sedimentary Basin,” Petroleum Exploration and
Development, vol. 47, no. 4, pp. 791–802, 2020.

[51] Q. Wang, Y. Q. Hu, J. Z. Zhao, S. Chen, C. H. Fu, and C. N.
Zhao, “Numerical simulation of fracture initiation, propaga-
tion and fracture complexity in the presence of multiple perfo-
rations,” Journal of Natural Gas Science and Engineering,
vol. 83, p. 103486, 2020.

[52] C. Miller, G. A. Waters, and E. I. Rylander, “Evaluation of pro-
duction log data from horizontal wells drilled in organic
shales,” in North American Unconventional Gas Conference
and Exhibition, The Woodlands, Texas, USA, 2011.

[53] D. S. Zhou and P. He, “Major factors affecting simultaneous
frac results,” in SPE Production and Operations Symposium,
Oklahoma City, Oklahoma, USA, 2015.

16 Geofluids

https://link.springer.com/chapter/10.1007%2F978-3-642-56103-0_3
https://link.springer.com/chapter/10.1007%2F978-3-642-56103-0_3

	Numerical Investigation of Hydraulic Fracture Extension Based on the Meshless Method
	1. Introduction
	2. Methodology
	2.1. Governing Equations of Hydraulic Fracturing Problem
	2.2. Fluid Flow within the Fractures
	2.3. Meshless Method (MM)
	2.3.1. Displacement Field Approximation
	2.3.2. Shape Function
	2.3.3. Weight Function
	2.3.4. Overall Stiffness Matrix

	2.4. Fracture Extension Criteria

	3. Computational Flow
	4. Model Verification
	4.1. Stress Intensity Factor
	4.2. Stress Distribution

	5. Results and Discussion
	5.1. Basic Parameters
	5.2. Codirectional Simultaneous Fracturing
	5.3. Sequential Fracturing
	5.4. Opposite Simultaneous Fracturing

	6. Conclusions
	Data Availability
	Conflicts of Interest
	Acknowledgments

