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Staged multicluster fracturing in horizontal wells is the key technology for forming complex fractures in shale reservoirs. The
existence of shale bedding plays a conspicuous role for the propagation path of hydraulic fractures, affecting the propagation of
the fracture height direction prominently. A 3D finite element model containing three clusters signed as side clusters and
middle cluster was established based on the cohesive zone model and the dynamic distribution mechanism of interfracture
flow. And the correctness of the model was verified by literature comparison. Some factors including cluster spacing,
horizontal stress difference, shale bedding strength, perforation density, injection rate, and viscosity of fracturing fluid which
influenced fracture propagation behavior of bedding shale were simulated. The results indicate that the stress interference of
the middle cluster by the clusters on both sides will be prominently obvious when the cluster spacing is less than 10m.
Multiclusters will penetrate across the shale bedding when the horizontal stress difference is more than 4MP, which will
conspicuously reduce the activated probability of discontinuities and the complexity of fracture geometry. In correspondence
with increase of horizontal stress difference, the interference between clusters also increases prominently, which will
conspicuously decrease the propagation of the middle cluster. In order to comprehensively equalize the length of multiclusters,
the inhibition of intercluster stress interference on the middle cluster propagation can be counteracted by improving pressure
drop in perforation. The high injection rate and viscosity of fracturing fluid will contribute to the shale bedding shear slip
increasingly, which is conducive to the formation of complex fractures in areas with well-developed bedding. The study has a
certain guiding significance for the operation parameter design of multicluster fracturing in bedded shale.

1. Introduction

Shale reservoirs have the poor properties with low porosity
and low permeability. Horizontal well-staged fracturing is
an effective technology to stimulate the reservoirs. Forming
large-scale complex fracture networks by staged multicluster
fracturing is the key to effectively developing the shale reser-
voirs [1]. There are many beddings inside the shale, with
uneven thickness and well-developed interlayer weak struc-
tural plane, which are not conducive to the propagation of

hydraulic fractures in the direction of height. Many scholars
have done numerous researches on the propagation law of
fractures at natural fractures [2]. Considering the existence
of natural fractures, Khoei et al. [3] adopted the numerical
simulation method to research the multicluster fracture
propagation problem. And Zhang et al. [4], Tan et al. [5],
Zhang et al. [6], and Bilgen et al. [7] studied the influence
of geological conditions and construction parameters on
the propagation law of fractures by indoor experiments.
However, physical model experiments are usually conducted
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with pseudostress conditions and the fracture distributions
are described difficultly. With the development of computer
technology, numerical simulation has become an important
means to study the fracturing process [8].

Some numerical simulation methods, like finite element
method (FEM), boundary element method (BEM), extended
finite element method (XFEM), displacement discontinuity
method (DDM), and discrete element method (DEM), are
usually employed to study the fracture propagation. Li
et al. [9] and Sukumar et al. [10] investigated dynamic distri-
bution of injection flow rule of fracture spacing optimization
in the process of multistage fracturing by XFEM. Based on
laboratory mechanical experiments, Zhou et al. [11, 12]
framed a 3D model of hydraulic fracture propagation by
DEM, and vertical stress difference on fracture propagation
was researched. Liu et al. [13] founded a mathematical
model of shale gas volume fracturing bedding fracture
propagation by a pseudo-three-dimensional (P3D) method,
discussing the effect of bedding planes on the geometric
parameters of fractures. Xu et al. [14] and Wu and Olson
[15] established an in situ stress field model under the inter-
ference model of staged multicluster fracturing by DDM,
and the mechanism of natural fracture opening or shearing
rupture to form complex fracture networks was analyzed.
However, it is difficult for XFEM to simulate the propagation
of three-dimensional fractures because it cannot set pore
pressure, and the DEM has low computational accuracy.
Wang et al. [16] created a 3D fracture propagation model
considering the plane strength, perforation position, and
pumping rate by embedding a global cohesive element; it
was found that increasing the pumping rate will increase
the fracture height and achieve the purpose of cross-layer
stimulation. Some factors including principal stress, distri-
bution, and direction of natural fractures were studied by
the cohesive method, and the result shows that they have a
significant effect on fracture propagation and the induction
of complex fracture networks [17, 18]. Using cohesive ele-
ment to set up multilayer hydraulic fracture propagation
model, the vertical propagation law of a single fracture at
the shale bedding was studied by Sun et al. [19], Suo et al.
[20], and Xiong et al. [21]. Without considering the dynamic
distribution of fluid, a new computational version of the
particle-based model is established based on the Xsite. Liu
et al. [22] researched the fracture propagation in multicluster
fracturing with three natural fractures, and three fracturing
sequences including simultaneous fracturing, bilateral frac-
turing, and sequential fracturing were simulated. It is found
that the cluster spacing and in situ stress differences have
significant effects on the length and morphology of hydrau-
lic fractures. The influence of the perforation scheme on the
simultaneous propagation of multifractures was discussed.
Li et al. [23] established the finite element calculation model
of fracture propagation in horizontal staged multicluster
fracturing. Varying 2~3 perforation density will effectively
balance the stress interference between fractures [24]. Zhao
et al. [25] established a numerical model for the dynamic
propagation of multistage and multicluster fractures. The
effects of perforation hole friction, cluster spacing, viscosity,
and rock elastic modulus on multifracture propagation were

studied. The above studies did not consider the form of frac-
ture propagation when the shale bedding was included.

Based on the cohesive zone model and the dynamic
distribution mechanism of interfracture flow, a 3D finite
element model of multicluster fracture propagation in shale
bedding was established using the cohesive element, Fluid
Pipe Element (FP3D2 element), and Fluid Pipe Connector
Element (FPC3D2 element). And the propagation behavior
of multicluster fractures in the bedding plane considering
intercluster stress interference was revealed.

This paper is organized as follows. First, a theoretical
model was established in Chapter 2. Then, a numerical
simulation model was established, and the correctness of
the model was verified by literature comparison in Chapter
3. In addition, some factors including cluster spacing, hori-
zontal stress difference, shale bedding strength, perforation
parameter, injection rate, and viscosity of fracturing fluid
which influenced fracture propagation behavior of bedding
shale were simulated in Chapter 4. Finally, according to
the research findings, some instructional proposals to field
fracturing practice are given in Chapter 5.

2. Theoretical Model

2.1. Flow-Solid Coupling Equation. The fracturing process is
mechanically divided into three flow fields in mechanics: the
fluid flow field, the rock stress field, and the pore seepage
field. In segmented multicluster fracturing, interfracture
stress interference is generated with the changes of the three
flow fields [26]. The sustained pumping of fracturing fluid
results in the continuous increase of fluid pressure in the
fracture and rock pore pressure. Rock stress state often leads
to the change of porosity and fluid flow state, which ulti-
mately brings about the alteration of reservoir pore pressure.
Thus, the fluid seepage and rock deformation are mutually
regulated and influenced during the process of fluid injec-
tion in hydraulic fracturing, which is referred to as rock
seepage-stress coupling.

Effective stress principle for the reservoir matrix is [26]

�σ = σ +mpw, ð1Þ

where �σ is the effective stress of reservoir matrix, Pa; σ is the
total stress of reservoir, Pa; Pw is the pore pressure, Pa; and
m is equal to ½1, 1, 1, 0, 0, 0�τ.

Rock balance equation for fractured reservoir [27]:

ð
V
�σ −mpwð ÞδεdV =

ð
S
tδvdS +

ð
V
f δvdV , ð2Þ

where δε is the virtual strain rate of reservoir matrix, s-1; t is
the unit surface load, N/m2; δυ is the virtual velocity of
reservoir matrix, m/s; f is the physical load, N/m3; dS is
the action area of surface load, m2; dV is the calculation of
unit volume, m3.
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According to the conservation of mass, the fluid conti-
nuity equation is

ð
V
δv

1
J
d
dt

Jρwnwð ÞdV +
ð
V
δv

∂
∂x

ρwnwvwð ÞdV = 0, ð3Þ

where J is the volume change rate of reservoir pores, dimen-
sionless; nw is the ratio of liquid volume to total reservoir
volume in pores, dimensionless; ρw is the reservoir fluid
density, kg/m3; x is the direction vector of fluid flow, m; dt
is the time step, s; υw is the velocity of fluid flow, m/s.

The calculation formula of pore fluid flow velocity is [28]

vw = −
aμ

nwρwg
K

∂pw
∂x

− ρwg
� �

, ð4Þ

where a is the unit conversion constant; g is the gravity
acceleration, m/s2; μ is the pore liquid viscosity, Pa·s; K is
the dynamic permeability of the reservoir, mD; ∂pw is the
flow velocity of reservoir fluid, m/s.

Throughout the hydraulic fracturing process, the poros-
ity φ and permeability k of the reservoir change with the
pore volume, and the two parameters are updated in real
time with the calculation process. The pore pressure and
stress in the reservoir are coupled to each other; the changes
in pore pressure and effective stress will have an effect on φ
and k. The dynamic equation for fluid-solid coupling is

φ = φ0 − εv
1 − εv

,

k = k0
1

1 − εv
1 − εv

φ0

� �
,

8>><
>>:

ð5Þ

where φ is the porosity of reservoir rock, dimensionless; k is
the permeability of reservoir rock, dimensionless; φ0 is the
initial porosity of reservoir rock, dimensionless; k0 is the
initial permeability of reservoir rock, μm; εv is the change
rate of the pore volume.

2.2. Friction Pressure Drop in Perforation. From Figure 1, the
fluid flows through the wellbore and then to each fracture
cluster with uncertain flow rate. And the flow of fluid in
the wellbore meets Kirchhoff’s first and second laws [29].

Ignoring the wellbore effect, the total injection rate is the
sum of the injection rates inside each cluster.

QT = 〠
N

i=1
Qi, ð6Þ

where QT is the total injection rate, m3/s; Qi is the injection
rate for i cluster, m3/s.

According to the continuity of wellbore pressure, the
bottom hole pressure is equal to the sum of the friction pres-
sure drop in the perforation and wellbore and the pressure
in the first unit of each fracture branch.

P0 = Ppf ,i + Pw,i + Pcf ,i, ð7Þ

where P0 is the fluid pressure at the good root, Pa; ppf ,i is the
perforation friction, Pa; pw,i is the fracture first cluster pres-
sure, Pa; pcf ,i is the wellbore friction, Pa.

ppf ,i can be calculated by Bernoulli equation [30].

Ppf ,i =
0:807ρs
n2p,id

4
p,iK

2
d

Q2
i , ð8Þ

where Kd is the dimensionless coefficient, which takes 0.56
and 0.89, respectively, before and after perforation; ρs is
the fracturing fluid density, kg/m3; np,i is the number of per-
forations; dp,i is the perforation diameter, m.

Pressure drop in each fracture of the wellbore can be
gained with the utilization of

Pcf ,i = Ccf 〠
i

j=1
xj − xj−1
� �

Qw,j,

Qw,j =QT − 〠
j−1

k=1
Qk j − 1ð Þ,

Qw,j =QT j = 1ð Þ,

Ccf =
128u
πD4 ,

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

ð9Þ

where Ccf is the frictional coefficient, μ; xj is the distance
from j fracture to wellbore bottom, m; Qw,j is the residual
fluid flow for j fracture, m3/s; D is the bore diameter in frac-
turing section, m.

2.3. Fluid Flow Equation. The driving force, generated by
fluid pressure acting on the fracture surface, will promote
the fracture to open and propagate forward. The cohesive

QT

Q1 Pw, 1 Q2 Pw, 2
Qn Pw, n

QT – (Q1 + … + Qn – 1)

…

Ppf, 1 Ppf, 2 Ppf, n

QT – Q1

Figure 1: Flow and pressure distribution of multicluster
propagation.

Tangential flow Normal flow

Figure 2: Schematic diagram of cohesive fluid flow.
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zone model is usually employed to simulate the fracture
propagation due to the fact that it has the advantage to
describe the cross-propagation of fractures and bedding
plane [21]. And the fluid in the fracture of the cohesive ele-
ment can be divided into tangential and normal flows, where
some of them will filter through the fracture surface into the
formation pores. As is shown in Figure 2, the fracturing fluid
is regarded as an incompressible Newtonian one, and the
normal and tangential flows are perpendicular and parallel
to the fracture surface, respectively.

(a) (b)

A B C

Figure 5: The results of numerical simulation. (a) The result of cohesive element model. (b) Liu et al. [22].

Table 1: Comparison of the fracture height between numerical
model and literature.

Result sources
Half fracture height (m)

Cluster A Cluster B Cluster C

Cohesive element model 5.0 4.0 5.0

Liu et al. [22] 4.9 4.0 4.9

Traction

Separation

Tmax

0 < SDEG < 1

SDEG = 0

SDEG = 1

t

Linear elastic Damage evolution

δ0m δmax
m δfm

Figure 3: Bilinear traction-separation criterion.

Bedding plane

�ree
clusters 

Wellbore Injection
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o
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Fracture fluid flow

Figure 4: The 3D geometric model for bedded shale.
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The shale bedding plane will be directly penetrated by
hydraulic fracture without any shear slip when its strength
is more than the fluid pressure in the fracture tip, while
the shear slip will be generated on the contrary. The tangen-
tial flow equation [31, 32] and mass conservation equation
[32] are as follows:

q = −
w3

12μ∇pf ,
ð10Þ

∂w
∂t

+∇ · q + qt + qb =Q tð Þδ xð Þ, ð11Þ

where ▽pf is the fluid pressure gradient along with fracture,
Pa; q is each fracture tangential flow and equal to the average
tangential velocity multiplied by the fracture opening, m3/s;

w is the fracture width, m; μ is the fracturing fluid viscosity,
mPa·s; δðxÞ is the Dirac function; QðtÞ is the fluid injection
rate at time t, m3/s.

Normal flow of fracturing fluid on the upper and
lower surfaces of the cohesive element can be expressed
as follows [33]:

qt = qt pf − pt
� 	

,

qb = cb pf − pb
� 	

,

8><
>: ð12Þ
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Figure 7: Flow distribution of each middle cluster under different
perforation density.

Table 2: Model parameters.

Parameters Value

Shale matrix

Young’s modulus (Pa) 12 × 109

Tensile strength (Pa) 3 × 106

Poisson’s ratio 0.2

Permeability (m/s) 1 × 10−7

Shale bedding

Permeability (m/s) 1 × 10−7

Strength (Pa) 2 × 106

Stiffness (Pa) 12 × 109

Fracturing construction parameters

Time (s) 2000

Cluster spacing (m) 20

Injection rate (m3/min) 12

Viscosity (mPa·s) 3

Cluster number 3

Perforation number per cluster (hole) 16

Hole diameter (m) 0.012

Cluster A Cluster B Cluster C

Fracturing fluid flow

Wellbore

Cluster A Cluster B Cluster C Wellbore

Fracturing fluid flow

20 m 20 m 20 m

20 m20 m20 m

Perforation

Perforation

(a)

(b)

Figure 6: Perforation density schematic diagram: (a) 16-18-16 and (b) 16-20-16.
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where qt , qb are the fracturing fluid flow along the upper
and lower surfaces, m3/s; ct , cb are the filtration coefficients
of fluid on the upper and lower surfaces, dimensionless; pi
is the fluid pressure in the middle of the fracture element,
MPa; pt , pb are the pore pressure of the fluid on the upper
and lower surfaces of the fracture, MPa.

Equation (13) can be obtained by combining with equa-
tions (10), (12), and (11).

∂w
∂t

+ ct pf − pt
� 	

+ cb pf − pb
� 	

= 1
12μ∇ ⋅ w2∇pf

� 	

+Q tð Þδ xð Þ:
ð13Þ

The pressure drop gradient satisfies equation (14) on the
assumption that the fracturing fluid between two parallel
plates is laminar flow.

dp
dx

= −
12μq
hf w3 , ð14Þ

where hf is the fracture height, m.
The equation for the pressure drop at the inner surface

of the fracture is as follows:

P = ‐ 12μqx
hf w

3
0
+ P0, P>

Y
,

P =
Y

, P≤
Y

,

8><
>: ð15Þ

where П is the permeation pressure, MPa; w0 is the maxi-
mum fracture width, m.

2.4. Fracture Initiation and Propagation Criteria. The cohe-
sive element adapting the traction-separation criterion of
element stiffness degradation is employed to simulate the
initiation and propagation of fractures in bedded shale. In
Figure 3, the loading failure process considered as linear
elasticity in the traction-separation criterion can be divided
into 0 < δ ≤ δ0, δ0 < δ ≤ δf , and δ > δf three stages. The first
stage suggests that traction gradually reaches the peak Tmax
and SDEG = 0 at this point, and the cohesive element begins
to be damaged. Then, the traction reduces to 0 and the crit-
ical value SDEG = 1 when the opening displacement cannot
reach. Finally, the cohesive element is destroyed completely
and filled with fracturing fluid, so as to initiate hydraulic
fracture.

The constitutive relation of the bilinear traction-
separation criterion is [34]

T =
K0δ, 0 ≤ δ ≤ δ0,
1 − SDEGð ÞK0δ, δ0 ≤ δ ≤ δf ,
0, δ ≥ δf ,

8>><
>>:

ð16Þ

where K0 is the initial stiffness of cohesive element; δ is the
separation quantity of cohesive element in the loading
process; SDEG is the overall damage factor of material.

(a) (b)

(c) (d)

PFOPEN
(Avg: 75%)

PFOPEN
(Avg: 75%) PFOPEN

(Avg: 75%)

PFOPEN
(Avg: 75%)

+ 2.944e – 02
+ 2.699e – 02
+ 2.453e – 02
+ 2.208e – 02
+ 1.963e – 02
+ 1.717e – 02
+ 1.472e – 02
+ 1.227e – 02
+ 9.814e – 03
+ 7.360e – 03
+ 4.907e – 03
+ 2.453e – 03
+ 0.000e + 00

+ 3.370e – 02
+ 3.089e – 02
+ 2.808e – 02
+ 2.527e – 02
+ 2.246e – 02
+ 1.966e – 02
+ 1.685e – 02
+ 1.404e – 02
+ 1.123e – 02
+ 8.424e – 03
+ 5.616e – 03
+ 2.808e – 03
+ 0.000e + 00

+2.834e – 02
+ 2.598e – 02
+ 2.361e – 02
+ 2.125e – 02
+ 1.889e – 02
+ 1.653e – 02
+ 1.417e – 02
+ 1.181e – 02
+ 9.446e – 03
+ 7.084e – 03
+ 4.723e – 03
+ 2.361e – 03
+ 0.000e + 00

+ 3.072e – 02
+ 2.816e – 02
+ 2.560e – 02
+ 2.304e – 02
+ 2.048e – 02
+ 1.792e – 02
+ 1.536e – 02
+ 1.280e – 02
+ 1.024e – 02
+ 7.681e – 03
+ 5.120e – 03
+ 2.560e – 03
+ 0.000e + 00

Figure 8: The simulation results of the fractures under different cluster spacing: (a) 10m, (b) 15m, (c) 20m, and (d) 25m.
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The minimum secondary stress criterion is used as the
criterion for simulating the initiation of the shear slip in
bedding plane; that is, when the sum of squares of stress is
1, the initial fracture of rock begins to occur [35].

The hydraulic fracture will be initiated when the stresses
satisfy the minimum secondary stress criterion shown in

equation (17), so does the initiation of the shear slip for
bedding plane [35].

Tnh i
Tn
0

� �2
+ Tsð Þ

Ts
0

� �2
+ Tt� �

Tt
0

� �2
= 1, ð17Þ

12
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Figure 10: The results of minimum horizontal stress and height for the middle fracture.
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Figure 9: The cloud diagram for the minimum horizontal stress of the fractures under different cluster spacing: (a) 10m, (b) 15m, (c) 20m,
and (d) 25m.
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where Tn is the normal stress on the cohesive element; Ts, Tt

are the shear stress on the cohesive element; T0
n, T0

t , and
T0

s are the nominal stress peak perpendicular to the plane
and two mutually perpendicular shear directions on the
plane, respectively.

The linear damage evolution can be calculated by

SDEG = δfm δmax
m − δ0m

� �
δmax
m δfm − δ0m

� 	 , ð18Þ

where δm
f is the displacement when the cohesive element is

completely destroyed, m; δm
max is the maximum displace-

ment in the failure process of the cohesive element, m; δm
0

is the displacement at the beginning of damage of the cohe-
sive element, m.

3. Model Establishment and Verification

3.1. Model Establishment. Based on the engineering back-
ground of the Weiyuan area in Sichuan Basin [22], a 3D geo-
metric model for bedded shale is established with the size of
L ×W ×H = 200m × 100m × 30m, as shown in Figure 4.
One bedding plane and three cluster planes are considered
in the model, which are represented by the cohesive element.
And the fracturing fluid is assumed to be injected into each
fracture simultaneously from the injection point with a con-
stant rate, and the red arrow imaginary line in Figure 4 is the

flow direction of the fracturing fluid. The meshing is intro-
duced into the model to improve the accuracy and conver-
gence of calculation, while it is seeded densely near the
cohesive elements.

3.2. Model Validation. Take the same parameters of numer-
ical model in Liu et al. [22] to simulate the propagation of
multicluster hydraulic fractures without considering the
distribution mechanism of each cluster flow, in which the
results are shown in Figure 5 and Table 1.

It can be seen from Figures 5(a) and 5(b) that the
hydraulic fractures induce the shear slip of the bedding
plane. However, the fractures on both sides penetrate
through the bedding plane, neither does the one in the mid-
dle. And the results of the half fracture height of numerical
simulation shown in Table 1 are almost the same. Therefore,
the cohesive element model has the sufficient precision and

Table 3: Propagation behavior of the fractures at the shale
bedding plane.

Horizontal stress
differences (MPa)

Open the
bedding plane

Penetrate the
shale bedding

0 Yes No

2 Yes Yes

4 No Yes

6 No Yes

(a) (b)

(c) (d)
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Figure 11: The propagation behavior of the fractures under different horizontal stress differences: (a) 0MPa, (b) 2MPa, (c) 4MPa, and
(d) 6MPa.
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accuracy to simulate the propagation of multicluster frac-
tures in bedded shale.

3.3. Fracture Fluid Flow Distribution Regularity. There are
several significant factors playing a highly important role on
the flow distribution of multiclusters, including cluster spac-
ing, wellbore diameter, and perforation density. By keeping
the values of cluster spacing and pump rate at 20m and
12m3/min and the wellbore diameter unchanged, the perfora-
tion density of 16-18-16 and 16-20-16 in Figure 6 is set,
respectively, to research the influence of it on the flow distri-
bution, in which the results are illustrated in Figure 6.

The results show that the flow rate of the middle cluster
is, respectively, 9.6m3/min and 7.3m3/min represented by
the black and red curve in Figure 7, suggesting the perfora-
tion density has an obvious influence on the flow distribu-
tion. In other words, the flow rate inside the fracture will
increase with the improvement of perforation density.

4. Results and Discussion

The parameters for the bedded shale gained from the
Weiyuan area are shown in Table 2. When considering dif-
ferent conditions, only one of the parameters is changed.

4.1. Cluster Spacing. The cluster spacing with 10m, 15m,
20m, and 25m was adopted to simulate the effect of it on
the intercluster stress interference, in which the results are
shown in Figure 8. And the minimum horizontal stress for
the fractures shown in Figure 9 can fully reflect the interclus-
ter stress interference.

A conclusion can be drawn from Figures 8–10 that the
propagation of middle fracture is seriously interfered by
stress when the cluster spacing is less than 15m, so as the
fracture is inhibited before it is up to the shale bedding
plane. However, the cluster stress interference will be signif-
icantly weakened with the increasement of cluster spacing
and the propagation morphology of multicluster fractures
gradually tends to be more uniform. Consequently, the com-
plicated fractures will be formed on the condition that the
cluster spacing is between 15m and 20m in the light of the
well-developed shale bedding plane.

4.2. Geological Condition

4.2.1. Horizontal Stress Difference. The utilization of the
horizontal stress difference of 0MPa, 2MPa, 4MPa, and

6MPa to investigate the influence of it on the propagation
behavior of the fractures at the bedding plane and the simu-
lation results are exhibited in Figure 11 and Table 3.

Figure 11 and Table 3 show that the length of middle
fracture will be significantly decreased with the horizontal
stress difference increasing from 0MPa to 6MPa. And the
shear slip of bedding plane will be generated when the
horizontal stress difference is lower than 2MPa, which will
conspicuously increase the stimulated reservoir volume,
while the fractures will directly penetrate the shale bedding
plane when the horizontal stress difference is higher than
2MPa. However, the simulation results prove that the
decrease of the minimum horizontal stress difference will
give rise to the shear slip of bedding plane, but the propaga-
tion of the fractures in the direction of height is conspicu-
ously inhibited.

4.2.2. Shale Bedding Strength. Keeping other factors con-
stant, the shale bedding strength of 0.5MPa, 2MPa, and
4MPa is used to investigate the effect of sophisticated inter-
active propagation of the fractures at the bedding plane, and
the results are as follows.

It can be found from Figure 12 and Table 4 that the bed-
ding plane will be initiated by the fractures and propagate
along the plane when the strength of it is 0.5MPa. And
Figures 13 and 14 demonstrate the fractures will penetrate
the shale bedding plane with the increasing of shale bedding
strength from 0.5MPa to 4MPa, as well as the intercluster
stress interference and the height of the fractures continu-
ously rise. The simulation results suggest that the propaga-
tion of the fractures in the direction of length and height
obviously increases when the strength of shale bedding plane
is 2MPa, which contribute the fractures to propagate widely
to communicate with the bedding plane and consequently
form the complex fractures.
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Figure 12: The propagation behavior of the fractures in the bedding plane under different shale bedding strength: (a) 0.5MPa, (b) 2MPa,
and (c) 4MPa.

Table 4: Propagation behavior of the fractures at the shale
bedding plane.

Shale bedding
strength (MPa)

Open the
bedding plane

Penetrate the
shale bedding

0.5 Yes No

2 Yes Yes

4 No Yes
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4.3. Fracturing Construction Parameters

4.3.1. Perforation Density. Research the effect of perforation
density on the dynamic distribution of fracturing fluid and
the effective propagation among the fractures. Take the
horizontal stress difference 6MPa and the perforation den-
sity combination to 16-16-16, 16-18-16, and 16-20-16 which
are simulated in Figure 15.

The length of the fracture in the middle markedly
decreases with the horizontal stress difference increase. From
Figures 15–17, the flow rate into the fractures increases with
improving the density of perforation, counteracting the inhi-
bition of intercluster stress interference on the propagation of
the middle fracture, while the excessive difference of perfora-
tion density will evidently aggravate the uneven distribution
of fluid. Therefore, the appropriate perforation density can
be set in the field construction according to the distribution
of reservoir bedding. And the density of perforation can be
increased by 1-2 in the well-development bedding areas,
which will comprehensively communicate bedding and form
available complex fractures.

4.3.2. Injection Rate. Investigating the effect of injection rate
on the propagation behavior of the fractures in the bedding

plane, the injection rate of 11m3/min, 12m3/min, and
13m3/min was calculated; see set in Figure 18.

Together given, the filtration of fracturing fluid remark-
ably reduces and the length of the fractures and the shear
slip of the bedding plane gradually increase in Figure 18 with
improvement of the injection rate. It can be seen from
Figures 19 and 20 that the injection rate of fracturing fluid
merely affects the morphology of the fractures and barely
influences the intercluster stress interference. The simulation
results prove that the fractures propagate widely to commu-
nicate with bedding plane and form complex fractures con-
sequently when the injection rate is 12m3/min, which will
conspicuously increase the stimulated reservoir volume.

4.3.3. Fluid Viscosity. To illustrate the effect of viscosity on
the propagation behavior of the fractures at the bedding
plane, the viscosity of 1mPa·s, 3mPa·s, and 5mPa·s was sim-
ulated and the results are as follows.

Figures 21–23 show that the width of each fracture
changes significantly in correspondence with variation of
viscosity, and with the increasing improvement of viscosity,
the shear slip of the bedding plane is correspondently going
up more and more, but it has barely an effect on the propa-
gation of the fractures in the length and height direction and
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Figure 14: The fracture propagation data under different shale bedding strength.
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Figure 13: The cloud diagram of minimum horizontal stress of the fractures under different shale bedding strength: (a) 0.5MPa, (b) 2MPa,
and (c) 4MPa.
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Figure 18: The propagation behavior of the fractures at the bedding plane under different injection rates: (a) 11m3/min, (b) 12m3/min, and
(c) 13m3/min.
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Figure 15: The propagation behavior of the fractures at the bedding plane under different perforation density: (a) 16-16-16, (b) 16-20-16,
and (c) 16-18-16.
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Figure 16: The cloud diagram of the minimum horizontal stress for the fractures under different perforation density: (a) 16-16-16,
(b) 16-20-16, and (c) 16-18-16.
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Figure 21: The propagation behavior of the fractures at the bedding interface under different viscosity: (a) 1mPa·s, (b) 3mPa·s, and
(c) 5mPa·s.
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Figure 22: The cloud diagram of the minimum horizontal stress of fractures under different viscosity: (a) 1mPa·s, (b) 3mPa·s, and
(c) 5mPa·s.

11 12 13
13

14

15

16

17

St
re

ss
 (M

Pa
)

Minimum horizontal stress 
Total height of fractures
Total length of fractures

Injection rate (m3/min)

40

45

50

55

60

H
ei

gh
t (

m
)

170

180

190

200

210

220

230

240

250

260

Le
ng

th
 (m

)

Figure 20: The fracture propagation data under different injection rates.
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Figure 19: The cloud diagram of minimum horizontal stress for the fractures under different injection rates: (a) 11m3/min, (b) 12m3/min,
and (c) 13m3/min.
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the intercluster stress interference, while the friction area
will be extraordinarily obvious with increasing viscosity,
which enormously influences the use of pumping pressure.
The viscosity can be appropriately increased in areas with
well-developed bedding, which will contribute to commend-
ably increase the shear slip of the shale bedding plane and
the stimulated reservoir volume.

5. Conclusions

A 3D finite element model of multicluster fracture propaga-
tion in bedded shale was established based on the cohesive
zone model and the mechanism of the flow dynamic distri-
bution for each cluster under the intercluster stress interfer-
ence. And then, the propagation behavior of multicluster
fractures at the bedding plane was revealed.

(1) Cluster spacing is one of the imperative factors
affecting the intercluster stress interference, which
will be correspondingly weakened on the condition
that the value of cluster spacing is between 15m
and 20m

(2) Horizontal stress difference and shale bedding
strength are the indispensable factors affecting the
sophisticated interactive propagation between the
fractures and the bedding plane. Fractures will
penetrate the shale bedding when the horizontal
stress difference and shale bedding strength are over
4MPa; conversely, the bedding plane will be opened
and the shear slip is then generated. Meanwhile, in
correspondence with the increase of them, the
intercluster stress interference also increases con-
spicuously. Perforation density is one of the indis-
pensable factors affecting the dynamic distribution
of fracturing fluid among clusters; the perforation
density of cluster in the middle can be increased by

1-2 compared to that of the bilateral cluster, which
counteracts the inhibition of the intercluster stress
interference on the propagation of the middle cluster

(3) In correspondence with the increase of injection rate
and fluid viscosity, the shear slip of the bedding
plane will increase prominently, and the friction will
conspicuously increase with improvement of the vis-
cosity. The high injection rate and viscosity fractur-
ing fluid are conducive to the formation of complex
fractures in areas with well-developed bedding
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Additional Points

Highlights. (1) The dynamic distribution of fracturing fluid
flow during multicluster fracturing is considered in the
theoretical model. (2) A 3D finite element model is estab-
lished based on the cohesive zone model and the dynamic
distribution mechanism of interfracture flow, and the
cross-extensibility of multifractures and bedding interface
is researched. (3) The propagation behavior of multifrac-
tures at the shale bedding plane considering intercluster
stress interference is revealed.
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Figure 23: The fracture propagation data under different viscosity.
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