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Simultaneous multiple-fracture treatments in horizontal wellbores have become one of the key methods for economically and
efficiently developing oil and gas resources in unconventional reservoirs. However, field data show that some perforation clusters
have difficulty propagating fractures due to the internal mechanism of competing initiation and propagation among the fractures.
In this paper, the physical mechanisms that influence simultaneous multiple-fracture initiation and propagation are investigated,
and the effects of engineering parameters and in situ conditions on the nonuniform development of multiple fractures are
discussed. A 3D fracture propagation model was established with ABAQUS to show the influence of the stress shadow effects and
dynamic partitioning of the flow rate by simulating the propagation of multiple competing fractures generated in the perforation
clusters. Based on the results of these simulations, simultaneous flow in multiple fractures can propagate evenly. Through adjusting
the number of perforations in each cluster or the perforation diameter, the effect of the stress shadow can be significantly reduced
by increasing the perforation friction, and the factors that affect the development of multiple fractures are changed, from the stress
shadow effect to the dynamic partitioning of the flow rate. When the stress shadow effect is dominant, increasing the fracturing
fluid viscosity promotes the uniform development of multiple fractures and increases the fracture width. When the dynamic
partitioning of the flow rate is dominant, increasing the injection rate greatly affects the uniform development of multiple fractures.

1. Introduction

The hydraulic fracturing technique is a widely used well-
stimulation technique to effectively and economically
develop oil and gas resources in low-permeability unconven-
tional reservoirs [1, 2]. Many field measurements, laboratory
tests, and reservoir simulation studies [3-7] have proven
that multicluster hydraulic fracturing and horizontal drilling
are the key hydraulic fracturing methods. The advantage of
multicluster fracturing over conventional hydraulic fractur-
ing is that it allows multiple perforation clusters within a sin-
gle stage to form several hydraulic fractures simultaneously

through a single pump, resulting in multiple fracture sur-
faces after fracturing fluid is pumped into the reservoir, thus
achieving a larger effective reservoir volume. Bunger [4]
believed that when the spacing of perforations was greater
than 1.5h, it was conducive to the uniform development of
multiple fractures formed by multicluster fracturing. How-
ever, too large of a spacing of perforation clusters made it
difficult to form a large effective reservoir volume and
improve the ultimate reservoir recovery [8]. At the same
time, engineering-analysis results indicated that when perfo-
ration cluster spacing was set too closely, multiple fractures
had difficulty propagating evenly after initiation
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simultaneously. Miller et al. [9] applied the surface tiltmeter
fracture mapping method to quantify the fracture volume
growth along several horizontal wells and found that the
midlateral volume could not achieve the expected value of
the perforation cluster design. Spain et al. [10] concluded
that close cluster spacing is beneficial for well production,
but if the spacing is too close, excessive induced stress causes
fracture competition, resulting in the nonuniform develop-
ment problems of difficult growth of fractures in the midlat-
eral and excessive growth of fractures at both ends. To
obtain a reasonable multiple-fracture treatment design and
acceptable well production, a deep understanding of the
competitive propagation mechanism of fractures during
fracturing is urgently needed.

In recent years, increasing attention has been given to
the mechanism of simultaneous propagation in multiple
fractures in unconventional reservoirs. When multiple frac-
tures propagate simultaneously, individual fracture can be
created within each cluster, which is favourable to expand
the stimulated reservoir volume. Some laboratory tests have
been designed to simulate this process [11, 12]. El Rabaa [11]
studied the effect of perforation cluster spacing on hydraulic
fracturing through laboratory tests and found that when the
main fracture appeared, the remaining fractures were diffi-
cult to develop completely. Zhu et al. [12] conducted
hydraulic fracturing tests on concrete samples with oriented
perforations and found that all fractures initiated from the
perforation holes, but not all fractures were fully developed.
Compared to tests, numerical simulation methods can better
represent the reservoir in situ conditions and the nonlinear
dynamic boundary problem, which is influenced by many
factors, such as the Young modulus of the target layer, frac-
turing fluid viscosity, and pump rate [13]. Therefore, the
numerical simulation method is suitable for simultaneous
multiple-fracture propagation in horizontal wellbores in
unconventional reservoirs. For example, based on the dis-
placement discontinuity method, Olson [14] found that
when the fracture spacing is small, even if the fluid is evenly
distributed between the perforation clusters, middle frac-
tures cannot develop. Cheng [15] demonstrated that when
the cluster spacing is reduced to an inadequately small size,
production is reduced, and fracture width is limited. With
the help of the finite element method, Salimzadeh et al.
[16] showed that the interaction between adjacent fractures
leads to growth away from each other, which is weakened
when the fracture spacing is large. Shin and Sharma [17]
built a 3D geomechanical model to explore how various fac-
tors control the simultaneous propagation of multiple com-
peting fractures in horizontal wells. Haddad and
Sepehrnoori [18] simulated the arbitrary, solution-
dependent initiation and propagation path of multiple frac-
tures caused by multicluster hydraulic fracturing and found
that different cluster spacings would lead to coalescing,
growing parallel, or diverging multiple fractures. From the
perspective of the continuum method, Zhao et al. [19] inves-
tigated when the spacing between perforations is reduced to
a certain extent, the fracturing regions formed by the perfo-
rations coalesces after a period of development, and multiple
perforations can be considered as a single perforation with a
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larger injection rate. In previous studies, scholars found that
perforation-cluster spacing, fracture height, target formation
thickness, and pumping rate had significant influence on the
simultaneous propagation of multiple fractures in a horizon-
tal well [17].

There are two mechanisms of fracture mechanical inter-
action during the simultaneous propagation of multiple frac-
tures. One is the stress shadow effect, and the other is the
dynamic partitioning of the flow rate [20, 21]. Existing
models [22-24] have explored the effect of each mechanism
on the geometry of multiple fractures. For example, Guo
et al. [22] established a 3D seepage-stress-damage coupled
multifracture simultaneous propagation model to explore
the stress field of multiple fractures with different cluster
spaces. Yang et al. [23] built a pseudo-3D model based on
the displacement discontinuity method (DDM) and found
that perforation friction has an important effect on the
dynamic partitioning of the flow rate. The influence of the
stress shadow occurs when multiple competing fractures in
horizontal wells propagate simultaneously. When fracturing
fluid is pumped into multiple fractures, compressive stress
that acts on adjacent fracture surfaces can increase the diffi-
culty of multiple fracture propagation and even lead to the
closure of the fractures. From the numerical simulation anal-
ysis, through a reasonable design, such as the reasonable per-
foration cluster spacing, the injection rate, and the fracturing
fluid viscosity, the adverse effects of the stress shadow can be
controlled. Then, the difficult propagation of the fractures
along the midlateral and the overdevelopment of fractures
at the heel and toe of wellbores can be avoided to a certain
extent [25-27]. In addition, the in situ characteristics of
the target reservoir, such as in situ stress, Young’s modulus,
and thickness, can also affect the results of multicluster frac-
turing with the same design parameters [28-30]. In most
numerical studies, the fluid flow rate in each perforation
was assumed to be constant, and only the influence of the
stress shadow could be considered. However, due to the exis-
tence of friction, the flow rate allocated to each fracture
affects the geometry of the fractures. Some researchers [31-
33] have established a numerical model that can dynamically
determine the split of the flow rate in the process of multi-
cluster fracturing. The results showed that the dynamic par-
titioning of the flow rate has an important influence on the
uniform propagation of multiple competing fractures. In
actual engineering, to ensure production, it is often neces-
sary to set a small cluster spacing, but the small cluster spac-
ing causes strong stress interference between fractures; thus,
it is difficult for some perforation clusters to play a role in
stimulation. Therefore, it is necessary to design engineering
parameters such as the fracturing fluid viscosity, injection
rate, number of perforations in each perforation cluster,
and perforation diameter to make multiple fractures propa-
gate evenly. Different fracture designs have different mecha-
nisms that govern the development of multiple fractures.
However, few previous studies have comprehensively con-
sidered how to combine the effects of different operating
parameters on fracture development with the dominant
fracture mechanical interaction mechanism to improve the
effectiveness of multicluster fracturing.
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In this paper, ABAQUS software is used to build a novel
3D multicluster fracturing model that simulates the simulta-
neous propagation of multiple competing fractures and to
investigate the effects of commonly used operating parame-
ters on the uniform propagation of multiple fractures.
Importantly, the dynamic partitioning of the flow rate due
to the different fluid flow resistances and the stress interac-
tion between the fractures due to the complex in situ condi-
tions is considered in the model. The geometry of each
fracture and the fluid flow into each fracture to promote
the propagation of multiple fractures are obtained. The
influence of fracturing fluid viscosity, injection rate, and per-
foration friction on the uniform development of multiple
fractures is analysed comprehensively by using this model,
and some suggestions to promote uniform multiple-
fracture growth are proposed.

2. Physical Model

After the horizontal well is segmented, multicluster fractur-
ing technology is used. Multicluster fracturing allows multi-
ple perforation clusters in an injection stage of a horizontal
well, and then, a fracture is generated in each cluster,
increasing the stimulated reservoir volume (SRV) in a single
stage after the fracturing fluid is pumped. The simplified
physical model of multicluster fracturing within a stage is
shown in Figure 1. As it is a complex process for multiple
fracture propagation, the following assumptions are
introduced:

(1) The reservoir rock is regarded as an isotropic, poroe-
lastic material

(2) Each perforation cluster within a stage generates
only a main fracture

(3) Bunger [29] found that when the horizontal stress
difference reached 2-3 MPa, the fracture plane bend-
ing phenomenon caused by stress shadow effects
between adjacent fractures could be effectively sup-
pressed. The fractures are assumed to be planar
and vertical

(4) The fracturing fluid is considered an incompressible
Newtonian fluid, and the flow pattern of the fluid in
the fractures is consistent with Poiseuille plate flow.
In addition, the connection between the pipeline
and the formation injection point is filled with fluid

Finally, based on the physical model, the geometry of
multiple fractures affected by in situ stress conditions, the
operation parameters, and the interaction between multiple
competing fractures are discussed.

3. Model Geometry

The geometry of the model established in this paper is shown
in Figure 2. The model is used to simulate the initiation and
propagation of multiple competing fractures within a stage
due to multicluster fracturing and consists of reservoirs, upper
and lower barriers, a horizontal wellbore, and perforation
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FIGURE 1: Schematic of multicluster fracturing within a stage.
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FIGURE 3: A plane of COH3D8P elements was embedded in the
C3D8P elements at each perforation cluster to simulate fractures.

holes. Since the initiation and propagation of hydraulic frac-
tures are symmetric on both sides of the wellbore, only one
side of the wellbore is taken for modelling. C3D8P elements
(8-node brick, trilinear displacement, and trilinear pore pres-
sure) were used to model the reservoir as a porous elastic
medium. The cohesive elements (COH3D8P) are embedded
at each perforation cluster along the horizontal wellbore to
determine the path of the hydraulic fractures to initiate and
propagate in a direction perpendicular to the minimum hori-
zontal principal stress, as shown in Figure 3. The FPC3D2
connector element is used to hydraulically connect the perfo-
rated clusters to force pressure continuity between the clusters,
and pipe flow elements FP3D2 are used in the wellbore to
describe the pressure drop due to frictional resistance in the
wellbore. Fluid can enter the reservoir only through perfora-
tion clusters. The height of the hydraulic fractures is limited
by the upper and lower barriers.

4. Mathematical Model

4.1. Fluid Flow Model



4.1.1. Fluid Flow in Fracture and Reservoir. The flow of fluid
within the cohesive elements consists of tangential flow rate
and normal flow rate. The tangential flow rate represents
fluid flow through the fractures, while the normal flow rate
represents the fluid loss to the formation. The tangential
flow of fluid within fractures was modelled using Reynold’s
equation [34, 35].

w3
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where g is the tangential flow rate, m*/s; Vp is the pressure
gradient along the fracture, MPa/m; w is the fracture aper-
ture, m; and p is the fracture viscosity, cp.

The normal flow represents fluid leak-off from the frac-
ture to the formation and can be expressed by setting the
fluid leak-off coefficient in the following equation:
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where g, and g, are the flow rates into the top and bottom
surfaces, m/s, respectively; ¢, and ¢, are the leak-off coeffi-
cients of the top and bottom surfaces, respectively; p; is the
midface pressure, Pa; and p, and p, are the pore pressures
on the top and bottom surfaces, respectively.

4.1.2. Fluid Distribution between Perforation Clusters. Multi-
cluster fracturing within a stage produces multiple compet-
ing fractures. When multiple fractures initiate and
propagate simultaneously, the fracturing fluid enters each
fracture. The dynamic partitioning of the flow rate of each
fracture needs to be considered in the model according to
the corresponding boundary conditions. When the wellbore
storage effect is ignored, it is assumed that the fluid pressure
at the inlet of each cluster is equal. In addition, the total
injection rate is equal to the sum of the inflow rate of all
clusters.

Qo= Q (3)

where Q,, is the sum of all fracture flow rates, m*/s; Q; is
the flow rate of fracturing fluid distributed in fracture I,
m?®/s; and N is the number of perforations in each perfora-
tion cluster.

By analysing the data from the field experiments and
laboratory tests, when the fracturing fluid pumped from
the wellbore through the perforation entry to the hydraulic
fracture tip, the total pressure dropped, which was due to
wellbore friction and perforation-entry friction [36]. Finally,
the treating pressure inside the fractures was different from
the treating pressure inside the casing. Considering the
influence of wellbore friction and perforation-entry friction
on fluid flow, according to Kirchhoft’s second law [36], the
bottomhole treating pressure p,, is equal to the sum of the
pressure p,. at the mouth of the fracture, pressure p, caused
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by fluid friction in the wellbore, and pressure p; caused by
fracture-entry friction.

Py =Pin t Py +Pp> (4)

where p, is the bottomhole treating pressure, MPa; p,  is the
pressure at the mouth of the fracture, MPa; p, is the pressure
caused by fluid friction in the wellbore, MPa; and p; is the
pressure caused by fracture-entry friction, MPa.

By using a pipe flow element (FP3D2) in the wellbore,
the wellbore frictional pressure drop can be calculated using
the Churchill method:
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where AP is the pressure difference at the nodes, MPa; AZ is
the elevation difference at the nodes, m; v is the fluid velocity
in the pipe, m/s; p is the fluid density, kg/m’; g is the accel-
eration due to gravity; C; is the loss coefficient; f is the fric-
tion of the pipe; L is the length of the pipe, m; K; is a
directional loss term; K| is the roughness of the pipe; and
D, is the hydraulic diameter.

By using the connector element (FPC3D2), the perfora-
tion frictional pressure drop can be calculated according to
the formula of Crump [32, 36].
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where #n is the number of perforations in each perforation
cluster; D, is the diameter of perforation, m; and C reflects
the influence of perforation shape on perforation friction.
When the perforation is intact, the value is generally
0.5~0.6, and when the perforation is completely eroded,
the value is generally 0.95 [37].

4.2. CZM Model. Linear elastic fracture mechanics (LEFM) is
one of the common criteria for fracture initiation and prop-
agation. According to LEFM theory, when the stress inten-
sity factor of the rock is greater than the fracture
toughness, the fracture initiates and propagates. However,
considering only the stress intensity factor makes it difficult
to fully characterize the fracture propagation because LEFM
does not consider the inelastic region near the crack tip.
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The cohesive zone method (CZM) is another method to
describe the fracture process zone. When modelling the frac-
ture, the fracture is divided into two parts: one is the real
fracture length, and the other is a cohesive zone. Based on
the traction-separation criterion, the initiation and propaga-
tion behaviours of fractures are simulated. In the early stage,
the fracture is subjected to an external load, and the stress
increases linearly with the opening/shearing displacement
before reaching the threshold value. Once the stress reaches
the threshold value, the stress gradually decreases, and at this
time, the interface begins to suffer damage.

The quadratic traction-interaction failure criterion [38]
is used to simulate fracture initiation and propagation, and
the effect of normal stress and tangential stress is considered.
A typical cohesive traction-interaction failure criterion is
shown in Figure 4. When the crack is initiated, the quadratic
interaction function value is 1, and its expression is as fol-
lows:

2 2 2
A b A R

n S t
where t,, t,, and t, represent the normal, first, and second
shear stress components, Pa, respectively; 12, 1, and ) rep-
resent the peak values of the nominal stress when the defor-
mation is either purely normal to the interface or purely in
the first or second shear direction, Pa, respectively; and the
symbol <> is the Macaulay bracket used to indicate that a
pure compression deformation or stress state does not initi-
ate damage.

After fracture initiation, the damage was evaluated by
fracture energy theory. The Benzeggagh and Kenane [39]
fracture criterion was introduced to describe the develop-
ment of fractures after fracture initiation, and the criterion
is useful when the critical fracture energies along different
tangential directions are the same.

G + G,

Gy + (GS - ij){i
G, +G,+G,

}G (%)

where G represents the critical fracture energy in model
I; GSC represents the critical fracture energy in model II; G,
G,, and G, represent the fracture energy of the normal direc-
tion, the first tangential direction, and the second tangential
direction, respectively; # is the material parameter.

If the fracture energy reaches or exceeds G
(G =G, + G, + G,), the cohesive element breaks, and the
fracture begins to propagate.

5. Model Building

In the numerical model, the reservoir is assumed to be
homogeneous, and the fracture expands symmetrically on
both sides of the wellbore. Therefore, only half of the frac-
tures are established to study the initiation and propagation
of multiple fractures. The height of the reservoir model is
30 m, the length is 160 m, and the width is 60 m. The height
of the upper and lower layers is set to 10 m, which forces
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FicURE 4: Cohesive traction-interaction failure criterion.

fracture propagation to be confined to the target formation.
In this model, three perforating clusters are set in a stage,
and the cluster spacing is 15m.

The target formation properties are presented below [3,
21].

The parameters of the upper and lower layers are the
same, as follows.

Equation (6) shows that perforation friction changes as
the number of perforations or the diameter of perforations
changes. When the perforation friction is small, the develop-
ment of multiple fractures is dominated by the stress shadow
effect, intermediate fractures have difficulty developing
completely, and the development stops before pumping for
50s. With the increase in perforating friction, the develop-
ment of multiple fractures is dominated by the dynamic par-
titioning of the flow rate, and the three fractures continue to
propagate after pumping for 50s. Different perforation
parameters in the fracturing process lead to different pres-
sure drops of perforation clusters and affect the initiation
and propagation process of multiple perforation clusters.
The hydraulic fracturing design parameters of each working
condition are presented below.

6. Results and Discussion

In this section, we discuss the simultaneous propagation of
multiple fractures formed by multicluster fracturing and
the corresponding influencing factors based on the numeri-
cal model established in Section 5. For this study, the basic
parameters of the reservoir and the upper and lower layers
are obtained from Tables 1 and 2, and the engineering
parameters used in various working conditions are shown
in Table 3.

In the following discussion, fractures 1, 2, and 3 repre-
sent the fractures that initiate from the left, middle, and right
clusters, respectively, in Figure 3.

6.1. The Basic Case (Case 1). In this model, each cluster has
32 perforations, and the perforation diameter is 15 mm. The
total injection rate is 6 m?®/min, and the fracturing fluid vis-
cosity is 1 cp. Note that the effect of perforation friction on
fracture initiation and propagation is negligible. In this case,
the simultaneous initiation and propagation of multiple
fractures are mainly affected by stress interference between
fractures. The morphologies of three hydraulic fractures
after 5s, 20s, 30s, and 50s of pumping are shown in
Figure 5. The colour in the figure represents the width of



TaBLE 1: Basic parameters of the target formation.

Minimum horizontal stress (MPa) 30.68
Maximum horizontal stress (MPa) 37.58
Vertical stress (MPa) 55
Young’s modulus (GPa) 45
Poisson’s ratio 0.2
Reservoir layer thickness (m) 30

TABLE 2: Basic parameters of the upper and lower layers.

Minimum horizontal stress (MPa) 35.68
Maximum horizontal stress (MPa) 39.58
Vertical stress (MPa) 55
Young’s modulus (GPa) 90
Poisson’s ratio 0.3
Reservoir layer thickness (m) 10

the propagated fracture. The exact value of each colour cor-
responds to the different opening widths of the fracture in
the right panel of the image in meters. The blue areas in
the figure represent the fracture propagation planes where
the fracture has not yet developed. Other areas represent
the fractures. All three fractures started to propagate at the
same time when the fracturing fluid was pumped when ¢ =
5s (see Figure 5). However, as Figure 5 shows, after some
time, with the opening of the fractures on both sides, an
increased additional compressive stress applied to the mid-
dle fracture tends to inhibit the propagation of the middle
fracture. Previous studies have proven that when the cluster
spacing is small, fractures in the middle position have diffi-
culty propagating due to the inability to allocate enough
fracturing fluid, and perforation clusters in the middle posi-
tion become ineffective. Increasing cluster spacing can
weaken the influence of the stress shadow effect, but tight
cutting and reasonable distribution of well spacing in hori-
zontal well staging are also the keys to reservoir reconstruc-
tion. Therefore, it is an effective way to optimize the
multicluster fracturing design within a stage in a horizontal
well by adjusting the engineering parameters and setting rea-
sonable perforation parameters to form a sufficient pressure
drop so that multiple fractures can form a large effective
fracture volume at an appropriate cluster spacing.

6.2. The Effect of the Injection Rate when the Value of
Perforation Friction Is Small (Cases 1 and 2). The injection
rate is an important engineering parameter. Based on the
reference model in case 1, different flow rates are considered:
6 m’/min and 10 m*/min. Then, the effect of the flow rate on
the growth of multiple fractures is studied. The fracture
geometry injected with fluid in case 1 is shown in Figure 5,
and that injected with fluid in case 2 is shown in Figure 6.
The change curve image of the maximum fracture width
along the direction of fracture propagation is shown in
Figure 7. Figures 7(a) and 7(b) show that the development
of the three fractures has the same trend in the two cases.
The width of the fractures increases rapidly with the initia-

Geofluids

tion of the fractures, and then, the width of the middle frac-
ture decreases continuously due to the compressive stress
exerted by the propagation of the fractures on both sides
until it approaches 0 mm. The fractures on both sides con-
tinued to fluctuate, and after a certain period, the widths of
the three fractures remained stable with the injection of
fluid. Figure 7(a) shows that the maximum fracture widths
of fractures 1, 2, and 3 are 1.2mm, 0.895mm, and
1.23 mm, respectively. The maximum width of fracture 2 is
almost zero after 17s. It can be seen from Figure 7(b) that
the maximum fracture widths of fractures 1, 2, and 3 are
1.406 mm, 0.946 mm, and 1.453 mm, respectively. The max-
imum width of fracture 2 is almost zero after 14s. As shown
in Figure 6, as the injection rate increases, the lateral frac-
tures propagate for a longer area after pumping the 50 s frac-
ture fluid, and the width of the middle fracture lasts for a
shorter period. This means that when the stress shadow
effect dominates, higher pump rates cause fluid to enter
the middle fracture more difficult and to enter the lateral
fracture more quickly, creating more significant compressive
stress and resulting in the faster closure of the middle
fracture.

The dynamic percentage of the flow rate into each clus-
ter is illustrated in Figure 8. In Figure 8(a), the percentage of
flow into fracture 2 is almost 0 after 14 s. The percentage of
flow into fracture 1 and fracture 3 is almost identical. The
percentage of flow into fracture 1 and fracture 3 is almost
the same at first, but as more fracturing fluid is pumped,
the flow percentage into fracture 1 is gradually higher than
that entering fracture 3, and this trend slowly increases.
Figure 8(b) shows that the percentage of flow into fracture
2 is almost zero after 11s. Combined with Figures 6 and 7,
it can be seen that the larger flow volume ratio is the reason
why fractures on both sides can propagate a longer area.
When fracturing fluid enters the three fractures from the
three injection points, the fracturing fluid splits along multi-
ple paths. However, due to the strong stress shadow effect
and high injection rate after initiating on both sides of the
fracture, the fracturing fluid experiences continuous propa-
gation, and the middle fracture closes after a short time.
Fracture 3 at the front of the wellbore contains a larger pro-
portion of fracturing fluid than fracture 1 at the back of the
wellbore due to wellbore friction.

After pumping for 20s and 50s, the percentage of flow
into each cluster is presented in Figure 9. This information
is useful for studying the dynamic partitioning of the fluid
rate across fractures after fracturing fluid is pumped. The
percentage of flow into fracture 2 is the minimum and is
much smaller than the percentage of flow into the fractures
on either side. The percentage of flow into fracture 3 is more
than the percentage of flow into fracture 1 because of the
effect of wellbore fluid friction. When the total injection rate
ranges from 6m’/min to 10m®/min, due to the stress
shadow effect, fracture 2 still cannot be fully developed,
and the flow rate uniformity into both sides of the fracture
worsens as the fracturing fluid is pumped, ranging from
modest 1.02% and 0.27% at 20s to 5.63% and 8.198% at
50s, respectively. Therefore, it is believed that increasing
the flow rate is not conducive to the uniform development
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TaBLE 3: Hydraulic fracturing design parameters in different cases.

Case Value of the perforation ~ Number of perforations of each  Perforation diameter ~ Total injection rate (m*/  Viscosity
friction cluster (mm) min) (cp)
lcase Small 32 15 6 1
gase Small 32 15 10 1
g)ase Small 32 15 6 100
fase Small 8 15 6 1
g"“se Large 32 5 6 1
gase Large 32 5 8 1
gase Large 32 5 10 1
gase Large 32 5 6 10
glase Large 32 5 6 100

5s
30s
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+0.000e-00

FIGURE 5: Fracture geometry after pumping for 5s, 20s, 30s, and 50's in case 1.

of fractures when perforation friction is not considered and
that the influence of the stress shadow effect is the main
factor.

In engineering, when the perforation friction is small,
increasing the injection rate is favourable to the develop-
ment of the fractures on both sides. However, the utilization
effect of the middle perforating cluster will be significantly

reduced, which is not conducive to the uniform develop-
ment of multiple fractures.

6.3. The Effect of Fracturing Fluid Viscosity when the Value of
Perforation Friction Is Small (Case 1 and Case 3). Fracturing
fluid viscosity is an important engineering parameter. Based
on the reference model in case 1, different fracturing fluid
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FIGURE 6: Fracture geometry after pumping for 20s and 50's in case 2.
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(b) case 3 (100 cp).

viscosities are considered, namely, 1 cp and 100 cp. The frac-
ture geometry injected with fluid in case 1 is shown in
Figure 5, and that injected with fluid in case 3 is shown in
Figure 6.

A plot of the change in the maximum fracture width
along the direction of fracture propagation is shown in
Figure 10. As shown in Figure 10(a), the width of the frac-
ture increases rapidly with the initiation of the fracture,
and the width of the middle fracture decreases continuously
until it approaches 0 mm. The fractures on both sides con-
tinue to fluctuate and rise, and the widths of the three frac-
tures remain stable after a period of fluid injection. The
difference is that as shown in Figure 10(b), in case 3 (with
higher fracturing fluid viscosity), the middle fracture propa-
gates for a longer time, and the overall width of the three
fractures is larger than that in case 1. According to
Figure 10(a), the maximum fracture widths of fractures 1,
2, and 3 are 1.2mm, 0.895 mm, and 1.23 mm, respectively.
The maximum width of fracture 2 is almost zero after 17s.
According to Figure 10(b), the maximum fracture widths
of fractures 1, 2, and 3 are 1.47mm, 1.47mm, and
1.47 mm, respectively. The maximum width of fracture 2 is
almost zero after 42s. Combined with Figures 11 and 10, it
can be seen that with the increase in fracturing fluid viscos-
ity, the middle fracture continues to propagate after 20s of
pumping, but the area of its propagation is much smaller
than that of fracture propagation on both sides. After pump-

ing for 50s, the middle fracture is closed, the fractures on
both sides continue to propagate, and the overall width of
the fractures increases. Compared to fracture 1, fracture 3
is closer to the pumping point. As shown in Figure 11, when
the viscosity increases from 1 cp to 100 cp, the range of large
fracture width of fracture 3 (represented as yellow and red
area) is greater than that of fracture 1. It means that as the
fracturing fluid viscosity increases, the flow friction becomes
higher and the effect of wellbore friction becomes relatively
more pronounced.

The dynamic percentage of the flow rate into each clus-
ter is illustrated in Figure 12. In Figure 12(a), the percentage
of flow into fracture 2 is almost 0 after 14 s. The percentages
of flow into fracture 1 and fracture 3 are almost identical.
The percentages of flow into fracture 1 and fracture 3 are
almost the same at first, but as more fracturing fluid is
pumped, the flow percentage into fracture 1 is gradually
higher than that entering fracture 3, and this trend slowly
increases. However, Figure 12(b) shows that the percentage
of flow into fracture 2 is almost zero after 33 s. The flow per-
centages into fracture 1 and fracture 3 rapidly diverge as the
percentage of flow into fracture 2 decreases. Moreover, with
the increase of injection time, the difference of the flow per-
centages into fracture 1 and fracture 3 becomes further
greater. Combined with Figures 10 and 12, it can be seen
that as the fracturing fluid is pumped, the three fractures ini-
tiate simultaneously and divide the injected fracturing fluid
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equally. However, with the increase of pump injection time,  that when fracturing fluid viscosity is bigger, it can reduce

the fracturing fluid of middle fracture gradually decreases.  the effect of stress shadow to some extent and amplify the
With the decrease of the middle fracture’s fracturing fluid  effect of wellbore friction.
proportion, the difference of the fracturing fluid proportion After pumping for 20s and 50s, the percentage of flow

of fractures on both sides gradually increased, suggesting  into each cluster is presented in Figure 13. The percentage
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FIGURE 14: Fracture geometry after pumping for 50 s for different perforation frictions: (a) case 4; (b) case 5.

of flow into fracture 2 is minimal and is much smaller than
the percentage of flow into the fractures on either side. The
percentage of flow into fracture 3 is more than the percent-
age of flow into fracture 1 because of the effect of wellbore
fluid friction. When the fracturing fluid viscosity ranges
from 1 cp to 100 cp, however, due to the stress shadow effect,
fracture 2 still cannot be fully developed. However, after
pumping for 20s, in case 2, the percentage of the total fluid
volume of the middle fracture is 11.26%, which is much
larger than that of the middle fracture in case 1, which is
0.04%. After pumping for 50s, the flow rate uniformity into
the two sides of the fracture worsens because of the higher
fracturing fluid viscosity, from a 5.63% to 12.984% differ-
ence. Therefore, we believe that fracturing fluid viscosity is
conducive to the uniform development of fractures when
perforation friction is not considered and that increasing
fracturing fluid viscosity can improve fracture width. How-
ever, when fracture 2 is no longer developed, the flow into
fracture 2 cannot be evenly distributed between the other
two fractures.

In engineering, when perforating friction is small, simply
increasing the fracturing fluid viscosity can help multiple
fractures develop to a certain extent. Unfortunately, the
development of each fracture will be reduced to a certain
extent.

6.4. The Effect of Perforation Friction (Case 1, Case 4, and
Case 5). In this section, the influence of perforation friction
is studied. In multicluster fracturing, a change in the number
of perforations in each perforation cluster or perforation
diameter directly leads to a change in perforation friction.
Therefore, the effect of perforation friction on the simulta-
neous propagation of multiple fractures in multicluster frac-
turing is investigated in three cases: in addition to case 1, one
with eight perforations per cluster and a perforation diame-
ter of 15mm (case 4) and the second with 32 perforations
per cluster and a perforation diameter of 5mm (case 5).
Equation (6) shows that with the change in the number of
perforations or perforation diameter, the perforation friction
changes, thus changing the initiation and propagation of
multiple fractures. In this section, according to the perfora-
tion parameters set in different cases, the value of perfora-

tion friction is case5>case4>casel. The fracture
geometry injected with fluid in case 1 is shown in Figure 5,
the fracture geometry injected with fluid in case 4 is shown
in Figure 14(a), and that injected with fluid in case 5 is
shown in Figure 14(b).

The change curve image of the maximum fracture width
along the direction of fracture propagation is shown in
Figure 15. As shown in Figures 1(a) and 15(b), with the ini-
tiation of the fractures, the width of the fractures increases
rapidly, and the width of the middle fracture decreases con-
tinuously until it is close to Omm. The fractures on both
sides continued to fluctuate, and the widths of the three frac-
tures remained stable after a period of fluid injection. The
difference, as shown in Figure 15(c), is that in case 5 (with
high perforation friction), the development continued after
pumping for 50s, and the widths of the three fractures
remained stable after a period of injection, with the widths
of the middle fractures being slightly smaller than those of
the sides when stable.

The dynamic percentage of the flow rate into each clus-
ter is illustrated in Figure 16. Figure 16(a) shows that the
percentage of flow into fracture 2 is almost O after 17s.
The percentage of flow into fracture 1 and fracture 3 is
almost identical. The percentage of flow into fracture 1 and
fracture 3 is almost the same at first, but as more fracturing
fluid is pumped, the flow percentage into fracture 1 is grad-
ually higher than that entering fracture 3, and this trend
slowly increases. In Figure 16(b), the percentage of flow into
fracture 2 is almost 0 after 28 s. The percentage of flow into
fracture 1 and fracture 3 is almost identical. However, as you
can see from Figure 16(c), although the percentage of flow
into fracture 2 is slightly smaller than that into the other
two fractures, it still propagates until 50s. In combination
with Figures 14 and 16, it can be seen that when the perfora-
tion friction increases by a certain amount, the fracture
propagation has the same trend; that is, the three fractures
begin to evenly divide the injected fracturing fluid and initi-
ate. After a period of propagation, the middle fracture is
closed, and the fractures on both sides continue to
propagate.

However, in combination with Figures 14 and 17, it can
be seen that when the perforation friction increases to a
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certain extent, the middle fracture does not close during
pumping for 50s. The three fractures first divide fracturing
fluid evenly and initiate and then propagate together. There
is a small decrease in the proportion of fracturing fluid in the
middle fracture.

After pumping for 20s and 50s, the total fluid volume
distribution of each cluster is presented in Figure 18. Case
1 and case 4 show that the percentage of flow into fracture
2 is the minimum and is much smaller than the percentage
of flow into the fractures on either side due to the impact
of stress shadow effect which causes the pressure of fracture
2 to be too large to allow fracturing fluid to enter. The per-
centage of flow into fracture 3 is more than the percentage
of flow into fracture 1 due to the presence of wellbore fric-
tion. The difference between the percentage of flow into frac-
ture 1 and fracture 2 was reduced from 5.63% to 0.69%
(t =50s) due to the change in perforation friction. The influ-
ence of perforating friction is much greater than that of well-
bore friction. With the increase of perforation friction, the
compressive stress field applied by the two sides of the frac-
tures to the middle fracture will be improved, and the influ-
ence of stress shadow effect can be effectively suppressed.
Therefore, in case 5, all three fractures are initiated and fully
developed simultaneously, the percentage of flow into 2 is
5.53% lower than the percentage of flow into fracture 1,
the percentage of flow into fracturel and fracture 3 is nearly

the same, and the percentage of flow into fracture 2 exhibits
a small decrease.

The increase in perforation friction (e.g., the decrease in
the number of perforations or the diameter of perforations)
contributes to the uniform propagation of multiple fractures.
However, with the increase in perforating friction, the bot-
tomhole pressure increases greatly, and the pressure at the
fracture mouth is not similar to the bottomhole pressure
but far less than the bottomhole pressure. To quantitatively
study the influence of perforation friction on the bottomhole
pressure and pressure at the fracture mouth, the bottomhole
pressure and pressure at the three fracture mouths are com-
pared in Figure 17 when the fracturing continues for 50s.
The bottomhole pressure is almost identical to the pressure
at every fracture mouth when the perforating friction is
not considered. However, when perforating friction is con-
sidered, the pressure at the fracture mouth and the bottom-
hole pressure increase. In case 4, the pressure at the middle
fracture mouth is close to the bottomhole pressure, while
the pressure at the lateral fracture is small. In case 5, com-
pared with the bottomhole pressure, the pressure at the frac-
ture mouth of the three fractures decreases significantly, and
the middle fracture (50.4 MPa) is slightly higher than the
two sides (49.2 MPa). This is due to the greater perforation
friction in case 5 and more equal distribution of fracturing
fluid to the three fractures, all of which are affected by the
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perforation friction as they propagate. Through the analysis,
it is believed that perforation friction can reduce the impact
of stress shadows due to the uniform development of multi-
ple fractures, but increasing perforation friction leads to an
increase in the bottomhole pressure, so engineering equip-
ment is more demanding.

In engineering, increasing perforation friction can effec-
tively help multiple fractures develop. However, as the perfo-

rating friction increases, higher engineering pressure is
required for fracture propagation. Therefore, it is necessary
to find an appropriate perforation design.

6.5. The Effect of the Injection Rate when the Value of
Perforation Friction Is Large (Case 5, Case 6, and Case 7).
In this section, the influence of the flow rate on multicluster
fracturing is studied with the existence of perforation fric-
tion. Three flow rates are considered: 6 m*/min (case 5),
8 m®/min (case 6), and 10 m>/min (case 7).

The change curve image of the maximum fracture width
along the direction of fracture propagation is shown in
Figure 19. For different flow rates, the curves show similar
characteristics. A higher flow rate leads to a larger fracture
width. As a higher percentage of the fluid flows into the sec-
ond fracture when the flow rate increases from 6m?®/s to
10m’/s (see Figure 19), a high flow rate is more beneficial
to the propagation of the middle fracture. For example, up
to 50s, the maximum fracture widths of fractures 1, 2, and
3 are 1 mm, 0.95mm, and 1 mm, respectively, and the max-
imum fracture width of the middle fracture is slightly
smaller than the maximum fracture width of the fractures
on both sides. In addition, as the injection rate increases,
the maximum widths of the three fractures tend to be the
same after injection for 50s. Combined with Figures 14,
19, and 20, it can be seen that as the flow rate increases,
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the three fractures have a similar tendency to propagate such
that the three fractures initially divide the pumped fracturing
fluid equally and initiate at the same time. As fracturing fluid
is pumped in, three fractures continue to propagate. In addi-
tion, the fracture length increases with the injection rate.
When the fracturing time is 50, the comparison of the
bottomhole pressure and the fracture width pressure is
shown in Figure 21. With increasing injection rate, the bot-
tomhole pressure increases faster, but the pressure at the

fracture mouth increases less, and the difference between
the two increases. The difference between the bottomhole
pressure and the pressure at the fracture mouth is most
remarkable when the injection rate is 10 m>/min. In each
case, the pressure at the fracture mouth of the middle frac-
ture is slightly greater than that at the two sides.

Because perforation friction weakens the stress shadow
effect, the effect of the total flow rate on multicluster fractur-
ing becomes evident and is conducive to the uniform
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propagation of multiple fractures. As the flow rate increases,
the bottomhole pressure gradually increases. At this time,
the influence of the perforation friction will be enhanced,
leading to a greater drop in bottomhole pressure at the frac-
ture mouth and a greater difference between the pressure at
fracture mouth and the bottomhole pressure. As the total
flow rate increases, the fracture length of each fracture
increases after pumping for 50 s, but increasing the total flow
rate also increases the engineering pressure and has little
effect on the fracture width.

In engineering, when perforation friction is high,
increasing the injection rate is favourable for multiple frac-
ture propagation. However, as the injection rate increases,
high engineering pressure is required for each fracture prop-
agation, and higher requirements on the field equipment is
also a challenge.

6.6. The Effect of Fracturing Fluid Viscosity when the Value of
Perforation Friction Is Large (Case 5, Case 8, and Case 9). In
this part, the influence of the flow rate on multicluster frac-
turing is considered based on perforation friction. Each clus-
ter has 32 perforations, the perforation diameter is 5 mm, the
total flow rate is 6 m*/min, and the fracture fluid viscosity is

set to 10 cp and 100 cp. Based on the reference model in case
5, different fracturing fluid viscosities are considered,
namely, 10cp and 100cp. The fracture geometry injected
with fluid in case 5 is shown in Figure 2, the fracture geom-
etry injected with fluid in case 8 is shown in Figure 22(a),
and that injected with fluid in case 9 is shown in
Figure 22(b).

The change curve image of the maximum fracture width
along the direction of fracture propagation is shown in
Figure 23. As shown in Figures 23(a) and 23(b), with the ini-
tiation of fractures, the width of fractures increases rapidly,
and the three fractures continue to fluctuate and remain sta-
ble after a period of fluid injection. In case 5, the maximum
fracture width of fracture 2 is slightly lower than fracture 1
and fracture 3, while in case 8, the maximum fracture width
of three fractures is nearly equal. As shown in Figure 23(c),
the difference is that in case 9 (higher fracturing fluid viscos-
ity), the width of the three fractures increases sharply as the
fracture is initiated and gradually decreases as the fracturing
fluid is pumped in. After some time, the widths of the three
fractures remain stable as the fluid is pumped in. According
to Figures 23(a) and 23(b), the maximum fracture widths in
both cases are almost the same, approximately 1.1 mm.
However, according to Figure 23(c), the maximum fracture
widths of fracture 1, 2, and 3 are 1.506 mm, 1.506 mm, and
1.506 mm, respectively. Compared with the previous two
cases, the maximum fracture widths increased by 0.4 mm.
As seen from Figure 23, with the increase of fracturing fluid
viscosity, after injecting the 50's, the maximum widths of the
three fractures tend to be the same when the fracturing fluid
is 10 cp. When the fracturing fluid viscosity is 100 cp, the
maximum widths of fractures 1, 2, and 3 are 1mm,
0.97mm, and Imm, respectively. Combined with
Figures 5, 22, and 23, it can be seen that as the flow rate
increases, the three fractures have a similar tendency to
propagate such that the three fractures initially divide the
pumped fracturing fluid equally and initiate at the same
time. As fracturing fluid is pumped in, three fractures con-
tinue to propagate. However, as the fracturing fluid viscosity
increased, the fracture width increased, but the length and
height of all three fractures decreased, especially the middle
fracture.
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FIGURE 22: Fracture geometry after pumping for 50's for different fracturing fluid viscosities: (a) case 8 (10 cp); (b) case 9 (100 cp).
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When the fracturing time is 50's, the comparison of the
bottomhole pressure and the fracture width pressure is
shown in Figure 24. With the increase in fracturing fluid vis-
cosity, the bottomhole pressure and the pressure at the frac-
ture mouth show almost no change in the three kinds of
cases. When fracturing fluid viscosity increases, higher fluid
pressure in the fractures leads to greater fracture width.
However, the bottomhole pressure and the pressure at the
fracture mouth have no obvious change. It suggests that
for engineering pressure, the effect of the injection rate is

more obvious. With regard to the fracturing fluid viscosity,
only the morphology of fracture is affected. There is no sig-
nificant effect on the bottomhole pressure and the pressure
at the fracture mouth.

As perforation friction weakens the stress shadow effect,
the effect of fracturing fluid viscosity on multicluster fracturing
is mainly reflected in the increase in fracture width and the
decrease in fracture length and fracture height, and the effect
on the uniform propagation of multiple fractures is not as obvi-
ous as when the stress shadow effect plays a dominant role.
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In engineering, when the perforating friction is large, to
the effect of high viscosity on the uniform development of
multiple fractures can be ignored.

7. Conclusions

In this study, based on the CZM model and Bernoulli equa-
tion, we established a three-dimensional multicluster frac-
turing model with multiple clusters of fractures
simultaneously initiating and propagating considering per-
foration friction and explored how engineering parameters
affect the uniform development of multiple fractures
through this model. Some key conclusions are as follows:

(1) Increasing perforation friction by reducing the num-
ber of perforations in each perforation cluster or the
diameter of perforation can effectively reduce the
influence of the stress shadow effect and make the
development of each fracture more uniform

(2) Increasing the viscosity of the fracturing fluid under
the influence of stress shadows can increase the frac-
ture width and effectively improve the problem that
middle cluster fractures cannot develop

(3) When the stress shadow effect is weakened by perfo-
rating friction and dynamic partitioning of the flow
rate is dominant, increasing the injection rate can
promote the development of multiple fractures more
evenly. In this case, the fracturing fluid viscosity has
little effect on the uniform development of fractures
and can only increase the width of fractures to a cer-
tain extent

(4) To promote the uniform development of multiple
fractures by increasing perforation friction and the
injection rate increase in the engineering pressure,
it is necessary to comprehensively consider the set-
ting of engineering parameters according to the
actual engineering capacity
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