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Abstract: This study establishes a three-dimensional cohesive model of multi-cluster hydraulic
fracturing using finite element method (FEM). It fully considers the interaction between the interlayer
and the reservoir and analyzes the key factors influencing fracture propagation. The results show
that during the initial stage of hydraulic fracturing, the width of the edge fracture is greater than
that of the mid fracture, while the situation is reversed for the fracture length. A larger cluster
spacing leads to less interaction between fractures, while a greater number of clusters increases the
interaction between fractures. With an increase in displacement, the lost fracturing fluid entering
the formation enhances the interaction between fractures. An increase in elastic modulus results in a
decrease in the width and height of edge fractures but an increase in their length, with little impact
on mid fractures. As Poisson’s ratio increases, there is little change in the fracture morphology of
edge fractures, while the width and height of mid fractures increase significantly. With an increase
in permeability, the influx of fracturing fluid into the interlayer decreases, leading to a reduction
in the interaction between fractures. Finally, the study analyzes and discusses the impact of these
parameters on the SRV (stimulated reservoir volume) in both the reservoir and the interlayer. These
findings provide new insights for hydraulic fracturing and contribute to improving its productivity.

Keywords: hydraulic fracturing; multi-cluster fracturing; finite element method; interlayer effect

1. Introduction

Tight oil and shale gas reservoirs typically have low permeability, making it difficult
to achieve high production rates [1]. Hydraulic fracturing technology, as a key technique
for reservoir stimulation and production enhancement, has been widely applied and
recognized [2,3]. The core of hydraulic fracturing technology is to fracture the reservoir,
creating a complex network of fractures in low-permeability reservoirs to increase the flow
channels for oil and gas, thus improving production rates. The stimulated reservoir volume
(SRV), which includes the volume of hydraulic fractures and the surrounding area where
secondary fractures are formed [4—6], also includes the activation of natural fractures by
hydraulic fracturing, which is crucial for oil and gas production [7-11].

The numerical simulation of hydraulic fracturing has made significant progress based
on the KGD model [12,13], PKN model [14,15], P3D model [16], radial model [17], Pseudo
3-D model [18], and full 3-D model [19]. There are mainly three numerical simulation
methods: discrete element method, boundary element method, and finite element method.
Among them, the finite element method is widely used due to its high accuracy and the
ability to consider the effects of formation parameters, fracturing parameters, and fluid
on fracture propagation. It is one of the most widely used numerical simulation methods
and can be used to solve nonlinear problems and complex stress—strain problems [20].
The most widely used methods in the finite element method are cohesive zone elements
and the extended finite element method. The former has the advantage of eliminating
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stress singularity at the fracture tip and high computational efficiency. However, it often
requires pre-determined fracture propagation paths and cannot simulate the randomness
of real fracture propagation, and the fracture cannot change direction. The latter has
the advantage of avoiding the decrease in computational convergence caused by mesh
refinement due to stress concentration and the ability to simulate fracture propagation
direction changes. However, its computational efficiency is not high, and it cannot form
intersecting fractures [21-26].

In practical hydraulic fracturing, multiple uncertain parameters increase the difficulty
of fracturing design, so it is necessary to study the factors that affect fracturing. Generally,
the morphology of fractures is mainly influenced by formation structure, formation stress,
and formation mechanical properties. In areas with natural fractures, hydraulic fractures
can expand better and form a larger network of fractures [27,28]. Concentrated stress can
also affect the direction of hydraulic fracture propagation, with a greater impact in the
horizontal direction and a larger range of influence in the vertical direction [29]. Elastic
modulus, Poisson’s ratio, tensile strength, displacement, permeability coefficient, and
other factors also have different effects on fracture propagation [30-33], thereby affecting
the volume of the fracture network and the production of oil and gas. In actual layered
formations, the properties of interlayers also have an impact on the fracturing results,
which is often overlooked in many studies. Interactions between interlayers and reservoirs
affect fracture propagation and the volume of the fracture network after fracturing.

Based on the parameters of the target formation in western China, this study estab-
lishes a multi-cluster fracture propagation model that considers the properties of interlay-
ers and reservoirs. The model investigates the effects of cluster spacing, cluster number,
displacement, elastic modulus, Poisson’s ratio, and permeability on the propagation of
multi-cluster fractures. It compares the stimulated reservoir volume (SRV) under different
influencing factors and analyzes the reasons for the differences, providing reference for
subsequent hydraulic fracturing simulation studies.

2. Research Methodology

Using the cohesive model to analyze the fluid flow within fractures, fracture prop-
agation behavior, and the coupling between fluid flow and solids in the formation, this
study aims to analyze the influence of various factors on fracture propagation during
multi-cluster fracturing operations. Additionally, the study will extract the stimulated
reservoir volume (SRV) under different influencing parameters and analyze the reasons for
their differences.

2.1. Theoretical Background
2.1.1. Cohesion Unit Model

The cohesive model uses fracture criteria to determine the damage condition. Damage
occurs on cohesive units, and when the damage criterion is met, the unit starts to deteriorate.
According to the predefined damage evolution model, when the unit completely fails, the
mid layer of the unit “splits into two”, resulting in a geometric discontinuity and the
formation of fractures.

A complete damage process can be divided into the initiation stage and the damage
stage. In the initiation stage, as the tensile displacement increases, the traction force also
increases. When it reaches the damage initiation point, the material begins to deteriorate,
and the traction force starts to decrease until it reaches zero, and the fracture fully opens.
Before damage occurs, the stress and strain satisfy the following relationship:

(o Kiun Kis Kt En
o= Us = | Ksn Kgs Kyt &s = Ke 1)
o Kin Kis Kyt €t

where ¢ is the stress vector, Pa; 0;, is the normal stress of the element, Pa; 0y is the first shear
stress, Pa; 0} is the second shear stress (which does not exist in the two-dimensional case),
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Pa; K is the stiffness matrix of the element, dimensionless; ¢ is the strain, dimensionless; ¢,
is the strain generated in the normal direction of the element, dimensionless; € is the strain
generated in the first shear direction, dimensionless; and ¢; is the strain generated in the
second shear direction, dimensionless. The expression is as follows:

di ds _dy

En = —,&& = =+ ,& =
To To To

(2)
where d is displacement, m, and Ty is the constitutive thickness, dimensionless.

The damage model is used to describe the stiffness degradation and structural failure
of a material after the traction force reaches its maximum critical value. The damage
model consists of two parts: damage initiation criteria and damage evolution laws. Once
the damage reaches the damage initiation criteria, the failure will occur according to the
defined damage evolution laws. In this case, the damage initiation criteria used is the
maximum nominal stress criterion.

f—max{[tn] ts ft} 3

£ 179

where #) is the traction force perpendicular to the fracture surface at the beginning of
damage, N; t0, t? is the traction force perpendicular to the fracture surface at the beginning
of damage, N; t, is the traction force perpendicular to the fracture surface, N; t,, t; is the
traction force perpendicular to each other on the fracture surface, N; and f is the fracture
criterion, and fracture will occur when 1.0 < f < 1.0 + fo1; fio1 is the tolerance, with a
default value of 0.05.

The evolution law of damage describes the rate of the stiffness degradation of a
material once it reaches the corresponding initiation criteria. The overall damage of the
material is represented by D, with an initial value of 0, indicating no damage. After the
initiation of damage, D monotonically changes to 1, indicating complete failure. The stress
components are represented as follows:

_ [ A-D)ty £, >0

n={ G 2zt @
= (1- D) ®)
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Among them, t,, t;, and f; are the stresses in the normal and two tangential direc-
tions predicted based on the current strain using the linear damage evolution criterion,
Pa, respectively.

The expression for the damage factor in the linear damage evolution criterion is
as follows:

df, (dmax — 40)

U (ah — a5,)

)

where d{; is the displacement at the complete failure of the element, m; d};** is the maximum
displacement of the element, ; and d9, is the displacement of the unit at the beginning of
damage, m.

In general, the fracture propagation form is a mixed mode of normal and
tangential expansion.

When defining the mixed mode for cohesive elements using a power-law form, the
relationship between G, Gs, and G; should satisfy:

G?Z * Gs “ Gt “_
{cg} +{csc} *{c} =1 ®)
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where G¢ is the normal fracture energy of the cohesive element, MPa - m'/?; G§ is the
first shear fracture energy of the cohesive element, MPa - ml/2; GtC is the second shear
fracture energy of the cohesive element, MPa - m'/2; and « is the exponential coefficient,
dimensionless. If the equation holds true, then the total fracture energy of cohesive elements
in the mixed mode is equal to GC =G, + Gs + G

When defining the mixed mode for cohesive elements using the BK form, if we assume
that the first mode fracture energy and the second mode fracture energy of the cohesive

element are equal, then the relationship between G, Gs, and G; should satisfy the following:

Gs + Gy
C C_ ~C s C
G (GS G"){GnJerJrGt}_G ©)

2.1.2. The Fluid Flow Properties within a Fracture Surface

During the hydraulic fracturing process, the length and height of the fracture are
much larger than the width, so the fluid flow within the fracture can be considered as a
continuous flow between two porous plates. Assuming the fluid within the fracture is
incompressible, the flow within the cohesive unit mainly exhibits two modes: a. tangen-
tial flow along the direction of the cohesive unit and b. normal flow perpendicular to
the surface of the cohesive unit, along the upward and downward directions, as shown
in Figure 1.

Cohesive unit

Tangential flow Normal flow

LLy
Ly

\

Figure 1. Pore flow pattern.

Assuming the injected fracturing fluid during the hydraulic fracturing process
is a Newtonian fluid and the injection rate g remains constant, the tangential flow of
the fluid along the fracture propagation direction can be defined by Newtonian fluid
pressure conduction:

Q= —kiAp (10)

where Q is the displacement of fracturing fluid, m3/s ; k; is the flow coefficient, dimension-
less; and p is the flow pressure, Mpa .
According to the Reynolds number equation, the flow coefficient k; can be represented
as follows:
42

kt:@

(11)
where d is the fracture opening displacement, m and y is the viscosity coefficient of the
fracturing fluid, Pa-s .

The surface filtration characteristics of porous media can be defined as the flow of
fracturing fluid in the normal direction. The seepage filtration loss of the fracturing fluid
injected during the hydraulic fracturing process can be characterized by setting the filtration
coefficient of cohesive elements. During the fracturing process, only a small portion of the
fluid in the fracture will penetrate into the formation through the surface of the cohesive
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elements. The seepage flow in the direction perpendicular to the fracture surface can be

expressed as follows:
qt = Ct(pi - pt) } 12
{ 96 = co(pi — Pv) (12

where g, gy is the seepage flow rate of the fluid on the upper and lower surfaces of the
fracture, m3/s; ¢, cp is the filtration coefficient of the fluid on the upper and lower surfaces
of the fracture, m/Pa-s ; p;, pp is the pore pressure of the fluid on the upper and lower
surfaces of the fracture, Mpa ; and p; is the fluid pressure on the mid surface of the cohesive
fracture element, Mpa.

2.2. Model Configuration

The target formation is located in the western region of China. The lithology of this
reservoir is highly variable, composed of various mineral components. The upper part
of the formation consists mainly of litharenite, lithic feldspar fine sandstone, litharenite
sandstone, and argillaceous fine sandstone. The target interval is distributed between
3100 m and 3350 m. Based on well logging data and rock mechanics experiments, the
factors influencing fracture propagation during the multi-cluster fracturing process were
studied, and a model was established as shown in Figure 2.

During the actual hydraulic fracturing process, rocks are subjected to highly complex
geological conditions. In order to facilitate calculation and analysis in establishing the
hydraulic fracturing model, the following assumptions need to be made:

1.  The formation rock is assumed to be a homogeneous and isotropic porous medium,
and it is in a linear elastic state.

2. The influence of temperature field on fracture propagation is neglected.

3. The inertial effects of the fluid are disregarded.

4. The fracturing fluid is fully saturated and incompressible. During the fracturing
process, the physical and chemical interactions between the fracturing fluid and the
surrounding rock formation are not considered.

A three-dimensional model was created using the finite element method (FEM).
The initial dimensions of the model were set to 120 m 60 m 120 m. Three injection
points, or perforations, were initially set up with a spacing of 20 m between each point.
The formation consists of three layers, with the mid layer being the reservoir with a
thickness of 10 m, and the upper and lower layers acting as interlayers with a thickness
of 25 m each. The x direction represents the direction of maximum principal stress, the
y direction represents the direction of minimum principal stress, and the z direction
represents the direction of vertical stress. The fractures propagate in the direction
of maximum principal stress. Therefore, cohesive elements were embedded in the
xoz plane to simulate the initiation and propagation of fractures in the reservoir. The
model was refined with a finer mesh in the mid reservoir layer, and to account for the
influence of the interlayer, a 5 m region near the reservoir on both sides of the interlayer
was also refined, while the rest of the mesh was relatively sparse, totaling 93,000 grid
cells. The rock elements of the formation were set as C3D8P, and the cohesive elements
representing the pre-existing fractures were set as COH3D8P. Displacement constraints
of 0 were applied in all directions. The total duration of the hydraulic fracturing process
was set to 400 s. The simulation of the hydraulic fracturing process mainly consists
of two steps: (1) the equilibrium stage of the in situ stresses, and (2) the hydraulic
fracturing stage. The basic calculation parameters are shown in Table 1.

The PKN (Perkins—Kern-Nordgren) model [14,15,34] is one of the classic models
used to describe crack propagation during hydraulic fracturing. It assumes that the
expansion of cracks can be approximated by an ellipsoid or ellipsoidal volume. The
core idea behind this model is the pattern of crack expansion under the influence of
hydraulic fracturing, particularly applicable when the cracks have a relatively large
length-to-width ratio. Before initiating multi-fracture propagation simulations, we
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conducted simulations of a single crack and compared the results with those calculated
using the PKN model, as shown in Figure 3.

A

Thickness

Wigy, Lone?
(@)
oy
25m Barrier «
10m Q > ''''''' > Hydraulic Fracture Reservoir | o
— })\ )
sm Wellbore Eiriadtss
- |
| 1
120m
(b)

Figure 2. Three-dimensional model establishment. (a) A multi-cluster three-dimensional hydraulic
fracturing model. (b) A schematic diagram showing the side view of the model and stress loading.

To ensure the convergence of the model, a ramp-up injection amplitude was ap-
plied to the volume before the start of fracturing, gradually increasing the fracturing
volume from 0 to the set value within the first 20 s. Therefore, the results obtained
from the simulation before 20 s show relatively small differences but are generally
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consistent. After 20 s, the width and length of the fracture begins to increase. The
fracture width obtained from the simulation is consistent with the results from the PKN
model calculations, while the length shows minor differences. Hence, the simulation
results provide a certain level of reference and reliability.

Table 1. Basic parameters for model calculation.

Elastic modulus/GPa 12
Poisson’s ratio 0.18
Reservoir Permeability coefficient/m-s~! 1x 1077
Porosity ratio 0.11
Filtration coefficient/m-(Pa-s)~! 1x 10713
Elastic modulus/GPa 18
Poisson’s ratio 0.13
Interlayer Permeability coefficient/m-s~! 1x1078
Porosity ratio 0.03
Filtration coefficient/m-(Pa-s) ™! 1x1071
Tensile strength/MPa 6
Pore pressure/MPa 28
h
Other parameters Displacement/ m?2.s~! 0.01
Viscosity /Pa-s 0.001

—m— Simulation results —m— Simulation results

—e— PKN calculation results 18 —— PKN calculation results
= 16
14|
g 12
'g, 10 -
=)
9
g0
3]
s 6
=~
4+
2+
]
0+
1 1 1 I 1 L 1 L 1 L 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time/s Time/s
(a) (b)

Figure 3. Comparison of simulated results for a single crack with PKN calculations. (a) The variation
in fracture width with time. (b) The variation in fracture length with time.

3. Results

The expansion of fractures exhibits symmetry, with both sides of the fracture
(referred to as “edge fracture” hereafter) behaving similarly. Therefore, the analysis
focuses on the expansion behavior of one edge fracture and the central fracture (referred
to as “mid fracture” hereafter). Figure 4 illustrates the expansion of the mid fracture
and edge fracture at 30 s, 200 s, and 400 s. It can be observed that in the initial stage of
fracture propagation, there is little difference in the morphology of the two fractures.
As time progresses, the mid fracture becomes longer and narrower, while the edge
fracture becomes wider and shorter. Additionally, the mid fracture exhibits less fracture
compared to the edge fracture. This is because during expansion, the edge fractures on
both sides exert a compressive effect on the mid fracture, limiting its expansion towards
the sides while promoting its forward expansion.
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Fracture width(mm)

E—— e
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Fracture width(mm)
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.

(b)t=200s
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0 091 1.82 2.73 3.63 4.54 5.45 6.36 7.27 8.18 9.08 9.99 10.90

_ )

(c) t=400's

Figure 4. The expansion of fractures at different time points (left—edge fracture, right—mid fracture).

Figure 5 reflects the variation in pore pressure at the injection points during fracture
expansion. The edge fracture injection point ruptures and fracture expansion begins
when the pore pressure reaches 47.85 MPa, while the mid fracture pore pressure needs
to reach 49.31 MPa for fracture expansion to start. Therefore, the edge fracture expands
before the mid fracture, exerting a certain suppression effect on the width of the mid
fracture and promoting its length. Additionally, the forward expansion of the mid
fracture also has a certain inhibitory effect on the expansion of the edge fractures on
both sides. As the fractures continue to expand, the pore pressure at the mid fracture
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injection point and the edge fracture injection point eventually stabilize at around
23.37 MPa and 24.34 MPa, respectively.
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Figure 5. Shows the curve of pore pressure variation at the injection point during fracture propagation.
(a) The variation in pore pressure at the injection point of the edge fracture. (b) The variation in pore
pressure at the injection point of the mid fracture.

4. Discussion

In this section, six parameters were selected to analyze their influence on the morphology
of fracture propagation. These parameters include three hydraulic fracturing construction
parameters (cluster spacing, cluster count, and displacement) and three geomechanical param-
eters (elastic modulus, Poisson’s ratio, and permeability). To reflect the role of the interlayer in
hydraulic fracturing simulation, the values of geomechanical parameters are taken as the ratio
of interlayer parameters to reservoir parameters. The stimulated reservoir volume (SRV) in the
reservoir and interlayer under the influence of each parameter was extracted, and the reasons
for the differences were analyzed and discussed.

4.1. Effect of Cluster Spacing

Keeping other parameters constant, three pre-existing fractures are established with
distances between fractures of 15 m, 17.5 m, 20 m, 22.5 m, and 25 m, respectively. The
influence of different cluster spacing conditions on fracture morphology is analyzed and
studied. The simulation results are shown in Figures 6 and 7.

From Figure 6, it can be observed that the height of the edge fracture reaches its
maximum value. The fracture width-height curves show little difference between cluster
spacings of 15 m and 17.5 m. The curves for cluster spacings of 22.5 m and 25 m overlap
each other. The height of the mid fracture increases with the increase in cluster spacing.
The compression effect is minimal at a cluster spacing of 25 m, resulting in the maximum
fracture width. The compression effect is maximum at a cluster spacing of 15 m, resulting
in the smallest fracture width, and the height does not reach its maximum value. As the
cluster spacing increases, the fracture width increases, reaching its maximum at a cluster
spacing of 25 m. When the cluster spacing is too small, there is a significant difference in the
width of the mid fracture, with a difference of 81% between the maximum and minimum
widths. In contrast, the difference between the maximum and minimum widths of the edge
fracture is only 24%.

Figure 7 illustrates the relationship between fracture width and half-length. When the
cluster spacing is 15 m and 17.5 m, the initial width of the mid fracture is small and the half-
length is long due to the compression effect from the edge fracture. As the fracture half-length
increases, the influence of the edge fracture on the mid fracture weakens, resulting in an
increasing width. At the front end of fracture propagation, the width decreases to zero. The
edge fracture, on the other hand, has a shorter fracture half-length due to the influence of
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fluid loss into the formation during the expansion of the mid fracture, but it has a larger initial
width. When the cluster spacing is 20 m, 22.5 m, and 25 m, the compression effect on the mid
fracture weakens, leading to an increased initial width and more fluid loss into the formation.
As a result, the fracture half-length decreases. The difference in the fracture width—half-length
curves is not significant between cluster spacings of 22.5 m and 25 m. The influence of fluid
loss into the formation at the front end of the fracture from the mid fracture weakens the
compression effect on the edge fracture, resulting in the curves of fracture width-half-length
for the edge fracture and the mid fracture overlapping each other.

—=— 15m

—=— 15m
—=—17.5m

—+—17.5m 0.012

—&— 20m —4— 20m
—v—22.5m —v—22.5m
—*— 25m 0.010 - —¢—25m
_ 0.008 |
z
2z 0.006 |-
s
- 5}
E
© 0.004
0.002 -
L 1 L L 1 0.000 !
5 10 15 20 25 30 0 25 30
Crack height/m Crack height/m
() (b)

Figure 6. Illustration of the relationship between fracture width and height. (a) Relationship between
width and height of the edge fracture. (b) Relationship between width and height of the mid fracture.
—=— 15m

—=— 15m
—=+—17.5m

—+— 17.5m 0.014
—A— 20m —4— 20m
—¥—22.5m 0012 L —v—22.5m
—¢— 25m —¢—25m
0.010
=
=
:_".5 0.008
2
g 0.006
1
o
0.004
0.002
1 1 1 1 0000 1
10 20 30 40 50 60 0 10 20 30 40 50 60 70 80
Half-length of the crack/m Half-length of the crack/m
(a) (b)

Figure 7. Illustration of the relationship between fracture width and half-length. (a) Relationship
between width and half-length of the edge fracture. (b) Relationship between width and half-length

of the mid fracture.

When the fracture spacing is small, the edge fracture has a significant impact on the
mid fracture. As the fracturing fluid is continuously injected, the edge fracture exerts
compression on the mid fracture. This causes the width of the injection point of the mid
fracture to decrease, while the width of the injection point of the edge fracture is larger.
However, under the action of the fracturing fluid, the force for the mid fracture to expand
forward increases, resulting in a longer half-length compared to the edge fracture. At
the same time, the fracturing fluid loss into the formation at the front end of the mid
fracture hinders the forward expansion of the edge fracture to some extent, resulting in
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a shorter half-length for the edge fracture. As the cluster spacing increases, the mutual
compression between the fractures weakens, and the mutual influence of pore pressure
decreases. The widths of the injection points and the half-lengths of the three fractures tend

to be consistent.

4.2. Effect of Cluster Quantity

Keeping other parameters constant, when the inter-cluster spacing is 20 m, the number
of perforations is set to 1, 2, 3, 4, and 5, respectively. Different numbers of pre-existing
fractures are created, with the fractures propagating in the same direction as the maximum
principal stress. The morphology and extension of the fractures under different cluster
quantities are analyzed and studied. The simulation results are shown in Figures 8 and 9.

—=— 1 cluster
—o— 2 clusters

—=— 1 cluster

0.014 —=— 2 clusters 0.014
—4— 3 clusters —a— 3 clusters
0.012 v— 4 clusters 0.012 —v— 4 clusters
—— 5 clusters —&— 5 clusters
0.010 [ 0.010 F
= 0.008 |- £ 0.008
E E
g 0.006 fg 0. 006
&} &}
0.004 0.004 -
0.002 0.002
0.000 . . . . | 0. 000 . . . . )
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Crack height/m Crack height/m
(a) (b)
Figure 8. Illustration of the relationship between fracture width and height. (a) Relationship between
width and height of the edge fracture. (b) Relationship between width and height of the mid fracture.
—=— | cluster —=— 1 cluster
0.014 —=o— 2 clusters 0.014 ~ —=— 2 clusters
—a— 3clusters —a— 3clusters
0.012 v— 4 clusters 0.012 —w— 4 clusters
—<+— S clusters —&— 5 clusters
0.010 0.010
£ 0.008 ,:-E 0.008
z =
E 0.006 g 0.006
o} S
0.004 0.004
0.002 0.002
0.000 L L L L ! 0.000 !
10 20 30 40 50 60 0 0 20 30 40 50 60 70 80
Half-length of the crack/m Half-length of the crack/m
(a) (b)

Figure 9. Illustration of the relationship between fracture width and half-length. (a) Relationship
between width and half-length of the edge fracture. (b) Relationship between width and half-length

of the mid fracture.

Figure 8 reflects the relationship between the width and height of edge/mid fractures.
Since there is no clear division between edge and mid fractures when there is one cluster or
two clusters, a comparison is made between the fracture morphology in these two cases and
the other cases. It can be observed that for edge fractures, the height of the fracture reaches
the maximum in all five cases. The width is maximum when there is one cluster, indicating
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a normal extension behavior of the fracture without the influence of other fractures. When
there are two clusters, the width is minimum, as the two fractures expand simultaneously
and interact with each other. The remaining three cases have curves located between the
curves of one cluster and two clusters. The expansion of the front end of the mid fracture
hinders the extension of the front end of the edge fracture due to the loss of fracturing
fluid into the formation. The fracturing fluid in the edge fracture mainly affects the width
expansion, resulting in a larger maximum width compared to one cluster and two clusters.
The other three curves overlap, indicating consistent influence on the edge fracture, with a
maximum difference of 13% between the curves. For mid fracture, the maximum width
decreases in the order of one cluster, two clusters, four clusters, three clusters, and five
clusters. The width of three clusters is smaller than four clusters because the mid fracture
in three clusters is influenced by the two adjacent edge fractures, while the mid fracture in
four clusters is influenced by one edge fracture on one side and another mid fracture on
the other side, with the influence of the other mid fracture being smaller than that of the
edge fracture. Therefore, the mid fracture in three clusters is more affected by the two edge
fractures and has a smaller width compared to four clusters. The height of the fractures in
four clusters and five clusters does not reach the maximum, with a maximum difference of
56% between the curves.

Figure 9 reflects the relationship between the width and half-length of edge/mid
fractures. The expansion pattern of width-half-length for edge fractures is consistent with
the expansion pattern of width-height, and the width of the fracture increases while the
half-length decreases. When there is one cluster or two clusters, the width of the mid
fracture decreases with the increase in the half-length. When there are three clusters, four
clusters, and five clusters, the width of the fracture initially increases and then decreases
with the increase in the half-length. This indicates that the mid fracture in three clusters,
four clusters, and five clusters is initially more influenced by the edge fracture, resulting
in a smaller width. The fracturing fluid mainly promotes the forward expansion of the
fracture, and as the half-length of the fracture increases, the width increases. When the mid
fracture is no longer influenced by the edge fracture, the width of the fracture increases.

When the cluster spacing is 20 m with three clusters, interactions between the edge and
central clusters begin to affect each other. To better reflect the varying degrees of interaction
between the edge and central clusters when other parameters change, the upcoming model
will use a cluster spacing of 20 m with three clusters.

4.3. Effect of Displacement

Keeping other parameters constant, the displacement ratio of fracturing fluid was
changed sequentially to 1, 1.1, 1.2, 1.3, and 1.4 to study the effect of fracturing fluid
displacement on the morphology of fracture propagation. The simulation results are shown
in Figures 10 and 11.

From Figures 10 and 11, it can be observed that, under the same injection time, as the
displacement of fracturing fluid increases, the width, height, and half-length of the edge
fracture increase at the end of the fracturing process, while the width of the mid fracture
decreases and the height and half-length increase. Normally, most of the injected fracturing
fluid is used for the extension and propagation of fractures, with only a small portion lost
into the formation. As the fracturing fluid is injected, the fractures will expand in three
dimensions. However, due to the increase in fracturing fluid displacement, the portion lost
into the formation also increases, affecting the mid fracture by inhibiting the increase in its
width. Since the injected volume of fracturing fluid is the same, the fracturing fluid in the
mid fracture mainly contributes to the forward extension of the fracture. Therefore, with a
larger displacement, the width of the mid fracture becomes smaller while the half-length
becomes longer. Generally, the fracture width opens along the direction of minimum
principal stress, and compared to the half-length and height of the fracture, a greater
resistance needs to be overcome. Hence, the fracture width is smaller than the half-length
and height of the fracture.
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Figure 10. [llustration of the relationship between fracture width and height. (a) Relationship between
width and height of the edge fracture. (b) Relationship between width and height of the mid fracture.
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Figure 11. [llustration of the relationship between fracture width and half-length. (a) Relationship
between width and half-length of the edge fracture. (b) Relationship between width and half-length
of the mid fracture.

With the increase in displacement, the volume of fracturing fluid injected into the
formation within the same time period is larger, resulting in more fluid loss into the
formation. This leads to a greater interaction between the fractures. The larger displacement
will increase the length and width of the fractures, while the squeezing effect of the edge
fracture on the mid fracture becomes more pronounced. As a result, the width of the mid
fracture decreases, the half-length increases, and the difference in half-length between the
mid fracture and edge fracture also increases. However, the degree of fracturing in the mid
fracture is not as significant as in the edge fracture.

4.4. Effect of Elastic Modulus

Keeping other parameters constant, the ratio of elastic modulus between the inter-
layer and reservoir is set to 1.5, 2, 2.5, 3, and 3.5. The simulation results are shown in
Figures 12 and 13.
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Figure 13. [llustration of the relationship between fracture width and half-length. (a) Relationship
between width and half-length of the edge fracture. (b) Relationship between width and half-length

of the mid fracture.

Figure 12 illustrates the relationship between the width and height of the edge and
mid fractures under different elastic modulus ratios. It can be observed that as the elastic
modulus ratio increases, the maximum width of the edge fracture decreases, and the
differences between adjacent curves decrease. If the elastic modulus ratio continues to
increase, the maximum width of the edge fracture may tend towards a constant value. The
elastic modulus ratio at which the maximum width of the mid fracture stabilizes is reached
relatively quickly. When the elastic modulus ratio is 1.5, the maximum width of the mid
fracture is at its minimum value, and there is little difference in the maximum width among
the other four cases.

Figure 13 depicts the relationship between the width of the edge and mid fractures
and their half-lengths under different elastic modulus ratios. It can be observed that under
different elastic modulus ratios, the width of the edge fracture is negatively correlated with
the half-length. The smaller the width, the larger the half-length, and the rate of decrease
in fracture width decreases. Meanwhile, the increment of fracture half-length remains
almost stable. For the mid fracture, when the elastic modulus ratio is 1.5, the fracture
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width initially increases and then decreases with the increase in half-length. There is little
difference in the width—half-length curve among the other four cases, and as the fracture
width increases, the fracture half-length decreases.

As the elastic modulus ratio increases, the influence on the fractures becomes more
significant. Increasing the ratio of elastic modulus will inhibit the extension of cracks in
the vertical direction. The expansion of cracks in the vertical direction is impeded. Under
the condition that the amount of fracturing fluid injection remains constant, this will cause
the cracks to expand forward and increase the half-length of the cracks. The increase in
half-length of the edge fracture and the decrease in the degree of fracture propagation are
quite noticeable. The half-length of the mid fracture decreases but gradually approaches
a stable value, while the degree of fracture propagation increases. However, the overall
degree of fracture propagation decreases with the increase in the elastic modulus ratio,
and the pore pressure in the model increases with the increase in the elastic modulus ratio.
When the elastic modulus ratio is two, the half-length of the edge and mid fracture are
comparable, and the degree of fracture propagation is relatively good.

4.5. Effect of Poisson’s Ratio

Keeping other parameters constant, the ratio of Poisson’s ratio between the interlayer and
reservoir is set to 0.7, 1, 1.3, 1.6, and 1.9. The simulated results are shown in Figures 14 and 15.
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Figure 14. llustration of the relationship between fracture width and height. (a) Relationship between
width and height of the edge fracture. (b) Relationship between width and height of the mid fracture.

From Figure 14, it can be observed that when the ratio of Poisson’s ratio between
the interlayer and reservoir is 0.7, the maximum width of the edge fracture is 0.0109 m,
while the maximum width of the mid fracture is only 0.006 m. As the ratio increases, the
maximum width of the edge fracture decreases. After the ratio reaches one, the maximum
width remains relatively consistent, with a minimum value of 0.0094 m and a small decrease.
The maximum width of the mid fracture increases, and after the ratio reaches one, it also
remains relatively consistent, with a maximum value of 0.0093 m. The increase is initially
significant and then stabilizes. As the ratio becomes larger, the maximum widths of the
edge fracture and mid fracture are essentially the same.

From Figure 15, it can be observed that as the ratio increases, the width of the edge
fracture decreases while the half-length increases. On the other hand, the width of the
mid fracture increases while the half-length decreases. The decrease in the width of the
edge fracture is relatively small and tends to stabilize, while the increase in the width of
the mid fracture is initially significant and then stabilizes. When the ratio reaches 1.9,
both the edge fracture and mid fracture have a half-length of 56 m, and the trend of the
curves is basically consistent.
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Figure 15. Illustration of the relationship between fracture width and half-length. (a) Relationship
between width and half-length of the edge fracture. (b) Relationship between width and half-length
of the mid fracture.

As the ratio of the Poisson’s ratio between the interlayer and reservoir increases, the
horizontal deformation of the rock is larger while the vertical deformation is relatively
smaller. In the case of the constant injection of fracturing fluid, the cracks are more difficult
to expand in the vertical direction and instead tend to expand in the semi-longitudinal
direction of the crack, the overall degree of fracture of the fractures decreases, but the
decrease is relatively small. The half-length of the mid fracture decreases, but its degree of
fracture increases. With the increase in the ratio, the half-length of the mid fracture becomes
almost equal to the half-length of the edge fracture.

4.6. Effect of Permeability

Keeping other parameters constant, the ratio of permeability between the interlayer
and the reservoir is set to 0.5, 1, 1.5, 2, and 2.5. The simulation results are shown in
Figures 16 and 17.
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Figure 16. Illustration of the relationship between fracture width and height. (a) Relationship between
width and height of the edge fracture. (b) Relationship between width and height of the mid fracture.
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Figure 17. Illustration of the relationship between fracture width and half-length. (a) Relationship
between width and half-length of the edge fracture. (b) Relationship between width and half-length
of the mid fracture.

Figures 16 and 17, respectively, illustrate the relationship between fracture width
and height, as well as the relationship between width and half-length, under different
permeability ratios. As the permeability ratio increases, the maximum fracture width of the
edge and mid fracture also increases. The influence on the edge fracture is relatively small,
with a maximum width ranging from 0.011 m to 0.0104 m, showing little difference. When
the permeability ratio is relatively small, the influence on the mid fracture is significant.
However, as the permeability ratio increases, the influence on the mid fracture weakens.
The maximum width of the mid fracture ranges from 0.0113 m to 0.0063 m. When the
permeability ratio is large, there is not much difference in the maximum fracture width
between the edge fracture and mid fracture. The fracture width is negatively correlated
with the half-length. As the permeability ratio increases, the fracture width increases while
the half-length decreases. The influence on the edge fracture is relatively small, while the
influence on the mid fracture is significant when the permeability ratio is relatively small.
In this case, the fracture width initially increases and then decreases with the half-length.
As the permeability ratio continues to increase, the influence on the mid fracture becomes
smaller. When the permeability ratio is large, the half-length of the edge fracture and mid
fracture is approximately 51 m and 49 m, respectively, showing little difference.

As the permeability ratio increases, the influence on the fracture morphology of the
mid fracture is significant, resulting in a decrease in the half-length. The influence on the
fracture morphology of the edge fracture is not significant. The increase in permeability
ratio leads to less fracturing fluid entering the reservoir, resulting in a decrease in reservoir
pore pressure and an increase in the degree of fracture rupture increases.

4.7. Effect of Various Factors on the SRV of the Interlayer/Reservoir

When the fractures are close to each other, there is strong interference between them,
causing mutual compression and leading to the fractures tending to expand vertically. As
a result, the stimulated reservoir volume (SRV) in the interlayer is larger than that in the
reservoir. When the cluster spacing is 20 m, the mutual compression between fractures
suddenly decreases, resulting in an increase in the SRV in the reservoir and a decrease
in the SRV in the interlayer. With increasing spacing, the total SRV gradually stabilizes
(Figure 18a).With an increase in the number of clusters, the SRV in both the reservoir and
interlayer increases simultaneously (Figure 18b). A larger displacement leads to a larger
SRV. As the displacement increases, the volume of fracturing fluid lost into the formation
increases, which has a greater impact on the mid fracture. The degree of fracture rupture
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in the mid fracture in the interlayer is less than that in the edge fracture. However, the
volume of fractures expanding in the interlayer for the edge fracture is larger than that for
the mid fracture. Therefore, with an increase in displacement, the SRV in the interlayer
exceeds that in the reservoir (Figure 18c). A larger elastic modulus indicates a stronger
resistance to deformation in the rock, resulting in a decrease in the total SRV. However,
as the ratio of elastic modulus between the interlayer and reservoir increases, the SRV in
the reservoir slightly increases, while the decrease in the SRV in the interlayer is more
significant, which is beneficial for reservoir exploitation (Figure 18d). As the ratio of
Poisson’s ratio and permeability between the interlayer and reservoir increases, the SRV
in the reservoir slightly decreases, while the SRV in the interlayer slightly increases, with
minimal impact on actual exploitation, which can be essentially ignored (Figure 18e,f).
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Figure 18. Shows the impact curves of various factors on the SRV (stimulated reservoir volume)
of the interlayer/reservoir. Panels (a—f) represent the effects of different cluster spacing, cluster count,
displacement, elastic modulus, Poisson’s ratio, and permeability on the SRV of the reservoir and interlayer.
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5. Conclusions

This study uses a cohesive element model to investigate the morphological characteris-
tics of hydraulic fracturing with multiple clusters. It discusses the research and analyzes the
effects of three fracturing construction parameters (cluster spacing, the number of clusters,
and displacement) and three geomechanical parameters (elastic modulus, Poisson’s ratio,
and permeability) on the behavior, morphology, and stimulated reservoir volume (SRV) of
fracture propagation. The main conclusions are as follows:

1. At the initial stage of fracturing, the edge fracture starts to propagate when the
injection pressure reaches 47.85 MPa, while the mid fracture starts to propagate at
an injection pressure of 49.31 MPa. This indicates that there is a certain interaction
between the fractures during the fracturing process. The propagation of the mid
fracture in terms of width and height is influenced by the edge fracture. With the same
amount of fracturing fluid injection, the length of the mid fracture will be greater than
that of the edge fracture.

2. When the cluster spacing is small, the mid fracture is greatly influenced by the edge
fracture, resulting in a lower height and narrower width than the predetermined
maximum values. As the cluster spacing increases, the width and height of the
mid fracture increase, while the length decreases. The situation is the opposite for
the edge fracture. The more clusters there are, the more pronounced the interaction
between the fractures, especially the influence of the edge fracture on the mid
fracture. With a larger displacement, more fracturing fluid enters the formation,
resulting in an increased length, width, and height of the edge fracture. However,
the mid fracture is influenced by the edge fracture, leading to a decrease in width
and an increase in length.

3. The elastic modulus has a significant impact on the edge fracture. As the ratio of
elastic moduli increases, the width of the edge fracture decreases while the length
increases. When the ratio of elastic moduli is small, the mid fracture is longer and
narrower. When the ratio of elastic moduli is large, the length of the mid fracture
decreases while the width increases, but the impact is relatively small. As the ratio of
Poisson’s ratios increases, the morphology of the edge fracture changes less, while
the width of the mid fracture increases and the length decreases. When the ratio
of Poisson’s ratios reaches a certain value, the influence on the fractures is basically
negligible. An increase in the ratio of permeabilities allows more fracturing fluid to
enter the formation, reducing the interaction between fractures. This has a minimal
impact on the edge fracture, while promoting a better expansion of the mid fracture.

4. Anincrease in cluster quantity and displacement leads to an increase in the SRV in
both the reservoir and the interlayer. As the cluster spacing increases, the interaction
between fractures decreases, causing the fractures to transition from vertical expansion
to forward expansion, resulting in a larger SRV in the reservoir. A higher ratio of
elastic moduli leads to a decrease in the overall SRV, but an increase in the SRV in the
reservoir and a decrease in the SRV in the interlayer. This is beneficial for reservoir
exploitation. The ratio of Poisson’s ratios and the ratio of permeabilities between the
interlayer and the reservoir have a relatively small impact on the SRV in both the
interlayer and the reservoir.
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