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Abstract: Horizontal well multi-cluster fracturing technology is crucial for the economic development
of fractured shale reservoirs. The abundance of natural fractures in shale reservoirs significantly
influences the propagation path of hydraulic fractures and determines the formation of complex
fracture networks. To investigate the impact of natural weak planes on the geometric parameters
of fractures in shale reservoirs, we first conducted tests on the mechanical characteristics of core
samples from outcropping shale in the Weiyuan area using the indoor three-point bending method
and digital image correlation (DIC) technology, providing data validation for subsequent numerical
models. Secondly, considering the interaction between hydraulic and natural weak planes in three-
dimensional space, we established a three-dimensional numerical model for horizontal well fracturing
to simulate the synchronous competition and expansion of fractures in multi-cluster fracturing. Based
on this foundation, we analyzed the influence of formation parameters and engineering parameters
on the formation patterns of complex fracture networks. The results indicate that the difference in
in situ stress is a significant factor affecting the selection of fracture propagation paths. As the in
situ stress difference increases, it becomes more challenging to open natural fractures, leading to a
reduced probability of activation of natural weak interfaces. When the cohesive strength of natural
fractures is smaller, they are more likely to open and capture hydraulic fractures, thereby increasing
shear slip length and fracture network area. Each fracturing stage has an optimal perforation density
combination, where a higher density of perforations leads to reduced perforation pressure drop and
weaker ability to mitigate inter-cluster stress interference. To achieve a comprehensive and balanced
development of multi-clusters, the inter-cluster stress interference can be alleviated by increasing
the perforation pressure drop. For dense perforation clusters, higher injection rates and viscosity
can be employed to ensure the uniform development of multiple perforation clusters. This study
provides new insights into predicting the formation of complex fracture networks in shale reservoirs
and offers valuable guidance for optimizing hydraulic fracturing designs.

Keywords: shale reservoirs; natural fracture; multi cluster fracturing; 3D geological model; fracturing
propagation path

1. Introduction

Currently, the global shale gas reserves amount to 4.5624 × 1014 m3, primarily dis-
tributed in North America, China, the Middle East, North Africa, and the former Soviet
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Union. China possesses abundant shale gas resources, with preliminary estimates reaching
(1.5~3.0) × 1013 m3, placing it at the forefront worldwide [1,2]. In the economic development
of shale gas reservoirs, the technology of multi-cluster hydraulic fracturing in horizontal
wells plays a crucial role. Its technical characteristics are paramount for achieving optimal
production rates in efficient oil and gas resource development [3]. Microseismic monitoring
techniques indicate that the complex network of fractures formed during the process of multi-
cluster hydraulic fracturing in horizontal wells determines the enhanced reservoir volume
and influences the recovery factor of the target reservoir [4,5]. Natural fissures, as typical
features of shale reservoirs, significantly impact the propagation path of hydraulic fractures,
thereby governing the formation of the intricate fracture network. Therefore, it is imperative
to investigate the mechanisms behind the formation of complex fracture networks during the
volumetric fracturing of shale reservoirs induced by natural fissures.

Scholars both domestically and internationally have conducted numerous studies
on the intersection and propagation of hydraulic fractures and natural fractures through
physical laboratory experiments and numerical simulations. It is widely acknowledged
that three scenarios exist when hydraulic fractures intersect with natural fractures: hy-
draulic fractures penetrate natural fractures, natural fractures divert hydraulic fractures,
and hydraulic fractures follow the path of natural fractures [6]. Zhou et al. explored the
macroscopic and microscopic influencing factors of hydraulic fracture propagation after
interference with natural fractures using a large-scale true triaxial experimental system.
They investigated the effects of natural fractures and in situ stress on hydraulic fracture
propagation and fracture morphology [7]. Blanton et al. conducted extensive experiments
on natural fracture-bearing sedimentary rocks and mudstone formations, revealing the
influence of the inclination angle of natural fractures and stress difference on hydraulic
fracture propagation [8]. Due to the limitations of theoretical and experimental research,
many researchers have developed various numerical methods to simulate the interaction
between hydraulic fractures and natural fractures. Zou et al. numerically studied the prop-
agation of hydraulic fracture networks (HFNs) in natural fracture-bearing shale reservoirs
based on a three-dimensional discrete element complex fracturing model, and validated
the results through CT scanning technology [9].

Guo et al. utilized the cohesive finite element method to establish a two-dimensional
model for the expansion of single-cluster fractures. They analyzed the influence of pa-
rameters such as the approach angle of hydraulic fractures, horizontal stress difference,
viscosity, and displacement of fracturing fluid on the intersecting expansion patterns be-
tween hydraulic fractures and natural fractures. The results indicate that, in the absence
of any criteria, the CZM model can effectively simulate the interaction between hydraulic
fractures and natural fractures [10]. Gonzalez et al. employed four triangular cohesive
elements to ensure the fluid continuity and pressure extension within the intersecting
region of natural and hydraulic fractures. By utilizing the CZM method, they investigated
the influence of the cohesive strength of natural fractures on the expansion behavior of
hydraulic fractures [11]. De Pater and Nagel conducted a two-dimensional study using the
DEM model to examine the expansion mechanism of fracture networks in fissured shale
reservoirs in relation to the injection rate and viscosity of fracturing fluids [12,13].

Although the aforementioned studies address the interference of natural fractures
on the formation of complex fracture networks, they fail to consider the impact of two
mechanisms—stress shadow and flow distribution—on the competitive expansion of mul-
tiple fractures within a multi-cluster fracturing scenario. Moreover, most of these studies
are limited to two-dimensional models. Zou et al., by employing CT scanning, provided
a description of the geometric morphology of fractures in naturally fractured shale after
hydraulic fracturing experiments. The results demonstrate that in three-dimensional space,
the vertical stress difference tends to dominate the fracture morphology, and the height
expansion of hydraulic fractures is influenced by the three-dimensional distribution of
natural fractures [14]. Based on an analysis of the intrinsic mechanical mechanisms within
fractures, researchers such as Roussel, Manchanda, and Wu argue that the mutual influence
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among multiple fractures arises from the interference of stress shadows, which leads to the
uneven development of these fractures [15–17]. Therefore, it is crucial to investigate the
interaction between hydraulic fractures and natural fractures in a three-dimensional space
within the context of multi-cluster fracturing.

This study focuses on fractured shale reservoirs in the Weiyuan region, taking X hori-
zontal wells as an example. We employed indoor three-point bending (TPB) experiments
in conjunction with digital image correlation (DIC) technology to measure the mechanical
characteristic parameters of natural shale cores. Utilizing the coupled stress-permeability-
damage cohesive zone method (CZM), we established a three-dimensional model that
accounts for the competition and expansion of multiple hydraulic fractures in horizontal
wells, considering the presence of natural fractures. Through this model, we investigated
the interaction mechanisms between hydraulic fractures and natural weak planes, provid-
ing a quantitative representation of the expansion behavior of hydraulic fractures under the
influence of geological and engineering parameters. This research provides new insights
into predicting the formation of complex fracture networks in shale reservoirs and holds
valuable references and guidance for optimizing hydraulic fracturing design.

2. Shale Mechanical Parameter Tests
2.1. Sampling and Processing of Natural Outcropping Shale

To verify the feasibility of this numerical approach and the accuracy of the simulation
results, it is essential to conduct tests on the mechanical parameters of shale. For shale
with developed natural weak planes, it is commonly regarded as a transversely isotropic
material, where its strength, strain, fracture mechanisms, and fracture propagation patterns
are closely related to the orientation of the natural weak planes. In addition to considering
the orientation of natural weak planes, three typical relative positional relationships with
pre-existing fracture openings should also be taken into account (Divider; Short-Transverse;
and Arrester). Thus, following the collection of exposed shale samples in the Weiyuan
region, the rock specimens were processed, with the dimensions of the core being length
× width × height = 250 × 50 × 50 mm. Within the shale specimens, a pre-existing fracture
was deliberately incorporated in the middle section, featuring an aperture height of 10 mm
and a width of 2 mm (Figure 1a). Considering natural weak plane dip angles of β = 30◦,
60◦, and 90◦, four specimens were prepared for each dip angle, resulting in a total of twelve
shale specimens (Table 1). The specimens were subjected to a random speckle pattern using
the technique of manual spray painting. A white paint layer was initially sprayed onto the
surface of the shale specimens, and once it dried, a random speckle treatment was applied
using black paint. During the process of creating the speckle pattern, meticulous attention
was given to ensure a uniform distribution of black spots, thus achieving a high-contrast
random grayscale distribution image (Figure 1b).

Table 1. Basic parameters of the model.

Dip Angle of
Natural Weak Planes Specimen No. Size Amount

30◦

S30-1-1 250 × 50 × 50 mm

4
S30-1-2 250 × 50 × 50 mm
S30-1-3 250 × 50 × 50 mm
S30-1-4 250 × 50 × 50 mm

60◦

S60-1-1 250 × 50 × 50 mm

4
S60-1-2 250 × 50 × 50 mm
S60-1-3 250 × 50 × 50 mm
S60-1-4 250 × 50 × 50 mm

90◦

S90-1-1 250 × 50 × 50 mm

4
S90-1-2 250 × 50 × 50 mm
S90-1-3 250 × 50 × 50 mm
S90-1-4 250 × 50 × 50 mm



Processes 2023, 11, 2697 4 of 20Processes 2023, 11, x FOR PEER REVIEW 4 of 21 
 

 

 
Figure 1. Preparation of natural outcropping shale samples: (a) Processed shale specimens; (b) arti-
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Figure 1. Preparation of natural outcropping shale samples: (a) Processed shale specimens; (b) artifi-
cially sprayed speckles on the shale surface.

2.2. Test Equipment

The natural shale outcrop artificial cores were subjected to three-point bending loading
experiments using a universal material testing machine. The maximum experimental force
of the testing machine was 200 KN, with a displacement resolution of 0.002 mm and a
displacement rate adjustment range of 0.001 to 200 mm/min (Figure 2a,b). During the
experiment, the setup can be considered as a simply supported beam under concentrated
force, where P represents the load applied to the specimen, H is the specimen’s height, B is
the cross-sectional width of the specimen, S is the net span between the two supports, and L
is the length of the sample, ensuring S/L = 0.85 (Figure 2c). For simplicity in analysis, when
the deformation is small, the displacement measured by the sensors is approximated as the
deflection of the specimen. The data obtained from this experiment can be interpreted as
the deflection of the specimen at the midpoint of its span under different applied loads P.
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Figure 2. Three-point bending mechanical testing of shale: (a) universal material testing machine;
(b) pressure control and data collection system; (c) Three-point bending test loading model.

A non-contact full-field deformation digital image correlation (DIC) optical measurement
system was employed to capture the surface strain field of the specimen during three-point
bending loading. The system primarily consists of an industrial CCD camera, artificial
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point light source, and image data processing system. Throughout the experiment, the
industrial camera digitally captured the speckle pattern on the surface of the artificially
sprayed specimen, recording all digital images during the loading process and calculating
the strain field during the specimen’s failure. The underlying theory is based on analyzing
the digital images of the surface before and after loading, matching corresponding geometric
points in the images, relying on the invariant grayscale of the same point on the surface before
and after deformation, and utilizing random speckles to ensure the uniqueness of any pixel
subset in the image. The schematic diagram of the working principle is shown in Figure 3.
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Figure 3. DIC optical measurement working principle diagram: (a) before specimen deformation;
(b) after specimen deformation.

By comparing the two acquired images of the tested object’s surface before and after
deformation, surface displacements are determined through the probability-based statistical
correlation of the randomly distributed speckle points. This process transforms deformation
measurements into computable correlations, where the strain magnitude is obtained by
subtracting the original coordinate values from the new coordinate values. Assuming that
in the testing area, the pixel coordinates of points before and after deformation are denoted
as P0(x0, y0) and P1(x1, y1), respectively, their coordinate mapping relationship can be
expressed as follows: {

x1 = x0 + u
y1 = y1 + v

(1)

where u, v are the translational displacements of the subdomain center points in the “x”
and “y” directions.

Once the explicit mapping relationship is defined according to Equation (1), the
similarity coefficient C(u, v) of the subdomains in the pre and post-deformation images is
computed using the relevant formulas available in the computer. This coefficient serves as
an assessment of the similarity between the subdomains before and after deformation. The
computation of the functional relationship between the reference subdomain and the target
deformed subdomain is carried out following the approach proposed in the reference.

C(u,v) = Coor{u(x1, y1), v(x1, y1)} (2)

where u(x1, y1) is the pixel coordinate grayscale of point P0 in the reference subdomain;
v(x1,y1) is the pixel coordinate grayscale of the corresponding point P0 in the target de-
formed subdomain; and C(u, v) denotes the deformation function that describes the simi-
larity between P0 and P1.

2.3. Experiment Method

Figure 4 illustrates the entire testing system, comprising the three-point bending loading
system, DIC optical measurement system, and strain testing system. Before the bending test,
the CCD cameras are mounted on both sides of the specimen symmetrically, ensuring the
acquisition of a complete analysis area on the surface of the specimen (in this study, the entire
specimen region) for three-dimensional strain analysis. Finally, the camera lens aperture, focal
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length, polarization, and the direction and position of the point light source are adjusted to
achieve optimal shooting results. Once the experimental setup is complete, the specimen
is placed on the three-point bending fixture with the side containing the speckle pattern
images facing the CCD industrial camera of the DIC system. The universal material testing
machine’s load head is adjusted so that it just contacts the surface of the specimen, and the
CCD recording is initiated simultaneously when loading begins. To simulate a quasi-static
failure process, the bending test loading rate is set at 0.5 mm/min, the shutter speed is set at
1/5 s, and the load interval for image acquisition is 10 N.
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2.4. Experiment Data Processing

By utilizing experimental data and relevant theoretical formulas, the mechanical
anisotropic parameters of shale are calculated, specifically for the three-point bending case,
as follows:

f
( a

H

)
=

3 s
H

√
a
H

2
(
1 + 2 a

H
)(

1− a
H
)3/2 ×

[
1.99− a

H

(
1− a

H

){
2.15− 3.39

( a
H

)}
+ 2.7

( a
H

)2
]

(3)

where S, W, and H are the span, thickness and height of the specimen, mm; and a is the
length of the prefabricated fracture, mm.

The equation for calculating the fracture toughness of shale specimens is as fol-
lows [18]:

KIC =
Fmax

W
√

H
f
( a

H

)
(4)

where Fmax is the maximum compressive load of the testing machine, N; W is the thickness
of the test piece, mm; and S = 4H is the span of the test piece, mm.

The formula for calculating the three-point bending tensile strength of pre-fracture
shale specimens after processing is as follows [19]:

σ =
3FmaxS

2W(H − a)2 (5)

where σ is the interface tensile stress, MPa.

Kσ =
dσ

du
(6)

where dσ is the variation in interfacial tensile stress, MPa; and du is the variation in
interfacial tensile displacement, mm.
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Utilizing the DIC system, the horizontal displacement field of the shale specimen’s
natural weak interface was measured. Two reference calculation points, A and B, were
selected on either side of the prefabricated fracture tip, perpendicular to the loading
direction. The DIC image processing system provided the distance between these points
for each state. Let k = 1 represent the first photograph recorded by the CCD camera,
with d1 being the initial distance between points A and B. At the k-th photograph, the
reference point distance is dk, where k is the CCD shooting sequence. Experimental testing
and calculation models yielded the shale’s mechanical parameters, as shown in Table 2,
providing genuine and effective data support for subsequent numerical simulations of
hydraulic fracture propagation in fissile shales.

Table 2. Results of the calculation of mechanical parameters for natural outcrop shale.

NF Dip Specimen No. Pmax (KN) σmax(MPa) KIC
(MPa/m1/2) Kσ (GPa/m)

30◦

S30-1 1.23 4.88 0.325 52.8
S30-2 0.62 2.29 0.266 41.2
S30-3 1.14 4.27 0.317 51.6
S30-4 1.06 3.51 0.308 50.1

60◦

S60-1 1.25 5.02 0.328 53.2
S60-2 1.35 5.24 0.332 53.7
S60-3 1.50 5.45 0.341 54.6
S60-4 1.57 5.84 0.345 54.9

90◦

S90-1 1.15 4.31 0.317 51.6
S90-2 1.17 4.39 0.319 51.9
S90-3 1.18 4.43 0.319 51.9
S90-4 1.20 4.68 0.322 52.5

3. Mathematical Physics Equations
3.1. Cohesive Unit Damage Model

The initiation and propagation of fractures are described using CZM elements with
bilinear T-delta constitutive relationships (Figure 5). This approach not only avoids the
issue of stress singularity at the fracture tip in traditional fracture mechanics but also
integrates into the finite element computational framework, ensuring accuracy while
reducing computational costs. In the figure, T is stress obtained by the current strain
according to the stiffness before damage; Tmax is maximum stress the unit can withstand
before damage; Ta is actual stress on the element; δ f , δmax, and δ0 are the displacement
when the element is completely destroyed, the maximum displacement reached during
loading, and the displacement at initial damage, respectively; and D is damage factor.
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The initial damage of the cohesive unit is judged based on the quadratic nominal
stress criterion: (

〈tn〉
t0
n

)2
+

(
ts

t0
s

)2
+

(
tt

t0
t

)2
= 1 (7)

where tn, ts, and tt are the current stresses in the normal direction, the first tangential
direction, and the second tangential direction of the cohesive element, respectively, Pa;
t0
n, t0

s , and t0
t are the normal, first tangential, and second tangential critical stresses of the

cohesive element, namely the tensile and shear strength of the rock, Pa; symbol < > is a
cohesive unit that is only tensile but not compressive.

The damage evolution model of cohesive unit is:
tn = (1− D)tn
ts = (1− D)ts
tt = (1− D)tt

(8)

where tn, ts, and tt,are the stresses calculated in the three directions of the cohesive unit
according to the linear elastic deformation in the undamaged stage.

When fractures initiate and propagate, satisfying the conditions for damage, the
adoption of the BK energy criterion comes into play, namely:

GC
n + (GC

s − GC
n )
{

GC
s

GT

}
= GC

GT = Gn + Gs
(9)

where Gc
n, and Gc

s represent the critical fracture energy release rates required for fracture
unit failure, measured in N/m. Gn, Gs represent the normal and shear fracture energy
release rates, measured in N/m. η denotes the material parameter.

3.2. Fluid Flow within Fractures

The fluid in the cohesive cell flows in the normal direction (perpendicular to the upper
and lower surfaces) and tangentially, as in Figure 6.
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Assuming that the fluid inside the fracture is an incompressible Newtonian fluid, the
fluid flow inside the fracture is approximated as a parallel plate flow, and its tangential
flow is calculated as:

q f = −
v3

12µ
∇p f (10)

where qf is tangential flow, m3/s; ∇p f is pressure gradient in the length of the cohesive
cell, Pa/m; ω is fracture width, m; and µ is fracturing fluid viscosity, Pa•s.

The fluid leakage into the formation within the fracture is: qt = ct

(
p f − pt

)
qb = cb

(
p f − pb

) (11)

where qf, and qb are the normal volumetric flow rates of the upper and lower surfaces,
respectively, m3/s; cf, and cb are the filtration coefficients of the upper and lower surfaces,
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respectively, m3/(Pa•s); and pt, pb, and pf are the pore pressure at the upper and lower
surfaces of the fracture and the fluid pressure in the cohesive unit, respectively, Pa.

The fluid within the fracture satisfies the principle of mass conservation, described by
the equation.

∂w
∂t
∇[q + (qt + qb) = Q(t)δ(x, y) (12)

where q is the fluid flow rate within the fracture, m3/s.

3.3. Interaction Settings between HF and NF

The nonlinear equation solver ABAQUS is employed to solve the aforementioned
equations. The deformation of the rock matrix and the fluid seepage equations are inte-
grated into the C3D8P element, resulting in 3 displacement nodes and 8 seepage nodes.
The equations for fracture initiation and propagation are coupled with the CZM element
COH3D8P. Furthermore, by utilizing the Merge command in the solver’s mesh module,
the nodes of the elements at the interaction zone between hydraulic fractures and natural
fractures are merged into a common pore pressure node, ensuring free fluid pressure
transmission within the hydraulic and natural fractures, as shown in Figure 7.
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3.4. Wellbore Fluid Flow Equation

After injecting the fracturing fluid to the bottom of the well, the total injection rate is
distributed throughout the wellbore-fracture system according to the flow law, much like
the flow of current in an electrical circuit. The total injection volume equals the sum of the
flow rates in each branch fracture.

Qtotal =
n

∑
i

Qi, i = 1, 2, 3 . . . , n (13)

where Qtotal is total flow of the wellbore, m3/min; and Qi is flow rate of a cluster of fractures,
m3/min.

The effective fluid model inside a horizontal wellbore should consider the following
characteristics: 1. frictional pressure loss along the wellbore; 2. perforation frictional loss; 3.
proppant erosion of the perforation. The coupled model between the horizontal wellbore
and the formation is shown in Figure 8, where the wellhead pressure is indicated:

Pt = Pf ra + Pp f + Pwellbore − Ph (14)

where Pt is surface wellhead pressure, Pa; Pfra is fracture opening pressure, Pa; Ph is
wellbore hydrostatic column pressure, Pa; Ppf and Pwellbore are the perforation friction and
the fracturing fluid friction along the wellbore, respectively, Pa. Since the model focuses
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on the fracture propagation in the horizontal wellbore, the wellbore hydrostatic column
pressure is zero.
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3.4.1. Perforation Friction

Each cluster of fractures is in a “parallel” state, where the liquid influx is controlled by
the perforation resistance, roughness resistance, and internal flow resistance of the fracture.
Both roughness resistance and perforation resistance are near-well resistances with similar
flow-limiting mechanisms, thus the roughness resistance can be considered equivalent to
the perforation resistance, as mentioned in [20]:

∆Pp f =
0.2369ρ

DP4Cd
2

(
Qi
N

)2
(15)

where Qi is the flow rate of fracturing fluid entering the i-th fracture, m3/s; Dp is the
diameter of the perforation hole, m; and ρ is fracturing fluid density, kg/m3.

Among them, the flow coefficient can be defined as the ratio of the flow channel area
to the flow channel diameter:

Cd =

(
Q
Qi

)
= CcCv =

D1

d
(16)

where Cd is the discharge coefficient at the hole inlet, Pa; N is the number of holes in
the cluster.

3.4.2. Wellbore Flow Friction

The flow of fracturing fluid in the wellbore is a circular pipe flow, and the Darcy–
Weisbach pipe flow friction is used to calculate [21]:{

∆Pf = (CL + Ki)
ρV2

2
CL = f L

Dh

(17)

where CL is along-travel friction loss factor; Ki is directional loss factor; f is the coefficient of
friction of the inner wall of the column; V is pipeline flow rate, m/s; L is fracturing string
length, m; and Dh is the hydraulic diameter, m.

The friction loss coefficient along the way is affected by the Reynolds number and the
inner wall roughness of the pipe string, and is calculated using the Churchill full-flow model:
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
f = 8

[( 8
Re
)12

+ 1
(A+B)1.5

] 1
12

A =
[
−2.457 ln

(( 7
Re
)0.9

+ 0.27
(

Ks
Dh

))]16

B =
( 37350

Re
)16

(18)

where Re is the Reynolds number, dimensionless; and KS is the roughness of the fractur-
ing pipeline.

4. Numerical Model
4.1. Three-Dimensional Finite Element Model

Figure 9 illustrates the three-dimensional finite element model designed for a reservoir
containing natural fractures and multiple hydraulic fractures. The axes x, y, and z represent
the directions of minimum horizontal principal stress, maximum horizontal principal stress,
and vertical stress, respectively. The dimensions along the x and z directions are both 15 m,
while the fracture length along the y direction is 30 m. Within this model, two natural
fractures (referred to as NF1-2) are horizontally embedded along the x direction, and three
hydraulic fractures (referred to as HF1-3) are vertically inserted along the z direction to
simulate the initiation and propagation of hydraulic fractures. This comprehensive model
consists of distinct regions: two interlayers at the top and bottom, and a central reservoir.
The red region represents the path of hydraulic fracture propagation within the reservoir,
the blue region signifies the path of hydraulic fracture propagation within the interlayers,
and the green region signifies the presence of natural weak interfaces. The intersection
angle (θ) between hydraulic fractures and natural fractures, as well as the dip angle (β)
between natural fractures and the horizontal plane, have been meticulously considered.
The perforation clusters, horizontal wellbore, and injection points within the reservoir are
bound together through the compilation of an INP file. By continuously injecting fracturing
fluid into the reservoir through wellbore elements, multiple clusters of fractures initiate
and propagate simultaneously, enabling sensitivity analysis of various parameters during
the fracturing process. The fundamental parameters of the model are derived from well
logging interpretations in a specific fracturing segment of the X horizontal well in the
southwestern region, as detailed in Table 3.
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Figure 9. Numerical model of shale reservoir. (a) A three-dimensional finite element model of
multi fracture propagation in a reservoir with natural fractures; (b) coupling treatment method of
wellbore formation.
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Table 3. Basic parameters of the model.

Formation Parameters Value Construction Parameters Value

Young’s modulus/GPa 39 Initial pore Pressure/MPa 50
Poisson’s ratio 0.23 Injection rate/m3·s−1 0.01

In situ stress/MPa 74.7/79.6/86.8 Fracturing Fluid
Viscosity/mPa·s 5

Permeability coefficient/m × s−1 1.5 × 10−8 Clusters 3
Filter loss coefficient/m × Pas−1

(HF/NF)/(m·(Pas−1)) 1 × 10−13/1 × 10−14 Cluster spacing/m 2.5

tensile strength (HF/NF)/MPa 8/3 Perforation density
combination 20-20-20

Shear strength (HF/NF)/MPa 20/12 Perforation hole diameter/m 0.015

4.2. Model Validation

For the investigation of the multi-cluster fracture propagation in naturally fractured
shale reservoirs, the simulation parameters used in Liu’s study are adopted [22]. When the
approximation angle is 90◦, the natural fractures have an inclination angle of 0◦, and the
inter-cluster spacing is set to 2 m and 3 m, the expansion behavior of multiple fractures
intersecting with natural fractures is examined, as shown in Figure 10. Let HF1, HF2,
and HF3 represent the hydraulic fractures along the positive x-axis. From the figure,
it can be observed that the hydraulic fractures induce shear sliding along the natural
fracture surfaces, with the fractures on both sides penetrating the natural fractures. The
interference of stress between multiple clusters of hydraulic fractures causes difficulties
for the HF2 cluster to accept fluid injection, resulting in diversion by the natural fractures.
The simulated results presented in Table 4 are in good agreement, with a simulation error
ranging from 2.04% to 3.15%. Hence, this validates the model’s ability to accurately simulate
the expansion of multi-cluster fractures in naturally fractured shale reservoirs.
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Table 4. Comparison of seam height calculation results between this model and the Guo model
in literature.

Results Approach Angle Cluster Spacing Interaction between
HF and NF

Expansion Height
(HF1–HF3)

Simulation
Error

this model
90◦ 2 m HF1 and HF2 are penetrated

HF3 is an invalid fracture
9.5 m, 0 m, 9.5 m

3.15%Liu model 9.2 m, 0.5 m, 9.3 m

this model
90◦ 3 m

HF1 and HF2 are penetrated
HF3 is intercepted and diverted

9.6 m, 4.8 m, 9.6 m
2.04%Liu model 9.8 m, 4.6 m, 9.7 m

As mentioned earlier, numerous scholars have conducted extensive true triaxial hy-
draulic fracturing laboratory experiments to investigate the actual propagation patterns of
hydraulic fractures interacting with natural fractures and analyze their interactions [23].
The summarized and compared results of these laboratory experiments are depicted in
Figure 11. The comparative analysis reveals a high degree of agreement between the
numerical simulation results and the experimental findings, thereby further validating the
effectiveness and accuracy of the finite element method in simulating the intersection of
multiple fractures.
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5. Results

We investigated the influence of construction parameters and natural fracture cemen-
tation strength on the interaction between hydraulic fractures (HFs) and natural fractures
(NFs) when the NFs were horizontally embedded orthogonally with a tilt angle of 0◦.
Specifically, we examined the expansion patterns of hydraulic fractures under different
horizontal stress differentials of 4 MPa, 8 MPa, and 12 MPa, while keeping the vertical
stress and minimum horizontal principal stress constant. We explored the expansion char-
acteristics of hydraulic fractures under various engineering variables, while maintaining
the remaining model parameters consistent with those presented in Table 3.



Processes 2023, 11, 2697 14 of 20

5.1. NF Bond Strength

Different cementation strengths (tensile/shear) of natural fractures were simulated,
namely 3/12, 6/16, and 7.5/19 MPa, as depicted in Figure 12. In the figure, for a smaller
horizontal stress differential (4 MPa) and weaker cementation strength of NFs (3/16 MPa),
the HF is more prone to initiate shear failure in NFs, resulting in longer extension and a
larger network of interconnected fractures. Conversely, when the cementation strength of
NFs approximates the strength of the rock matrix (7.5/19 MPa), the HF exhibits greater
propensity to penetrate NFs and expand in the vertical fracture height direction. For a larger
horizontal stress differential (12 MPa), lower cementation strength of NFs corresponds to a
longer activation length of HF in NFs and a larger area of hydraulic fracturing stimulation.
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Figure 12. Pattern of HF propagation under different NF bonding strengths.

Figure 13 illustrates the results of HF injection point pressure and propagation modes
with NF cementation strength as a variable. In Figure 13a, as the cementation strength
of NFs increases, the rock fracturing pressure and wellbore pressure also increase, with a
peak pressure of 12–7.5 MPa. In Figure 13b, for low cementation strength (3/12 MPa), a
larger horizontal stress differential facilitates the opening of HF in NFs. Conversely, for
high cementation strength (7.5/19 MPa), a smaller horizontal stress differential allows HF
to more easily penetrate NFs. When the cementation strength is equal, a larger horizontal
stress differential leads to increased fracture width and a greater likelihood of shear failure
in NFs. Only when the cementation strength of NFs is lower than that of the rock matrix
can the natural fracture surface potentially be opened, thereby enabling the formation of a
complex fracture network.

5.2. Perforation Density

The simulation results for different perforation density combinations, namely 10-10-10,
10-20-10, and 20-20-20, are shown in Figure 14. In the figure, for a smaller perforation den-
sity (10-10-10), the frictional resistance of the perforation hole increases, resulting in higher
initiation pressure for HF. The frictional resistance between the perforation holes partially
mitigates the stress interference between clusters, allowing all three clusters to develop
and expand. In the case of non-uniform perforation (10-20-10), the frictional resistance
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of the intermediate cluster effectively alleviates the stress interference between clusters,
leading to uniform development of fractures in each cluster. Moreover, a larger horizontal
stress differential results in longer HF propagation along the maximum principal stress
fracture, forming a larger complex fracture network. Conversely, for higher perforation
density (20-20-20), the frictional resistance of the perforation holes decreases, leading to
lower initiation pressure for HF. The two side clusters develop symmetrically along the NF
interface, while the middle cluster encounters obstruction in its expansion, rendering it an
ineffective perforation cluster.
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Figure 13. Calculation results under different NF bonding strengths: (a) injection point pore pressure;
(b) fracture propagation mode.
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Figure 14. Pattern of HF propagation under different perforation density combination.

Figure 15 illustrates the results of HF injection point pressure and propagation modes
with perforation density as a variable. In Figure 15a, for a uniformly distributed and
lower density of perforation holes (10-10-10), it can be deduced from Equation (10) that the
perforation frictional resistance is inversely correlated with the number of perforation holes.
Thus, with a smaller density, the frictional resistance of the perforation holes increases,
resulting in higher pressure required for HF extension and larger injection point pressure
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at the wellhead. Notably, when the stress differential is 4 MPa, it corresponds to the
peak injection point pressure. In Figure 15b, as the perforation hole density increases, the
perforation frictional resistance decreases, making it easier for HF to propagate and open
the natural fracture surface.
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Figure 15. Calculation results under different perforation densities: (a) injection point pore pressure;
(b) fracture propagation mode.

5.3. Injection Rate

Simulations were conducted with different injection rates of 0.001 m3/s, 0.005 m3/s,
and 0.01 m3/s, and the results are presented in Figure 16. In the figure, for the lower
injection rate (0.001 m3/s), a larger horizontal stress differential leads to increased lengths
of HF propagation along the maximum principal stress fracture and shear displacement
along the natural interface. Conversely, for the higher injection rate (0.01 m3/s), the
filtration loss of the fracturing fluid is significantly reduced. This results in the confinement
pressure initiating HF propagation and redirecting it along the natural fracture surface.
Consequently, the affected zone of HF widens, leading to a substantial increase in the
volume of reservoir modification. However, it should be noted that the injection rate of
the fracturing fluid only affects the morphology of the fracture propagation and does not
effectively balance the interference of stress between clusters. Consequently, the hindered
inflow of fluid into the intermediate cluster results in ineffective perforation clusters.
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Figure 17 illustrates the results of HF injection point pressure and propagation modes
with injection rate as a variable. In Figure 17a, as the injection rate increases, the pressure
at the wellhead also increases, with 12 MPa and 0.01 m3/s representing the peak injection
point pressure. In Figure 17b, with the augmentation of the injection rate, the flow rate
increases as well. This leads to an expansion in the affected zone of HF, resulting in longer
and wider fractures. Consequently, the likelihood of NFs experiencing shear failure and
the formation of a complex network of fractures is heightened. Therefore, by enhancing the
injection rate, an increased occurrence of shear failure in NFs can be observed, leading to a
greater area of interconnected NFs and the formation of a more intricate fracture network.
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5.4. Fracturing Fluid Viscosity

In Figure 18, different fracturing fluid viscosities are simulated, namely 1 mPa·s,
5 mPa·s, and 10 mPa·s. As depicted in the figure, with an increase in the viscosity of the
fracturing fluid, the filtration loss of the fluid decreases while the flow resistance of the
fluid increases. This results in an expansion of the fracture width, leading to a greater
occurrence of shear failure in more natural fractures (NFs). The affected zone of hydraulic
fracturing (HF) widens, but its length decreases. Consequently, the area of NFs alteration
initially increases and then gradually decreases. Under the same fracturing fluid viscosity,
a higher difference in horizontal stress leads to longer HF fractures along the maximum
principal stress and greater shear displacement along the natural interface. However, the
rate of fluid injection during hydraulic fracturing only affects the expansion morphology
of the fractures and cannot balance the interference of stress between clusters, causing
blockage of fluid inflow in the intermediate clusters and rendering them ineffective.

Figure 19 illustrates the results of HF injection point pressure and propagation modes
with fracturing fluid viscosity as a variable. In Figure 19a, the variation in fracturing fluid
viscosity has a minimal impact on the injection point pressure. However, at a viscosity of
1 mPa·s and an injection point pressure of 4 MPa, there exists a minimum peak where the
connectivity area of natural fractures (NFs) is at its smallest. This reduces the likelihood
of shear failure occurring on the natural fracture surfaces. In Figure 19b, under high
fracturing fluid viscosity, the flow resistance within the wellbore increases, resulting in
higher bottomhole pressures that facilitate the opening and diversion of HF towards NFs.
When the fracturing fluid viscosity remains constant, the difference in horizontal stress
becomes the dominant factor in HF propagation. The greater the difference in stress,
the larger the area of NFs alteration becomes. Therefore, it is essential to establish an
appropriate range of fracturing fluid viscosity based on reservoir characteristics to facilitate
the formation of a complex fracture network.
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Figure 19. Calculation results under different viscosities of fracturing fluids: (a) injection point pore
pressure; (b) fracture propagation mode.

6. Conclusions

In this study, we employed indoor TPB experiments in conjunction with DIC technol-
ogy to measure the mechanical characteristic parameters of natural shale cores. Utilizing
the coupled stress-permeability-damage zone method (CZM), we established a three-
dimensional model that accounts for the competition and expansion of multiple hydraulic
fractures in horizontal wells, considering the presence of natural fractures. Through this
model, we investigated the interaction mechanisms between hydraulic fractures and nat-
ural weak planes, providing a quantitative representation of the expansion behavior of
hydraulic fractures under the influence of geological and engineering parameters. The
specific conclusions are as follows:

(1) Reservoir stress difference is a key parameter that influences the interactive expansion
pattern of hydraulic fractures (HFs) and natural fractures (NFs). The magnitude of
horizontal principal stress dominates the formation mode and geometric shape of
complex fracture networks. Greater stress difference leads to a stronger ability of HFs
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to open natural fracture surfaces and a more pronounced shear-sliding along the weak
interfaces. Conversely, HFs will propagate through the natural fracture surfaces in
the direction of fracture height when the stress difference is smaller.

(2) Only when the cohesive strength of NFs is lower than the strength of the rock matrix
can NF interfaces be initiated. Higher cohesive strength results in HFs showing no
significant passivation phenomenon on natural fracture surfaces and enhances their
ability to penetrate through the natural fracture surfaces. On the other hand, lower
cohesive strength makes HFs more prone to passivation, leading to shear failure of
NFs. Consequently, HFs open up and redirect along NFs for further expansion.

(3) The combination of perforation density is a significant factor contributing to inter-
cluster stress interference. A higher density of boreholes and a larger number of
clusters result in an increased stress shadow area. Consequently, the ability of fluid
penetration within the shadow region of perforation clusters weakens, leading to
the ineffectiveness of intermediate cluster HF2 in forming fractures. When the per-
foration frictional resistance reaches a certain threshold, the dynamic allocation of
fluid flow among multiple fractures shifts from being governed by inter-cluster shad-
ows to the magnitude of perforation frictional resistance. Strategically arranging a
lower pore density and fewer boreholes effectively increases pore resistance, alle-
viates inter-cluster stress interference, and promotes the balanced development of
multiple fractures.

(4) Increasing the injection rate and viscosity of the fracturing fluid facilitates the propa-
gation of all perforation clusters within the fractures, thereby enhancing the likelihood
of opening natural fractures (NFs). As the injection rate and fracturing fluid viscosity
increase, there is a notable increase in shear displacement along the natural fracture
surfaces, which promotes the development of complex fractures in reservoirs. How-
ever, both factors have a threshold beyond which they fail to effectively improve
reservoir stimulation.
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