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Abstract: Multi-cluster fracturing has emerged as an effective technique for enhancing the produc-
tivity of deep shale reservoirs. The presence of natural bedding planes in these reservoirs plays a
significant role in shaping the evolution and development of multi-cluster hydraulic fractures.
Therefore, conducting detailed research on the propagation mechanisms of multi-cluster hydraulic
fractures in deep shale formations is crucial for optimizing reservoir transformation efficiency and
achieving effective development outcomes. This study employs the finite discrete element method
(FDEM) to construct a comprehensive three-dimensional simulation model of multi-cluster fractur-
ing, considering the number of natural fractures present and the geo-mechanical characteristics of a
target block. The propagation of hydraulic fractures is investigated in response to the number of
natural fractures and the design of the multi-cluster fracturing operations. The simulation results
show that, consistent with previous research on fracturing in shale oil and gas reservoirs, an increase
in the number of fracturing clusters and natural fractures leads to a larger total area covered by
artificial fractures and the development of more intricate fracture patterns. Furthermore, the present
study highlights that an escalation in the number of fracturing clusters results in a notable reduction
in the balanced expansion of the double wings of the main fracture within the reservoir. Instead,
the effects of natural fractures, geo-stress, and other factors contribute to enhanced phenomena such
as single-wing expansion, bifurcation, and the bending of different main fractures, facilitating the
creation of complex artificial fracture networks. It is important to note that the presence of natural
fractures can also significantly alter the failure mode of artificial fractures, potentially resulting in
the formation of small opening shear fractures that necessitate careful evaluation of the overall ren-
ovation impact. Moreover, this study demonstrates that even in comparison to single-cluster frac-
turing, the presence of 40 natural main fractures in the region can lead to the development of mul-
tiple branching main fractures. This finding underscores the importance of considering natural frac-
tures in deep reservoir fracturing operations. In conclusion, the findings of this study offer valuable
insights for optimizing deep reservoir fracturing processes in scenarios where natural fractures play
a vital role in shaping fracture development.
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1. Introduction

Oil and gas resources continue to play a significant role in the global energy land-
scape. Therefore, there is a pressing need to ramp up the extraction and utilization of these
resources [1]. Deep shale oil and gas resources at depths of over 3500 m account for a huge
proportion of the current energy structure. Optimizing the construction and exploitation
of deep oil and gas resources through construction techniques such as multi-cluster frac-
turing is a necessary means to achieve efficient exploitation of deep oil and gas resources
[2]. It is noteworthy that deep oil and gas reservoirs are often found in high-stress envi-
ronments with complex fracture characteristics (discontinuous structures such as bedding,
joints, and fractures formed by the sedimentation and tectonic processes of deep reser-
voirs) [3], which significantly affects the effectiveness of reservoir transformation [4,5].
Therefore, an in-depth exploration of the impact of natural fractures on the multi-cluster
fracturing construction technology of deep oil and gas reservoirs is of great significance
for the development of deep oil and gas resources.

Both theoretical solutions and indoor tests can be used to study the propagation of
fracturing fractures. Over the years, various theoretical solution models such as the KGD
model, PKN model, and Penny model, among others, have been established through the-
oretical derivations [2,6-10]. Meanwhile, some scholars have found in their research that
there may be multiple control mechanisms in the reservoir due to the influence of fracture
toughness and the fracturing injection rate of reservoir rocks. Therefore, a theoretical
model for artificial fracture propagation in reservoirs under the influence of comprehen-
sive parameters such as viscosity control and toughness control has been derived. How-
ever, the reservoir rock is often assumed to be a homogenous and isotropic medium in
theoretical derivation, meaning that the impact of naturally occurring fractures and the
growth of numerous fracture groups cannot be considered. Of course, scholars have also
conducted extensive physical simulation research using laboratory experimental methods
[5,11-15]. In the initial stages, conventional triaxial loading systems were predominantly
utilized, focusing on the influence of reservoir geo-stress by controlling surrounding rock
and axial pressure. However, real reservoirs typically experience stress conditions under
true triaxial stress, prompting some researchers to develop authentic triaxial experimental
setups to simulate fracturing from single to multiple clusters. Through these experiments,
they have been able to glean insights into the propagation patterns of artificial fractures.
Nevertheless, replicating the impact of natural fractures in laboratory settings proves to
be a challenge, and further examination is warranted for the transferability of specimen-
scale results to reservoir-scale scenarios. Consequently, there is a growing interest in the
simulation analysis of reservoir fracturing at the reservoir scale [16,17].

The principle of multi-cluster fracturing in tight reservoirs is illustrated in Figure 1.
This method involves creating multiple hydraulic fracture networks in various blocks
within the reservoir by strategically establishing multiple perforation positions and ad-
justing the fluid distribution across different clusters. The overarching objective is to en-
hance reservoir permeability and facilitate efficient development. Early reservoir fractur-
ing simulations were mainly achieved through finite element methods. Subsequently,
considering that reservoir rocks are a discontinuous medium, some new numerical simu-
lation methods were proposed successively, such as the extended finite element method
[18], particle flow dispersion element method [19,20], block discrete element method [2],
discontinuous element method [21], finite discrete element method (FDEM) [22], etc.
These methods make it possible to predict the fracturing construction effect of the target
reservoir more accurately, but they have different advantages and limitations. For exam-
ple, the extended finite element method uses virtual functions to construct a discontinu-
ous displacement field, which can simulate the phenomenon of fracture deflection and
propagation inside the element, but it is difficult to simulate the effects of natural fractures
and other factors such as fracture bifurcation. The particle flow dispersion element
method has an excellent performance in simulating reservoir fracturing at the micro-scale,
but it usually assumes that the reservoir is composed of particles, which has great
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computational limitations and is no longer suitable for reservoir-scale simulation analysis
[23,24]. The block discrete element method and finite discrete element method developed
in recent years have effectively solved the scale limitations, thus enabling better simula-
tion and evaluation of reservoir fracturing from micro- to macro-scales. Among them, the
finite discrete element method [25] assumes that the reservoir is composed of rock blocks
and their fractured interfaces (Figure 1). The rock block elements are used to simulate the
deformation characteristics of the reservoir matrix during the fracturing process, and the
interface elements are used to simulate the propagation of artificial fractures in the reser-
voir. Meanwhile, with years of development, the characteristics of natural fractures in res-
ervoirs can be described by changing parameters such as the strength and stiffness of dif-
ferent interface elements, thereby achieving fracturing simulation on reservoirs contain-
ing natural fractures. Based on the FDEM method, Wu et al. [26] conducted a hydraulic
fracturing inversion simulation study considering the natural bedding/fracture interfaces
in rocks. Their findings confirmed the viability of utilizing the FDEM to simulate fracture
formation in rocks containing such natural features. Additionally, they developed hy-
draulic fracturing models for reservoir areas considering various heterogeneous struc-
tures and conducted a detailed analysis on the impact of factors like natural discrete frac-
tures and large embedded rock blocks on the propagation of hydraulic fractures [27].
Therefore, conducting a simulation study on fracturing in fractured reservoirs using the
FDEM proves to be an effective method for unveiling the propagation behavior of hydrau-
lic fractures in reservoir rocks containing natural fractures.
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Figure 1. Schematic diagram of reservoir multi-cluster fracturing and FDEM principle.

Based on the finite discrete element method (FDEM), this paper establishes a three-
dimensional multi-cluster fracturing simulation model considering the number of natural
fractures. The conventional quantitative parameters such as fracture area, fracture length,
and maximum fracture aperture were used to systematically analyze the expansion law



Appl. Sci. 2024, 14, 6342

4 of 21

of artificial fractures under the combined influence of natural fractures and multi-cluster
fracturing. The numerical model, the comparative analysis results, and the conclusion are
presented in Sections 2, 3, and 4, respectively.

2. Numerical Model

This paper uses cohesive elements and rock block elements to construct an FDEM
model [28-30] and divides cohesive elements into cohesive elements within the matrix
and cohesive elements representing natural fractures, thus achieving multi-cluster frac-
turing modeling of reservoirs containing natural fractures. The detailed modeling equa-
tions are as follows.

2.1. Simulation Method

Multi-cluster hydraulic fracturing in reservoirs is a typical fluid structure coupling
process that involves the interaction between fluids and solids. When considering the in-
teraction between fluids and solids during hydraulic fracturing, the stress balance equa-
tion of hydraulic fracturing can be expressed as [31]

[(&-p,1)JeddV =[t-SvdS +| fovdV 1)
Vv S 4

where & represents the effective stress matrix, MPa; p,, denotes the pore pressure, MPa;
8e/s™! is the virtual strain rate matrix; t is the surface force matrix, N/m?; §,(m/s) and
f(N/m3) are the virtual velocity matrix and the physical force matrix.

During the fracturing process, fluid density and matrix porosity influence the behav-
ior of the fluid within the reservoir. The fluid continuity equation captures the conserva-
tion of mass during this process, providing a mathematical representation of the fluid’s
movement and distribution. It enables a more accurate description of the fluid flow dy-
namics within the reservoir [32].

4 [ p—gndV +fp—gnn-deS:0 )
de\"\ p, S Py

where | represents the volume change ratio, dimensionless; p,, is the fluid density,
kg/m3; n,, is the void ratio, dimensionless; and v, is the fluid seepage velocity, m/s.

It is important to mention that the fracturing process also involves the influence of
fluid seepage within the matrix. The seepage behavior of reservoir rocks during fracturing
can be calculated using Darcy’s law, which determines the velocity and flow rate of fluids
through factors such as fluid viscosity, permeability, and pressure gradient [33]:

1 op
—_ k ) wo_
v, Y ( o P8 j ©)

where k represents a permeability matrix, m/s, and g is the gravity acceleration vector,
m/s2.

As fluid starts to seep into the reservoir rock mass, the influx of fluid will lead to an
elevation in pore pressure, consequently facilitating the propagation of microfractures. It
is generally believed that before hydraulic fractures open, the cohesive elements used to
simulate hydraulic fractures follow a linear elastic relationship [6],

O-cohin Kcohinn Kcohins Kcahint gcohin
O-coh = O-coh _s = Kcoh coh = Kcoh _ns Kcoh s Kcoh st gcoh s (7 (4)
O-cohit Kcuhint Kcuhist Kcohitt gcohit

where o.,, denotes the stress vector; 0 on—n Gcon—s, Ocon—t are the normal stress, the first
tangent stress and the second tangent stress, respectively. Here, K., denotes the stiffness
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matrix; €., is the strain matrix, and €.op-n €con-s, Econ-¢ represent the normal strain,
the first tangential strain, and the second tangential strain, respectively. They are defined
as follows [25]:

£ 4, £ 4 £ 4

cohin__’ cohis__’ cohit__ (5)
T T T

where d,, d;,d; represent the normal displacement, the first displacement, and the sec-

ond tangential displacement, respectively. Here, T, is the constitutive thickness.

With continued fluid injection, hydraulic fractures will gradually emerge within the
reservoir rock mass, a phenomenon that can be simulated by modeling the damage and
failure of interface elements. When the interface element is damaged, the anti-deformation
ability of the interface element will significantly decrease, leading to the rapid opening of
hydraulic fractures. The presence or absence of interface elements can be determined us-

ing the following formula [34]:
@) (o] [o)
Al _b} + {_t — /1 (6)

o’ o’ o’

n N

where g, is the normal stress; gy, 0, represent the tangential stress, MPa; 0, g are the
threshold stress, MPa; A indicates that cohesive elements resist tension stress but not
compression stress: 1 < A < 1.05.

After the hydraulic fractures are initiated, the fractures will not continue to open in-
definitely due to factors such as interfacial forces. The deformation behavior after reaching
the peak can be described by damage factors [28,35],

E=(1-d)xE" @)

(o)

= e (of 20\ ®)
& (3, -31)

where E,, E are the initial elastic modulus and the elastic modulus after damage, Pa, re-
spectively. Here, d is a damage factor, dimensionless. d;;%%, 55, 89, signify the distinct
displacements in the context of element behaviour. Specifically, §;7** refers to the maxi-
mum displacement experienced. 8 and 62 denote the displacement.

When performing multi-cluster fracturing, the injected fluid will flow into the for-
mation through the wellbore, resulting in flow distribution within the wellbore. Mean-
while, due to the long wellbore, there is also a corresponding pressure drop.

Q=ZQ )

Po=Pyit Pyt Py (10)

When fluid flows into the wellbore, flow resistance is easily generated due to the
roughness of the wellbore’s surface, and this behavior can be described by Bernoulli’s
equation [36]:
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where AP is the pressure difference at the node of the cluster, AZ is the elevation difference
of the node, v is the fluid velocity in the wellbore, p is the fluid density, G is the acceleration
of gravity, Cr is the loss coefficient, fis the friction force on the wellbore, L is the wellbore
length, Ki is the loss term in a fixed direction, K is the roughness of the wellbore, D is the
wellbore diameter, Re is the Reynolds number, # is the number of perforations, D, is the
perforation diameter, and C is a coefficient, generally 0.56~0.9 [6].

After the fracturing fluid is diverted from the wellbore, it will enter the fracturing
fracture, and the fluid pressure drop inside can be described as
P

=— 13
q o Vp, (13)
where g is the volume flow vector per tangential element length; ¢ is the thickness, m; p is
the viscous coefficient; p is the fluid pressure, MPa.

It is worth mentioning that there is a certain phenomenon of crossflow between the
fluid used for fracturing and the existing fluid in the reservoir. Meanwhile, due to the high
fluid pressure in the fractures during fracturing, more fluid flows into the rock matrix
from the fractures. At this point, the fluid loss in the fracture is

{% :Ct(pi_pt)

, (14)
q, =6, (pi _pb)

where q;, q, represent the volumetric flow rate. The terms c;, ¢, are the filtration coef-
ficient, m/min®?% p,, p, are the pore pressure, MPa; and p; is the fluid pressure, MPa.

2.2. Model Setup

The computational complexity of a three-dimensional (3D) fracturing model usually
varies in magnitude compared to a two-dimensional (2D) fracturing model. Therefore,
compared to the 2D fracturing model, the 3D modeling process has appropriately simpli-
fied the model. The main parts that deal with changes include the following: (1) reducing
the geometric size of the model and increasing the layer thickness of the model; (2) During
mesh generation, the largest possible mesh was used, and after multiple geometric mod-
eling and mesh generation, a model with suitable mesh quality and geometry was selected
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for subsequent numerical simulation modeling and fracturing analysis. Based on this, the
specific conditions set for this 3D simulation model are as follows:

(D The target reservoir has a significant tendency toward a natural bedding structure,
so the construction of the bedding network is achieved through Python programming.

(2) Based on field data, the depth of the target block in the simulation typically falls
within the range from 4018.5 m to 4263.5 m, with a fracturing construction interval usually
set at 60 m. For ease of simulation calculations, it is assumed that the reservoir area size
in the simulation is 60 m x 60 m x 3 m.

(3 During fracturing, fluid will flow from the wellbore into the target reservoir.
fp3d2 elements are used to simulate the fluid pressure drop and flow distribution in the
wellbore, and the fpc3d2 element is used to simulate the frictional resistance when the
wellbore fluid flows into the target area of the reservoir. By binding nodes, the simulation
process of fluid flowing from the wellbore to the target reservoir can be achieved. In ad-
dition, considering the randomness of perforation spacing during the fracturing construc-
tion of the target reservoir, 38 random perforations are also set in the simulation (Figure
2b).

() Based on the on-site data collected, the target block displays typical characteristics
of carbonic basin subsidence. Therefore, by aligning the x, y, and z directions with the
maximum horizontal principal stress, minimum horizontal principal stress, and vertical
principal stress, respectively, the impermeable model boundaries are defined. The model
is constrained by applying directional displacements, ensuring an accurate representation
of the in situ stress conditions and preventing fluid flow across the boundaries.

® Based on the on-site data from the target reservoir, representative model parame-
ters are selected. The benchmark calculation example focuses on single-cluster fracturing,
assuming a reservoir thickness of 3 m. The injection parameters include a displacement
rate of 18 m3min and a total injection time of 3600 s. The in situ stress conditions are
characterized by a minimum horizontal stress of 98 MPa, a maximum horizontal stress of
116 MPa, and a vertical stress of 112 MPa. The initial pore pressure is set to 90 MPa. Fur-
thermore, the remaining rock material parameters are derived from the mechanical testing
data of shale rocks obtained from the Lu214 block in the Sichuan Basin (as detailed in
Table 1).

(d)

Figure 2. Schematic diagram of FDEM models with natural fractures: (a) 20 natural fractures; (b) 30
natural fractures; (c) 40 natural fractures; (d) 50 natural fractures.

Table 1. Main parameters used in simulation models.

Input Parameters Value
Young’s modulus (GPa) 40
Poisson’s ratio 0.22

Permeability coefficient (m/s) 1x107
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Porosity 0.04
Tensile strength of natural fractures (MPa) 2
Critical damage displacement of natural frac- 0.0001
tures (m)
Tensile strength of matrix interfaces (MPa) 6
Critical damage displacement of matrix inter- 0.001
faces (m) '
Injection rate (m?/min) 19-20
Fracturing fluid viscosity (mPa-s) 1
Pipe roughness (mm) 0.015 x 10-3
Perforation diameter (m) 0.01
3. Results and Analysis

3.1. Effect of Fracturing Cluster Number

To investigate the behavior of multi-cluster fracturing under reservoir conditions in
the target area, the fracture propagation results under different cluster numbers were first
compared, and the results are shown in Figure 3. With inter-cluster distance increases, the
fracturing simulation results of different numbers of clusters show different fracture prop-
agation characteristics. As the number of clusters increases, the number of fracture ele-
ments and total area show an increasing trend. However, from single-cluster fracturing to
triple-cluster fracturing, the increase in the number and area of fractures is relatively
small. This indicates that as the number of clusters increases, the propagation of fractures
is influenced by inter-cluster interactions. Concurrently, as the inter-cluster distance in-
creases and the number of clusters is augmented, a reduction in fracture volume is ob-
served. Intriguingly, the proportion of tensile failure within the fracture network shows a
significant increase. This phenomenon suggests that single-cluster fracturing faces chal-
lenges in creating large-scale fractures. The injected fluid is primarily used to create and
lengthen fractures. In contrast, multi-cluster fracturing facilitates the development of a
more intricate fracture network and enhances the overall fracture volume. These observa-
tions underscore the influence of cluster configuration on fracture morphology and high-
light the potential benefits of using multi-cluster fracturing strategies to optimize reser-
voir stimulation and enhance hydrocarbon recovery.
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Figure 3. Results of conventional quantitative metrics under different cluster configurations ((a)
number of damaged interface elements versus time; (b) fracture area versus time; (c) fracture aper-
ture at injection point versus time; (d) maximum fracture aperture versus time; (e) fracture volume
versus time; and (f) ratio of tensile failure versus time) (C1, C3, C6, C9, and C12 refer to fracturing
scenarios involving 1 cluster, 3 clusters, 6 clusters, 9 clusters, and 12 clusters, respectively).

At a simulation time of 1000 s, the ultimate distribution of fractures is illustrated in
Figure 4. It is noteworthy that as the number of clusters rises, the spacing between clusters
diminishes within the model. Consequently, the total surface area covered by the induced
fractures amplifies, whereas the aperture of fractures emanating from the injection point
decreases. This finding indicates that with an increasing number of fracturing clusters, the
area of medium-pressure fractures in the reservoir expands. However, as the total injec-
tion volume remains constant, there is a slight decreasing trend observed in the fracture
aperture. Furthermore, the total volume of visible fractures decreases. These observations
suggest that variations in the number of clusters and cluster spacing influence fracture
morphology. The model tends to produce a higher quantity of smaller fractures influ-
enced by a combination of factors including the model mesh, the presence of natural frac-
tures, the number of fracturing clusters, and geo-stress conditions. This leads to an in-
crease in the total fracture surface area and a reduction in the visible fracture volume. This
behavior highlights the complex interplay between fracturing parameters and the result-
ing fracture network geometry.

600 - P
E 40 1 ‘E
500 ; 2 o 4.5 -
3 580 - E
£ 400 + 2 °
= 8 > 4.0 4
o= o 4
300 5 %5 20 A 5
200 g2 8
i 10 - L 3.5 1
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1 3 6 9 12 1 3 6 9 12 1 3 6 9 12
(a) Number of clusters (b) Number of clusters (c) Number of clusters

Figure 4. Results of conventional quantization parameters ((a) number of damaged interface ele-
ments versus number of fracturing clusters; (b) fracture aperture at injection point versus number
of fracturing clusters; and (c) fracture volume versus number of fracturing clusters) (1000 s).

Figure 5 presents a comparative analysis of the final morphology of artificial fractures
generated under varying cluster configurations, including different numbers of clusters
and cluster spacing. In single-cluster fracturing, a single dominant fracture is mainly
formed, with limited fracture initiation and propagation in the near-wellbore region.
However, as the number of clusters is increased to three, three primary fractures are ob-
served to develop, exhibiting both single-wing and double-wing propagation. This sug-
gests that increasing the number of clusters can stimulate the formation of fractures near
the wellbore and facilitate the development of multiple main fractures, enhancing the
overall fracture complexity. When using six clusters of fracturing, multiple fractures ap-
peared near the wellbore. When the number of clusters increases to nine, more fractures
initiate simultaneously. It is worth noting that the fracture morphology was magnified 10
times in the simulation results to observe most of the artificial fractures. However, the
main path of the fractures in cluster 6 fracturing is more obvious, while cluster 9 fracturing
shows a discontinuous main path, indicating the presence of many locally small opening
fractures, which is not conducive to the transportation of proppants and subsequent min-
ing. More than 12 artificial fractures have sprouted in the near-wellbore area of 12-cluster
fracturing. As the fracturing process progresses, competition expands, causing some of
the newly formed fractures to not open further, ultimately leading to the expansion of 10
main fractures. The above results indicate that the more fracturing clusters there are, the
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smaller the cluster spacing, which usually significantly increases the volume of artificial
fractures, thereby improving the effectiveness of reservoir transformation. Similar conclu-
sions can also be observed in some studies on on-site earthquake monitoring methods [37-
41]. For example, Chen et al. found through micro seismic monitoring of shale gas reser-
voirs in the southwestern region that an increase in the number of fracturing clusters can
promote the occurrence of more micro seismic events, and micro seismic event points near
the wellbore gradually gather to form multiple bands, indicating the possibility of pro-
ducing more artificial fractures. At the same time, they also found that under the influence
of natural fractures and other factors, many micro seismic events may occur in areas far
from the wellbore, which is significant in the expansion results of the fracturing of a single
cluster in Figure 5. It is worth mentioning that compared to the 3D view, only a portion of
the main seam shape is observed in the top view. This is obviously due to some fractures
opening too little. Therefore, increasing the number of clusters does not necessarily lead
to a proportional increase in the number of main fractures. It is crucial to consider the
influence of proppant size on the effective number of supported fractures. Proppant size
plays a significant role in determining the aperture and conductivity of the fractures,
which ultimately affects the overall effectiveness of the fracturing treatment. By optimiz-
ing the proppant size according to the reservoir and fracturing conditions, it is possible to
maximize the number of fractures effectively supported and enhance hydrocarbon recov-

ery.
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Number

Maximum fracture aperture (mm)

Figure 5. Morphology comparison results of artificial fractures under different cluster numbers ((a)
3D view and (b) top view) (C1, C3, C6, C9, and C12 refer to fracturing scenarios involving 1 cluster,
3 clusters, 6 clusters, 9 clusters, and 12 clusters, respectively).

3.2. Effect of Number of Natural Fractures

The distribution of natural fractures plays a crucial role in influencing fracturing ef-
fectiveness within reservoirs. Therefore, this section undertook a simulation analysis to
investigate the impact of varying numbers of natural fractures in the simulated target
block. Based on the field data obtained from the target block, the linear density of natural
fractures within the block falls approximately within the range from 0.3 to 0.8. Consider-
ing a simulated area of 60 m x 60 m, the number of natural fractures in the model varies
from 20 to 50. The simulation results obtained are shown in Figure 6.
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Figure 6. Results of conventional quantitative metrics under influence of number of natural fractures
((a) number of damaged interface elements versus time; (b) fracture area versus time; (c) fracture
aperture at injection point versus time; (d) maximum fracture aperture versus time; (e) fracture vol-
ume versus time; and (f) ratio of tensile failure versus time) (numbers (20, 30, 40, 50) represent quan-
tity of natural fractures in various simulation models).

Figure 6 shows that with the increase in fracture density, the number of fracture ele-
ments and the total area of fractures show an increasing trend. Meanwhile, the aperture
and volume of fractures seem to show a certain decreasing trend. This may be due to the
increased density of natural fractures, which makes reservoir fracturing more susceptible
to the influence of fractures, resulting in the formation of many low-opening shear frac-
tures. Therefore, with the increase in natural fractures, the shear fractures generated by
shear stimulation significantly increase, and the fracture area increases. At the same time,
since shear fractures are mostly low-opening fractures, the visible volume of artificial frac-
tures shows a certain fluctuation and decreasing trend.

Figure 7 illustrates the opening of artificial fractures in reservoirs under the influence
of varying natural fracture densities. As depicted in the figure, with the increase in natural
fractures, the number of artificial fractures in the reservoir significantly increases, and
more branches and extensions of artificial fractures occur. Simultaneously, an increase in
natural fractures leads to a higher likelihood of large openings in artificial fractures near
the reservoir wellbore. In addition, when the number of natural fractures increases to a
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certain extent, it may induce single-cluster fracturing to form a multi-cluster extended ar-
tificial fracture network. The above results indicate that natural fractures have a significant
impact on the development of artificial fractures during reservoir fracturing, which may
alter the position of the main fractures, the distribution of fractures near the wellbore, and
the bending and branching morphology of the main fractures, thereby inducing the for-
mation of complex fracture networks and improving the effectiveness of reservoir fractur-

ing.
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Figure 7. The results of the artificial fracture morphology in reservoirs under the influence of differ-
ent natural fracture numbers ((a) is a 3D view and (b) is a top view) (the numbers (20, 30, 40, 50)
represent the quantity of natural fractures in various simulation models).

3.3. Comprehensive Impact Analysis

The previous research results indicate that both the number of fracturing clusters and
the number of natural fractures significantly affect the propagation pattern of artificial
fractures in reservoirs [26,27]. Among them, the number of natural fractures is usually the
internal condition of the reservoir, which is difficult to change through construction meth-
ods, while the number of fracturing clusters is a construction method that can be directly
adjusted during on-site construction. If different cluster fracturing is used for areas with
different natural fractures, it may further enhance the effectiveness of reservoir transfor-
mation. Therefore, to further discuss the comprehensive impact of multi-cluster fracturing
construction and natural fractures, this section comprehensively compares and simulates
the expansion of multi-cluster fracturing fractures in target reservoir areas with different
numbers of natural fractures.

In Figure 8, there is a phenomenon of incomplete calculation in the fracturing results
of six clusters. Therefore, the analysis is only based on the fracturing results of three and
nine clusters. From the above figure, when the fracture density is 20, multi-cluster fractur-
ing does not necessarily increase the area of reservoir fractures but has a significant impact
on the volume of reservoir fractures. This phenomenon refers to the different behavior of
artificial fractures within the reservoir caused by the presence of natural fractures. Nota-
bly, the presence of natural fractures often leads to a further increase in the stimulated
reservoir volume (SRV). This observation highlights the importance of considering the
interplay between natural fractures and hydraulic fracturing operations.
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Figure 8. Results of conventional quantitative metrics under different cluster configurations when
there are 20 natural fractures in region ((a) number of damaged interface elements versus time; (b)
fracture area versus time; (c) fracture aperture at injection point versus time; (d) maximum fracture
aperture versus time; (e) fracture volume versus time; and (f) ratio of tensile failure versus time) (C3,
C6, and C9 correspond to fracturing scenarios involving 3 clusters, 6 clusters, and 9 clusters, respec-
tively).



Appl. Sci. 2024, 14, 6342

14 of 21

It can be significantly observed from Figure 9 that in this simulation model, there
were three main fracture extensions in three clusters of fracturing, six main fracture ex-
tensions in six clusters of fracturing, and two main fractures and local complex fracture
network extensions in nine clusters of fracturing. This result suggests that with an increas-
ing number of fracturing clusters, complex fracture networks are more likely to form in
the reservoir. Meanwhile, it is not difficult to observe from the results in the above figure
that the two-dimensional view of the nine-cluster fracturing results is not significant, with
many low-opening fractures. When considering fracture opening, the fracturing results of
cluster 6 are significantly better than those of cluster 3 and cluster 9.

PFOPEN (mm)
20.010

PFOPEN (mm) PFOPEN (mm)

9

(b)

Figure 9. Fracture morphology under diverse cluster fracturing scenarios when there are 20 natural
fractures in the region ((a) is a 3D view and (b) is a top view) (C3, C6, and C9 correspond to fractur-
ing scenarios involving 3 clusters, 6 clusters, and 9 clusters, respectively).

Figure 10 presents comparative results of traditional quantitative metrics across var-
ious cluster configurations in the presence of 30 significant natural fractures within the
region of interest. Compared to the simulation results with a fracture density of 20, the
simulations of 1, 3, 6, 9, and 12 clusters were all fully calculated with a fracture density of
30. Therefore, the results for different clusters with a fracture density of 30 were further
extracted. From the above figure, as the number of fracturing clusters increases, the artifi-
cial fracture area, fracture opening, and shear failure ratio of the reservoir all significantly
increase.
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Figure 10. The comparison results of conventional quantitative parameters under the influence of
different clusters when there are 30 natural fractures in the region ((a) number of damaged interface
elements versus time; (b) fracture area versus time; (c) fracture aperture at injection point versus
time; (d) maximum fracture aperture versus time; (e) fracture volume versus time; and (f) ratio of
tensile failure versus time) (C1, C3, C6, C9, and C12 represent fracturing scenarios involving 1 clus-
ter, 3 clusters, 6 clusters, 9 clusters, and 12 clusters, respectively).

The process of fracture morphology changes when the fracture number is 30 is shown
in Figure 11. As the number of fracturing clusters increases, the main artificial fractures in
the reservoir show an increasing trend. Unfortunately, when fracturing 1 cluster, 1 main
fracture was formed, when fracturing 3 clusters, 3 main fractures were formed, when frac-
turing 6 clusters, 6 main fractures were formed, and when fracturing 12 clusters, 12 main
fractures were formed. However, when fracturing nine clusters, only three main fractures
were formed. We speculate that this is due to the large number of fractures near the well-
bore generated in the simulation model of nine-cluster fracturing, indicating that imple-
menting nine-cluster fracturing under the conditions of this model will make it difficult
to achieve economic fracturing effects.
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Figure 11. Fracture morphology under diverse cluster fracturing scenarios when there are 30 natural
fractures in the region ((a) is a 3D view and (b) is a top view) (C1, C3, C6, C9, and C12 represent
fracturing scenarios involving 1 cluster, 3 clusters, 6 clusters, 9 clusters, and 12 clusters, respec-
tively).

Figure 12 presents a comparative analysis of conventional quantitative metrics across
different cluster configurations in the presence of 40 natural fractures within the region of
interest. In comparison to the simulation results obtained at a fracture density of 20, com-
prehensive simulations were conducted for 1 cluster, 3 clusters, 6 clusters, 9 clusters, and
12 clusters at a fracture density of 40. A thorough comparison was then performed on the
conventional quantization parameters for various cluster configurations. As evident from
the graphical representation of the results, the artificial fracture area, fracture aperture,
and shear failure ratio within the reservoir all exhibit a noticeable upward trend with an
increasing number of fracturing clusters. These observations highlight the significant in-
fluence of cluster configuration on fracture development and provide valuable insights
for optimizing fracturing strategies to enhance reservoir stimulation and hydrocarbon re-
covery.
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Figure 12. The comparative results of conventional quantitative metrics under varying cluster con-
figurations in the presence of 40 natural fractures within the region ((a) number of damaged inter-
face elements versus time; (b) fracture area versus time; (c) fracture aperture at injection point versus
time; (d) maximum fracture aperture versus time; (e) fracture volume versus time; and (f) ratio of
tensile failure versus time) (C1, C3, C6, C9, and C12 represent fracturing scenarios involving 1 clus-
ter, 3 clusters, 6 clusters, 9 clusters, and 12 clusters, respectively).

Figure 13 illustrates the evolution of fracture morphology with varying fracturing
cluster configurations at a fracture density of 40. As shown in the figure, the quantity of
primary artificial fractures within the reservoir progressively increases as the number of
fracturing clusters grows. This observation highlights the influence of cluster configura-
tion on fracture development and the potential for optimizing fracturing strategies to en-
hance reservoir stimulation and hydrocarbon recovery. Among them, there was a phe-
nomenon of multiple main fractures branching out during the fracturing of cluster 1, in-
dicating that fracturing a single cluster may also create a local artificial network of main
fractures. When fracturing three clusters, five main fractures were formed. When the ex-
pansion degree of the main fractures decreased, 5 main fractures were formed when frac-
turing 6 clusters, 3 main fractures and a local fracture network expansion area were
formed when fracturing 9 clusters, and 12 main fractures were formed when fracturing 12
clusters. The results indicate that as the number of fracturing clusters increases, the num-
ber of artificial main fractures increases. It is worth mentioning that previous research
results have shown that as the density of natural fractures increases, artificial fractures
may exhibit more bending, branching, and other expansion phenomena, forming a com-
plex network of fractures [42,43]. Comparing the simulation results under different num-
bers of natural fractures and clusters in this section, as the number of natural fractures
increases, artificial fractures may become more complex. For example, when the simulated
target block contains 40 natural fractures, even under single-cluster fracturing conditions,
more complex fracture shapes are formed. Meanwhile, when the simulated target block
contains 20 natural fractures, even under the conditions of fracturing of nine clusters, it
may be difficult to form a complex artificial fracture network.
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Figure 13. Fracture morphology under diverse cluster fracturing scenarios when there are 40 natural
fractures in the region ((a) is a 3D view and (b) is a top view) (C1, C3, C6, C9, and C12 represent
fracturing scenarios involving 1 cluster, 3 clusters, 6 clusters, 9 clusters, and 12 clusters, respec-
tively).

4. Conclusions

Based on the FDEM and on-site data from a certain well block in Southwest China,
multiple cluster fracturing simulation models were established considering the natural
fractures and geological mechanical parameters of the target block. The changes in artifi-
cial fracture area, fracture aperture, fracture volume, fluid pressure, and fracture mor-
phology in the simulation results are extracted, and the impact of the number of fracturing
clusters and the number of natural fractures in the target block on the formation of artifi-
cial fractures was analyzed. The main conclusions are as follows:
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(1) Asthenumber of fracturing clusters increases, the number of artificial main fractures
formed in the target block shows a significant increasing trend. However, when af-
fected by the distribution of natural fractures, geo-stress, and other factors, it may
also be difficult to form multiple main fractures through multi-cluster fracturing in
the target block (Figure 9). Therefore, obtaining data on the spatial location and ori-
entation of natural fractures may be more helpful in accurately estimating the frac-
turing effect of the target block.

(2) Due to the influence of the original random fracturing path and natural fractures of
the reservoir, shear stimulation phenomena are prone to occur. Under these condi-
tions, artificial fractures in the reservoir are prone to bending, branching, and other
phenomena. When further affected by multiple construction methods, the artificial
main fracture will be more prone to single-wing expansion rather than double-wing
expansion.

(3) Multi-cluster fracturing construction may promote an increase in artificial fracture
networks, but under the same injection amount, the aperture of artificial fractures
will decrease. Therefore, increasing the injection rate appropriately during multi-
cluster construction will be more conducive to the pumping of proppants and other
materials.

(4) The increase in the number of natural fractures in the target block will help to obtain
a more complex artificial fracture network. When the number of natural fractures
reaches a certain threshold, even using a single-cluster fracturing construction pro-
cess may form an artificial fracture network connected by multiple main fractures.
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