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It has become a consensus that large-scale hydraulic fracturing is adopted to
achieve the stimulation of unconventional oil and gas reservoir. The complex
fracture network formed by fracturing is closely related to the effect of reservoir
stimulation, which has extremely complicated evolution process. Therefore, it is
necessary to study the evolution law of fracture network in large-scale hydraulic
fracturing of unconventional reservoirs. In this article, the geological engineering
parameters of horizontal well H in shale gas reservoir in southern Sichuan are
taken as an example, a three-dimensional fracture network expansion model is
established based on the boundary element method and finite volume method,
and the simulation of the complex fracture network in a whole well section is
carried out to analyze the evolution law of reservoir fracture network under
different geological and engineering parameters. The results show that the
horizontal stress field distribution has a significant effect on fracture
geometric form. Hydraulic fractures in reservoirs with larger horizontal stress
difference have stronger directivity, while the horizontal wellbore tends to obtain
better reservoir stimulation results when it is parallel to the minimum horizontal
principal stress setting. The conjugated natural fracture developed in the reservoir
inhibits the hydraulic expansion fractures in both directions. Although it increases
the complexity of the fractures, it is not necessarily conducive to improving the
reservoir stimulation effectiveness. The lower the strength of natural fracture is,
the more complex the fracture geometric form becomes, and the smaller the
stimulated reservoir volume is. Correspondingly, the higher the strength of
natural fracture is, the simpler the fracture geometric form becomes, and the
larger the stimulated reservoir volume is. Suitable fracturing construction
displacement can not only contribute to form a more complex fracture
distribution, but also help to obtain a larger stimulated reservoir volume. The
optimal construction displacement ranges from 10 to 14 m3/min. Low viscosity
fracturing fluids are suitable for the formation of long-narrow fractures and able
to connect with the remote reservoir and form complex fracture networks. Lower
viscosity fluids can be used to achieve better reservoir stimulation effectiveness
when sand-carrying capacity is met.
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1 Introduction

With the rapid development of global economy, the demand
for oil and gas resources as the necessity of industry is increasing
day by day (China Business Industry Research Institute, 2022).
The shortage of conventional oil and gas resources highlights the
rich reserves of unconventional oil and gas resources, which is
worthy to explore and develop. Efficient development and
utilization of oil and gas resources are of strategic significance
to alleviate the imbalance between the supply and demand of
global oil and gas (BP, 2014; Zou et al., 2014a; HARTENERGY,
2015; Wang et al., 2016). Unconventional oil and gas resources
mainly include shale gas, shale oil, tight sandstone gas, coalbed
methane and super heavy oil, etc (National Resources Canada;
BIEWICK, 2014; KUUSKRAA et al., 2013-06; Wang et al., 2017;
Develop, 2021; Fletcher et al., 2012). Among them, the amount of
unconventional oil in-situ resources is about 720 × 108t, and the
amount of available resources is about 210 × 108t, which is
approximately equivalent to that of conventional oil resources.
The amount of unconventional natural gas in-situ resources is
about 320 × 1012m3, of which tight gas, coalbed methane and
shale gas are three to four times the amount of available
conventional natural gas resources. Till now, unconventional
oil and gas resources have already become a new popular
object in the territory of oil and gas exploration and
development (The Unconventional Oil Subgroup of the
Resources & Supply Task Group, 2011; JIA et al., 2012;
COCCO and ERNANDEZ, 2013; Zou et al., 2014b).

Compared with conventional oil and gas reservoirs, the
unconventional ones are characterized by low porosity (<10%)
and low permeability (less than 0.1mD), and usually require
large-scale hydraulic fracturing to produce industrial oil flow
(Mayerhofer et al., 2008; East et al., 2011; Loucks et al., 2012;
Valenza et al., 2013; Loucks et al., 2017; Chen et al., 2018).
Previous studies have shown that the hydraulic fracturing of
unconventional oil and gas reservoirs forms a complex fracture
network different from conventional double plane fractures (Chen
et al., 2017; Chen et al., 2019; Huang et al., 2020; Tan et al., 2020;
Huang et al., 2023a; Huang et al., 2023b). In the process of
stimulateing the fracturing unconventional reservoirs, hydraulic
fractures contact with natural fractures in the reservoir, allowing
them to reconnect with each other, and promoting the efficient flow
of fluids from formation towards the wellbore (DETOURNAY, 2004;
CHEN et al., 2017; Wang et al., 2018; Xie et al., 2020; Hou et al.,
2021). Further research finds that the reservoir stimulation
effectiveness is positively correlated with reservoir SRV
(stimulated reservoir volume). How to form complex fracture
network with high permeability and increase fracture-controlled
volume through large-scale hydraulic fracturing has become the
focus and the difficulty of current research. In order to explore
the evolution process of complex fractures in unconventional
reservoirs, some experts and scholars have carried out true triaxial
hydraulic fracturing experiments by using outcrop rock samples or
concrete preset rock samples. They conducted researches on fracture
propagation law under the influence of different geological and
engineering factors, and analyzed the influence of natural
fractures on hydraulic fracture propagation during fracturing (Tan
et al., 2023). However, physical experiments often fail to meet the

economic, timeliness, and repeatability requirements of related
research. Moreover, the size effect of rock samples can also affect
the accuracy of research results. In this regard, scholars have built
numerical models based on experimental research results. The most
common methods for numerical models are FEM (Finite Element
Method) (Hunsweck et al., 2013; Lecampion et al., 2017), XFEM
(Extended Finite Element Method) (BELYTSCHKO, 1999; MOES
and BELYTSCHKO, 1999), BEM (Boundary Element Method)
(Chen et al., 2019), DDM (Displacement Discontinuous Method)
(Yamamoto et al., 1999; Kresse and Weng), and DEM (Distinct
Element Method) (Hamidi and Mortazavi, 2012; Huang et al., 2019;
Huang et al., 2022; Huang et al., 2023c), etc, each with its own unique
characteristics, sphere of application, advantages and disadvantages
(as shown in Table 1). Existing numerical researches focus a lot on
the mechanical mechanism of the interaction between hydraulic
fractures and natural fractures, with few fully coupled fluid flow
mechanism and proppant migration mechanisms studied, as well
lack of field-scale simulation analysis and understanding.

This article selects the well H in southern Sichuan and, based on
previous research results, establishes a three-dimensional fracture
network expansion model according to BEM (Boundary Element
Method) and FVM (Finite Volume Method). It conducts field scale
simulation of complex fracture networks in the whole well section,
analyzes the evolution patterns of reservoir fracture networks under
different natural fracture settings, stress differences, different natural
fracture strength and different pumping modes, and provides technical
support for crystallizing unconventional reservoir development plans.

2 Numerical model

The numerical simulation of hydraulic fracture network
evolution is a very complicated process, which involves the
coupling of four key processes: reservoir rock deformation,
dynamic fluid distribution in fractures, fluid flow in fractures,
and stress interaction between fractures. The research model in
this article is based on the following assumptions:

(1) The reservoir rocks are planar and isotropic;
(2) Fracture propagation follows the theory of linear elastic

fracture mechanics;
(3) The fluid flow inside fracture is laminar flow;
(4) Fracture propagate in either mode I or mixed mode I/II;
(5) Thermal effect is ignored.

2.1 Governing equation

The governing equation controls fracture length, width, height,
shear slip, proppant transport and fluid pressure. To simplify the
equation form, the combination parameters of Eqs 1, 2, 3 are
introduced:

E′ � E

1 − v2
(1)

μ′ � 12μ (2)

KIC
′ � 4

2
π

( )1/2

KIC (3)
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Where E is Young modulus;υis Poisson’s ratio;μ is fluid viscosity;KIC

is rock toughness.
The elastic equation can be shown as Eq. 4:

cp a( ) − σnc � ∑M
m�1

AnnT a, b( )w b( )[ ] + ∑M
m�1

AnsT a, b( )u b( )[ ]

−σs
c � ∑M

m�1
AsnT a, b( )w b( )[ ] + ∑M

m�1
AssT a, b( )u b( )[ ]

(4)

Where σc is horizontal far-field stress; s is shear direction
components; n is normal direction components; m is fracture
unit number; Ann, Ans, Asn and Ass are hypersingular Green’s
functions; T is 3-D influence coefficient; w is the fracture
opening; u is fracture surface shear displacement; p is the fluid
pressure; a is observation point; b is middle point of fracture
line segment.

The elastic equation above is applicable to two-dimensional
strain fracture. As for three-dimensional fractures, a
threedimensional influence coefficient (Eq. 5) has to be introduced:

T � 1 − dα

d2 + H/β( )2[ ]α/2 (5)

Where d is distance between observation point with midpoint of line
segment;H is fracture height;αand βare empirical constants.

The viscous fluid flow in hydraulic fractures follows
Poiseuille’s law, and the fluid velocity in hydraulic fractures
can be expressed as Eq. 4:

q � −w
3

μ′∇p (6)

Where q is fluid flow rate in fracture; ▽ is the gradient operator
along the fracture path.

In the pseudo three-dimensional model, an extra
consideration needs to be given to the height variation of each

fracture unit. The average flow velocity inside fracture should be
expressed as Eq. 7:

q � −w
3H

μ′h ∇p (7)

The mass balance equation for fracturing fluid flowing in
hydraulic fractures is:

∂w
∂t

+ ∇q � QIδ (8)

Where Q is fluid injection rate; δDirac delta function.
When the stress intensity factor reaches the fracture toughness

of the rock, the fracture will expand forward, and the width of the
fracture tip can be expressed as Eq. 9:

lim
r 


→ 0

w � K′3
IC

E′3 r
3
2 + 2 · 3 55

2

μ′Vr2
E′( )

1
3

(9)

Where V is propagation velocity.
Under stress interaction, hydraulic fractures are considered as

I-II mixed mode fractures, and the local fracture propagation
deflection angle is as Eq. 10:

tan θ/2( ) � − 2κ

1 + 
1 + 8κ2

√ (10)

The calculation method of k is shown in Eq. 11:

κ � lim
r 


→ 0

u

w
(11)

Introducing the maximum circumferential stress criterion (Eq.
12) to reason:

cos
θ

2
cos 2

θ

2
lim

r 


→ 0
w − 3

2
sin θ lim

r 


→ 0
v( ) � K ′3

IC

E′3 r
3
2 + 2 · 3 5

2
μ′ r − ro( )r2

ΔtE′( )
1
3

(12)

TABLE 1 Comparison of different numerical model methods for fracture propagation.

Numerical
methods

Characteristics Sphere of
application

Advantages Disadvantages

BEM (DDM) Continuous medium, discrete
interpolation in the mesh only at the

boundary of defined domain

Two - and three-
dimensional complex

fracture models

To reduce the problem dimension
and improve the computational

efficiency

Difficult to handle heterogeneous and
anisotropic problems, and difficult to
couple with matrix pore fluid flow

FEM Continuous medium, with preset
fracture set between two rock matrix
units, fracture propagation is controlled

by traction separation criteria

Two - and three-
dimensional fracture

propagation models with
fewer fractures

Effectively handling issues about
reservoir heterogeneity and

avoiding stress singularities at
fracture tips

Fracture paths have to preset, fracture
propagation arbitrariness is limited,
and complex high-density fractures do
not converge during cross propagation

XFEM Continuous medium, fracture tip is
described by shape function, with grid

independence

Two - and three-
dimensional fracture

propagation models for low
density fractures

Avoiding the difficulties caused by
fine mesh division of finite element

mesh tips

Difficult to deal with complex, high-
density fracture intersections

DEM Discontinuous medium, transmit load
and estimate fracture propagation by
contacting keys between particle units

Microscopic scale, complex
fracture propagation

Easy to simulate complex fracture
propagation and rock deformation

behavior

Characterize macroscopic mechanical
parameters indirectly, calibration is
complex, with low calculation rate for

mining scale issues

FDEM Split the FEM element mesh into DEM
domain and embed virtual elements to

solve fracture propagation

Two - and three-
dimensional complex

fracture models

Solve problems such as FEM’s
inability to characterize the
arbitrariness of fracture

propagation and DEM’s difficulty
in simulating macroscopic

fracturing

Certain parameters obtained without
experiments or standards
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Considering the migration of proppant, the mass balance
equation for the flow process of fracturing fluid and solid
particles in fractures can be respectively established as follows:

∂w
∂t

+ ∇qf � Qδ (13)
∂w�ϕ

∂t
+ ∇qp � Q�ϕiδ (14)

Where θis local fracture deflection angle; κis the ratio of Mode II
stress intensity factor to mode I stress intensity factor; r and r0 are
the distances from the given point to the fracture tip, at the current
and last time steps, respectively; t is time.

When considering the influence of solid particle migration in
hydraulic fracture propagation models, the original fluid lubrication
Eq. 8 should be replaced by Eqs 13, 14.

If natural fractures are widely developed in reservoir, when hydraulic
fractures meet natural fractures, the relative energy release rate is
calculated to identify the preferential extension path of the fracture.
The capacity release rate along the angle ε can be expressed as Eq. 15:

Gϵ � 1
E′ KI

2 +KII
2( ) (15)

The calculation method of the modes I and II stress intensity factors
are shown as Eqs 16, 17:

KI � 1
2
cos

ϵ
2

( ) KI 1 + cos ϵ( )( ) − 3KII sin ϵ( )[ ] (16)

KII � 1
2
cos

ϵ
2

( ) KI sin ϵ( ) +KII 3 cos ϵ( ) − 1( )[ ] (17)

Where G is energy release rate; KⅠand KⅡare modes I and II stress
intensity factors.

2.2 Boundary conditions

When multiple fractures propagate simultaneously, the sum of
the injection amounts of fracturing fluid into each fracture is equal
to the total injection amount, and the mass conservation equation
can be expressed as Eq. 18:

Q � ∑N
i�1
Qi (18)

The continuity of fracture inlet pressure can be expressed as
Eq. 19:

FIGURE 1
Numerical model calculation flow chart of complex hydraulic
fracture propagation.

FIGURE 2
Schematic diagram of wellbore structure.
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pinlet
1 � pinlet

2 � . . . � pinlet
N (19)

In addition, assuming that the crack tip width and fluid flow are
both 0, the mathematical expression is shown as Eq. 20, then:

lim
r 


→ 0

w � 0 (20)
lim

r 


→ 0
q � 0

2.3 Model solving

In order to effectively simulate the propagation process of
multiple hydraulic fractures in segmented multi cluster
fracturing of horizontal wells, all components of the model
need to be coupled for calculation, and the solution process is
shown in Figure 1. The reliability of this model has been proved
in previous article (Chen et al., 2019), and the numerical solution
of the model is precisely consistent with corresponding
accurate solution.

3 Geological situation and parameters

The target well has been drilled to a depth of over 6,000 m, with a
vertical depth of nearly 4,000 m and a horizontal section length of
1,900 m. The wellbore structure is shown in Figure 2. The completed
drilling horizon is located in the Longmaxi Formation, with main
lithology of the target layer being grayish black and black shale. The

TABLE 2 The input parameters.

Parameter Value Parameter Value

Young’s modulus/Gpa 30 Wellbore diameter/m 0.1397

Poisson’s ratio/dimensionless 0.25 Segment length/m 64

Rock fracture toughness/MPa·m1/2 2 Cluster spacing/m 10

Natural fracture toughness/MPa·m1/2 1 Perforated hole diameter/m 0.089

Average porosity/% 4.4 Holes number per cluster 8

Minimum horizontal principal stress/MPa 90 Fracturing fluid density/g/cm3 1

Maximum horizontal principal stress/MPa 93 Fracturing fluid viscosity/mPa·s 3

Loss factor/m/min1/2 0 Construction displacement/m3/min 18

Fracture height/m 50

FIGURE 3
Schematic diagram of numerical model.

TABLE 3 Values of different influencing factors.

Influence factor Range of value

Horizontal stress difference/MPa 0~10

Natural fracture strike angle/° 45,135,45+135 (conjugate
fractures)

Fracture toughness/MPa·m1/2 0.1~3

Fracturing construction displacement/
m3·min−1

6~20

Fracturing fluid viscosity/mPa·s 3~100
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reservoir has developed micro fractures, exhibits low porosity and
permeability, and has a logging porosity of 2.2%–4.5%, with an
average value of 3.3%. Both organic and inorganic pores are highly
developed. Organic pores are mainly developed in mineral
frameworks, variously sized from several nanometers to hundreds
nanometers, and shaped like subcircular, elliptical, pitted, and
honeycomb. Inorganic pores have larger sizes and complex,
diverse pore morphology. The brittleness coefficient of the
reservoir ranges from 50.6% to 94.1%, with an average value of
77.1%, which means it has good brittleness and compressibility and
is conducive to the formation of natural fractures and the fracturing
stimulation in later process. Segmented multi-cluster fracturing
technology is adopted for the well, with high-strength and high-
displacement construction. By forming complex network fractures
in the reservoir, the stimulation volume can be increased largely, so
that good reservoir stimulation effectiveness can be achieved.

Based on the geological conditions of the horizontal well H and
the fracturing construction parameters of the well, the input

parameters of the model are determined as shown in Table 2,
and the final numerical model is established as shown in Figure 3.

4 Analysis of influencing factors

The natural fractures in reservoirs have a significant impact on the
formation of complex fracture networks through hydraulic fracturing.
When high-pressure fluids introduced by hydraulic fracturing
operations activate natural fractures in rocks, these natural fractures
can be expanded, extended, interconnected, and form complex fracture
networks, which increases the reservoir fracture control volume and
improve the effectiveness of reservoir stimulation. However, in the
process of hydraulic fracturing, a lot of factors can influence the
interaction between hydraulic fractures and natural fractures.
Clarifying the evolution laws of three-dimensional fracture networks
under different influencing factors plays a guiding role in making plans
to develop unconventional reservoir. This article uses the single factor

FIGURE 4
Fracture propagation under different horizontal stress differences.
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analysis method to simulate the first five stages of fracturing in H by
controlling variables, and analyzes the hydraulic fracture propagation
law under different geological parameters (horizontal stress difference,
natural fracture strike angle: the Angle between the natural fracture and
the horizontal, and natural fracture strength) and different engineering
parameters (fracturing construction displacement and fracturing fluid
viscosity). The values of each parameter are shown in Table 3.

4.1 Geological parameter

4.1.1 Horizontal stress difference
In general, crustal stress can be divided into stress components

in three main directions: maximum horizontal principal stress,

minimum horizontal principal stress and vertical stress.
Horizontal stress difference refers to the difference between the
maximum horizontal principal stress and the minimum horizontal
principal stress. The horizontal stress difference has a significant
effect on controlling fracture direction, fracture propagating speed,
and fracture width. This article conducts research on the
propagation law of hydraulic fractures under five stress difference
levels of 0 MPa, 3 MPa, 5 MPa, 8 MPa, and 10 MPa.

Keeping the minimum principal stress invariable and increasing
the maximum principal stress of the reservoir to simulate the
fracture propagation under different horizontal stress differences
(Figure 4). When five stages of fracturing are carried out in sequence
following the red arrows in Figure 4A, the middle fractures in the
same section will generate compressive stress on the both ends of the

FIGURE 5
Fracture size under different horizontal stress differences.

FIGURE 6
Number of activated natural fracture under different horizontal stress differences.
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fracture, causing the toe fractures to bend towards the far wellbore
direction while the heel fractures to bend towards the opposite
direction, which exhibit a clear stress shadow phenomenon.

The extension direction of hydraulic fractures is not limited by
crustal stress, and the fracture tip points have high degrees of
freedom. When hydraulic fractures meet natural fractures, they
turn along the natural fractures. As the horizontal stress
difference increases, the propagation of hydraulic fracture is

constrained, and the stress shadow phenomenon weakens. When
there is a horizontal stress difference, the propagation direction of
hydraulic fracture is significantly controlled by crustal stress,
extending nearly parallel to the maximum principal stress
direction. In a state of high stress difference, hydraulic fracture
activates natural fracture, which rapidly deflects the direction after
reaching the end, and then continuing to extend along the direction
of maximum horizontal principal stress, and connecting natural

FIGURE 7
Fracture propagation under different natural fracture strike angles.

FIGURE 8
Fracture size under different natural fracture strike angles.
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fractures that are farther away in that direction. However, in all cases
of horizontal stress difference, there is no hydraulic fracture crossing
the natural fracture.

Figure 5 shows the variation of fracture size under different
horizontal stress differences. As the horizontal stress difference
increases, the extension of hydraulic fracture is constrained, and
the extension in the direction of the minimum horizontal principal
stress is limited, resulting in a slight decrease in the total length of
fractures and total SRV. However, in the direction of the maximum
principal stress, further extension of hydraulic fracture connects
farther natural fractures, leads to the increase of number of activated
natural fracture (Figure 6), and helps to connect target reservoirs in
remote well areas. At the same time, the extension of hydraulic
fractures is constrained by the maximum principal stress, which
makes the directionality stronger and reduces the intersection of
hydraulic fractures within and between segments. This is beneficial
for improving the effectiveness of reservoir stimulation.

4.1.2 Natural fracture strike angle
Under different approach angles of hydraulic fractures and

natural fractures, hydraulic fractures exhibit different propagation
modes and final shapes. Hydraulic fractures tend to pass through
natural fractures when the approach angle is large, and tend to turn
along natural fractures while approach angle is small. When the
approach angle is close to the middle value, the expansion behavior
of hydraulic fractures after intersecting with natural fractures
becomes more complex, and is usually accompanied by three
modes: passing, opening, and branching. The target reservoir
where well H is located has developed high dip angle (nearly
vertical) conjugate fractures with strike angles of 45° and 135°. In
this article, the study of hydraulic fracture propagation law under
different natural fracture strike angles conditions is carried out by
designing three different types of fractured reservoirs which develop
natural fractures with strike angles of 45°, natural fractures with

strike angles of 135°, and natural fractures with both strike angles of
45° and 135°.

Figure 7 shows the fracture propagation when a group of
fractures and conjugate fractures exist simultaneously. When a
reservoir develops a group of natural fractures, the fracture
propagation patterns of the two types of natural fractures are
basically the same. Hydraulic fractures mainly extend in the
direction of the maximum horizontal principal stress. After the
hydraulic fractures intersect with natural fractures, only a small
portion of hydraulic fractures can continue to extend through
natural fractures. Most hydraulic fractures activate natural
fractures and continue to extend in the direction of maximum
horizontal principal stress at the far end of the fractures. When
two sets of conjugate fractures are developed in the reservoir, natural
fractures constrain the extension of hydraulic fractures from two
directions. Although natural fractures intersect with each other and
increase the complexity of fractures, hydraulic fractures are difficult
to effectively extend to the far wellbore area. As a result, it is difficult
to obtain a larger fracture control volume.

Figure 8 indicates the changes in fracture size under different
natural fracture conditions. When a group of natural fractures are
developed in a reservoir, natural fractures with a strike angle of 135°

have a stronger resistance to hydraulic fracture propagation than
those with a strike angle of 45°. Under the same conditions, the total
length of hydraulic fracture, the total SRV, and the number of
activated natural fractures in reservoirs with fracture strike angle of
135° are all smaller than those in reservoirs with strike angle of 45°.
When two sets of conjugated natural fractures are developed in the
reservoir, the constraint of natural fractures on the expansion of
hydraulic fractures increases, and comparing to only one set of
natural fractures developed, there is a decrease in fracture length and
SRV. Although conjugated natural fractures increase the probability
of intersection between hydraulic fractures and natural fractures,
also increase the number of activated natural fractures (Figure 9),

FIGURE 9
Number of activated and natural fractures under different strike angles of natural fractures.
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obtaining higher fracture complexity, most hydraulic fractures are
limited to the near wellbore zone, which is actually not conducive to
increasing the fracture controlled reserve.

4.1.3 Natural fracture strength
Fracture toughness characterizes the ability of a material to prevent

fracture propagation and is a quantitative indicator of the toughness of a
material.When the fracture size is fixed, the larger the fracture toughness
value of the material is, the greater the critical stress required for the
unstable propagation of the fracture will be. The fracture toughness of
natural fracture cementitious mineral components determines the
strength of natural fractures, as well as the propagation form of the
intersection between hydraulic fractures and natural fractures, therefore
it determines the final distribution form of three-dimensional fracture
networks. Based on the distribution range of fracture toughness of the
target reservoir, this article designed nine levels of natural fracture

toughness, including 0.1MP·m1/2, 0.3 MPa·m1/2, 0.5 MPa·m1/2,
0.8 MPa·m1/2, 1 MPa·m1/2, 1.5 MPa·m1/2, 2 MPa·m1/2, 2.5 MPa·m1/2,
and 3MPa·m1/2, to study the propagation law of hydraulic fractures
under different natural fracture strength conditions.

Figure 10 shows the fracture propagation under different natural
fracture toughness conditions. When the toughness is low, the
intersection of hydraulic fractures and natural fractures will activate
the natural fractures, and the hydraulic fractures will extend to the end
of the natural fractures and continue to expand along the direction of
the maximum horizontal principal stress. When the fracture toughness
of natural fractures is high, hydraulic fractures directly pass through
natural fractures and continue to expand. As the fracture toughness
increases, the difficulty of activating natural fractures by hydraulic
fractures increases as well, while the number of activated natural
fractures decreases, and the propagation of fractures changes from
complex to simple. Under extremely high natural fracture toughness

FIGURE 10
Fracture propagation under different natural fracture toughness conditions.
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conditions, the propagation of hydraulic fractures is almost unaffected
by natural fractures, and only shows a slight deflection, presenting a
nearly parallel state.

It can be seen from the fracture size under different natural
fracture toughness conditions (Figure 11) that the activation of
natural fractures is related to the comparative relationship between
the fracture toughness of natural fractures and reservoir rocks.
When the fracture toughness of natural fractures is less than
0.4 times that of rocks, the strength of natural fractures is at a
lower level and can be activated indiscriminately by hydraulic
fractures. As the fracture toughness of natural fractures increases,
the difficulty of activating natural fractures increases as well, and the
number of activated natural fractures decreases (Figure 12), so that
the interference of natural fractures on the extension path of

hydraulic fractures decreases, and the total length of fractures
and total SRV increase. When the fracture toughness of natural
fractures increases and exceeds the fracture toughness of reservoir
rocks (2 MPa·m1/2), hydraulic fracture propagation is almost not
interfered by natural fractures. So the figure indicates that when the
number of activated natural fractures approaches to 0, the total
length of fractures and total SRV tend to stabilize.

4.2 Engineering parameters

4.2.1 Fracturing construction displacement
During the fracturing construction process, the selection of

construction displacement is crucial for the effectiveness of

FIGURE 11
Fracture size under different natural fracture toughness conditions.

FIGURE 12
Number of activated natural fractures under different fracture toughness conditions.
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hydraulic fracturing. When natural fractures develop, hydraulic
fractures change direction and produce more natural fractures to
form complex fracture networks. During this period, larger
displacement, greater pump pressure and greater fluctuation
of pump pressure are conducive to communicating more
natural fractures and achieving better reservoir stimulation
effectiveness. Based on the actual construction parameters on
site, this article designed five levels of fracturing construction
displacement: 6 m3/min, 10 m3/min, 14 m3/min, 18 m3/min,
20 m3/min, and conducted research on the hydraulic fracture
propagation law under different fracturing construction
displacement conditions.

The fracture propagation results under different fracturing
construction displacement are shown in Figure 13. The results
demonstrate that as the fracturing construction displacement
increases, the extension length of the fracture in the direction of
the maximum horizontal principal stress decreases slightly.

Based on the fracture size and the number of activated natural
fractures under different fracturing construction displacement
conditions (Figures 14, 15), it can be seen that as the fracturing
construction displacement increases, the total length of fractures, total
SRV, and the number of activated natural fractures demonstrate a
similar trend of increasing first and then decreasing. When the
construction displacement is less than 10m3/min, all of the three
curves rise as fracturing construction displacement increase. However,
when the fracturing construction displacement continues increasing,
they decline gradually, and when the construction displacement volume
reaches 18 m3/min, their values tend to be constant. Therefore, to achieve
better reservoir stimulation results, the construction displacement range
of the well should be 10–14 m3/min.

4.2.2 Fracturing fluid viscosity
The rheological properties of fracturing fluid have a significant

impact on the effectiveness of hydraulic fracturing construction.

FIGURE 13
Fracture propagation under different fracturing construction displacement conditions.
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When other conditions are same, low viscosity fracturing fluid is
suitable for creating long fractures and communicating more natural
fractures, while high viscosity fracturing fluid is suitable for creating
wide fractures and obtaining larger oil and gas seepage channels.
Reasonable selection of fracturing fluid viscosity plays an important
role in the final reservoir stimulation effectiveness. Based on the
types and rheological parameters of fracturing fluids used in on-site
construction, this article designs seven levels of fracturing fluid
viscosity: 3 mPa·s, 5 mPa·s, 8 mPa·s, 10 mPa·s, 30 mPa·s, 60 mPa·s,
and 100 mPa·s, and conducts a study on the hydraulic fracture
propagation law under different fracturing fluid viscosity conditions.

Figure 16 indicates the results of fracture propagation under
different fracturing fluid viscosity. It can be seen from the figure that

the viscosity of the fracturing fluid significantly affects the fracture
morphology as well. As the viscosity of the fracturing fluid increases,
the extension length of hydraulic fractures, the distribution range of
fractures, and the number of activated natural fractures decrease
significantly. Low viscosity fracturing fluid reduces the resistance of
the fluid inside the fracture, causing the fluid to spread further and
form long-narrow fractures. Meanwhile, as the viscosity of the
fracturing fluid increases, both the net pressure and induced
compressive stress of the fracture increase, leading to the first
segment of fracture bending towards the toe with larger
amplitude. When the stress shadow phenomenon becomes
obvious, the high viscosity fracturing fluid forms relative short
and wide fractures.

FIGURE 14
Fracture size under different fracturing construction displacement conditions.

FIGURE 15
Number of natural fractures activated under different fracturing construction displacement conditions.

Frontiers in Energy Research frontiersin.org13

Chen et al. 10.3389/fenrg.2023.1337069

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1337069


According to Figures 17, 18, as the viscosity of the fracturing
fluid increases, the total length of fractures, total SRV, and the
number of activated natural fractures all tend to decrease.
Minimizing the viscosity of the fracturing fluid while meeting the
requirements of sand carrying design to connect the far end
reservoir and activate more natural fractures can achieve better
reservoir reconstruction effectiveness.

5 Conclusion

(1) The horizontal stress difference has relatively small effect on
fracture size, showing a negative correlation with it. A large
horizontal principal stress difference constrains the expansion
of hydraulic fractures, strictly follows the phenomenon that
expanding along the direction of maximum horizontal
principal stress and weakening the stress shadow, makes

the fractures have stronger directivity, reducing pressure
channeling within and between segments. The well
trajectory should be parallel to the minimum horizontal
principal stress setting, which is conducive to improving
the effectiveness of reservoir stimulation.

(2) In reservoirs which develop natural fractures, the natural
fractures will hinder the expansion of hydraulic fractures,
and the conjugate fractures will interfere with the expansion
of hydraulic fractures from both directions. Although natural
fractures are interlacing with each other and increase the
complexity of fractures, the fractures are limited to the near-
well zone, so that the fracture size will be smaller than that of a
certain group of fractures developed separately, which is not
conducive to improving the reservoir stimulation
effectiveness.

(3) The fracture size is positively correlated with the strength of
natural fractures. When the fracture toughness of natural

FIGURE 16
Fracture propagation under different fracturing fluid viscosity conditions.
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fractures is low, natural fractures are easily activated and the
complexity of fractures is strong. When the stress intensity
factor of natural fractures is large, natural fractures are easily
penetrated directly and the distribution of fractures is simple.
However, when the fracture toughness of natural fractures is
excessively large, the fracture size is almost unaffected by the
strength of natural fractures.

(4) As the fracturing construction displacement increases, the
fracture size and the number of activated natural fractures
show a pattern of increasing at first and then decreasing. A
suitable construction displacement not only helps to break
through the obstacles of natural fractures and form a more

complex distribution of fractures, but also helps to obtain a
larger reservoir stimulation volume. The optimal construction
displacement for this well is 10–14 m3/min.

(5) Low viscosity fracturing fluid is suitable for forming long and
narrow fractures, while high viscosity fracturing fluid forms
relatively short and wide fractures. To overcome the
obstruction of natural fractures, connect with remote
reservoir, form complex fracture networks and achieve
better reservoir stimulation effectiveness, low viscosity
fracturing fluid should be used as much as possible to
meet the requirements of sand carrying design Kresse and
Weng, 2017, National Resources Canada, 2016.

FIGURE 17
Fracture size under different fracturing fluid viscosity conditions.

FIGURE 18
Number of natural fractures activated under different fracturing fluid viscosity conditions.
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