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Abstract: Natural fractures play a significant role in creating a fracture network simulation treatment.
In this work, global cohesive elements were incorporated into the cohesive zone method to realize the
unprompted propagation of a hydraulic fracture. The step-by-step propagation patterns of hydraulic
fractures in a random natural fracture network were discussed. An effective area was defined to
quantitively assess the influenced area of induced fractures. The results showed that the hydraulic
fracture tips were attracted by local natural fractures when the horizontal stress difference was low.
Bifurcations and secondary fractures occurred at the natural fracture intersections, which contributed
to the complexity of the induced fracture network on a local scale. The length of the main hydraulic
fracture reached the maximum when the in situ stress ratio was 1.12. The influence of natural fractures
on the overall trend of fracture propagation was limited when the in situ stress difference increased. It
also suggested that a lower rock tensile strength and natural fractures cementation strength improved
the main fracture length. A higher tensile strength of rock increased the initiation pressure of the
induced fracture, while the cementing strength of the natural fractures showed no impact on it. The
results presented in this paper could improve the basic understanding of the fracture development in
a natural network and help to predict a complex fracture network in a real situation.

Keywords: hydraulic fracturing; natural fracture network; fracture propagation; global cohesive
elements; numerical simulation

1. Introduction

The successful and efficient exploitation of shale gas heavily relies on hydraulic frac-
turing to achieve commercial production [1], which is the most effective way to recover the
gas from low permeability naturally fractured formations [2]. Creating a complex fracture
network system is the most important goal of hydraulic fracturing in ultra-low permeability
reservoirs. However, geological materials are discontinuous and heterogeneous due to
the tectonic action of strata. Discontinuous joints and natural fractures that are randomly
distributed in the reservoirs have a significant influence on the fracture network geometries.
Observations of core samples and image logging indicates that discontinuities in shale,
such as natural fractures and bedding interfaces, exist in most shale reservoirs and act as
weak planes to affect the propagation of hydraulic fracture [3]. Field fracturing tests and
microseismic monitoring reveal that hydro-induced fractures in hydraulic fracturing can
activate natural fractures and weak planes in the reservoir, thus generating a large number
of branch fractures, and significantly improving the permeability of the reservoir [4–6].

In the past decades, many studies have been conducted to investigate the effects of
discontinuities (e.g., natural fractures and joints) on perturbing the propagation of hydraulic
fractures, and the results reveal that natural fractures can observably improve the ultimate
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morphology of the fracture network [7–9]. For instance, Maxwell and Steinsberger [10]
used microseismic monitoring technology to image hydraulic fracturing fractures in shale,
revealing a positive correlation between gas production and fracture network complexity.
Renshaw and Pollard [11] established an orthogonal intersection criterion of hydraulic
fractures and natural fractures to predict whether the hydrofractures in brittle rocks would
propagate through natural fractures or terminate after they intersected vertically. Later,
Gu [12] supplemented the orthogonal intersection criterion and found that a hydraulic
fracture was more likely to extend along the interface of a natural fracture when their
intersection angle was less than 90◦, which has been verified by experiments. Bahorich [13]
reported that there might be bypass, separation of weak planes, fracture deflection, and
mixed expansion of the above three modes at the intersection of hydraulic fractures and
natural fractures. They concluded that the presence of these natural fractures can have
beneficial or detrimental effects on the complex geometry of hydrofractures. On the one
hand, the activation of natural fractures may expand the flow paths of oil and gas and
improve fracture complexity, making stimulation treatments more effective [14]. On the
other hand, reactivated natural fractures may result in additional leak-off and reduced fluid
pressure in fractures, hence a lower treatment fluid efficiency [15]. Despite the existing
research results, most experiments or numerical model have been devoted to investigating
the interaction of a single natural fracture or several hydraulic fractures but ignore the
natural fractures in the form of a network. A thorough understanding of the fracture
propagation behavior in a natural fracture network is still lacking.

In recent years, some studies have focused on large-scale fracture network simulation.
New hydraulic fracturing models have been developed and are still evolving. So far,
the main methods used to simulate complex fracture networks are the Displacement
Discontinuous Method (DDM) [16–19], Boundary Element Method (BEM) [20], Finite
Element Method (FEM) [21,22], Extended Finite Element Method (XFEM) [23,24], Discrete
Fracture Network (DFN) [25–27], and the Discrete Element Method (DEM) [28,29]. Each of
these methods has advantages and disadvantages: the DDM has some difficulties in the
deformation of heterogeneous and anisotropic materials; the DEM has a high computing
cost in the computing domain; the FEM is an effective and widely used numerical technique,
but it is time consuming due to grid repartition. The Cohesive Zone Method (CZM), an
efficient tool for fracture initiation and propagation modeling that has been developed
in recent years, can help to solve these problems [30–33]. In the CZM, cohesive elements
with pore pressure DOF and displacement DOF are used to describe hydrofractures with
consideration of fluid flow in the fracture and leak-off to the rock [34,35], as shown in
Figure 1. The fracture process is characterized by the Traction-Separation Law, which
mainly depends on the material properties of the cohesive zone. The CZM successfully
circumvents the significant perturbance that the singularity at the fracture tip causes in the
solution convergence of the equations. In addition, the CZM imposes restrictions on the
hydraulic fractures’ propagation paths and only allows fractures to extend along the edges
of cohesive elements. Hence, the FEM in conjunction with the cohesive layer can explicitly
model the simulation of the intersection between hydraulic fractures and natural fractures
without grid remeshing, which reduces the computational expense [36]. However, this
propagation restriction is also the main shortcoming of CZM. It requires that the direction
of the propagation of the fracture must be known or actively updated during propagation.
In other words, the intersection at a natural fracture is predefined and not predicted. Three
types of interactions are observed between a hydraulic and a single natural fracture [15],
in which we can preset the expansion path of fractures, but this cannot be achieved in the
natural fracture network due to the much more complicated fracture geometries. A key
consideration of a complex fracture model is the propagation of a hydraulic fracture in a
connective natural fracture network. In this case, fracture propagation may occur along
the reactivated natural fracture paths with complex geometries, including deflections and
bifurcations. In this way, the intersection mechanism between the fracture and the single



Appl. Sci. 2022, 12, 4738 3 of 23

natural fracture is not so important, but the influence of the fracture network should be
considered.
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Figure 1. Schematic of the intersection between a hydraulic fracture and a natural fracture using pore
pressure cohesive elements. Inspired by [32].

In field tests or experimental tests, the development process of induced fractures in
rocks is actually unknown, making it hard to understand the role that natural fractures
play in induced fracture propagation. In this paper, we investigated the step-by-step
propagation pattern of hydraulic fractures in a natural fracture network and realized the
non-prefabricated propagation of hydraulic fractures by using global cohesive elements.
The effects of multiple factors such as in situ horizontal stress, rock tensile strength, and
natural fracture cementation strength were discussed. The results presented in this paper
could provide a visible propagation process of a hydraulic fracture and improve the basic
understanding of the fracture development in a natural network. It helps the prediction of
a complex fracture network in a real situation.

2. Simulation Methodology
2.1. Coupled Pore Fluid Diffusion and Stress Analysis

Fracture propagation behavior of hydraulic fracturing is a fluid–solid coupling prob-
lem, concerned with the deformation of the solid phase, fluid flow in the porous media,
fracturing fluid flow in the fracture, and fracturing fluid leak-off. In this paper, coupled pore
fluid diffusion and stress analysis were used to simulate the propagation of a hydrofracture
in rock. The rock was regarded as a multiphase material, and an effective stress principle
was adopted to describe its behavior. When the pores in the porous medium are filled with
single-phase liquid medium, the effective stress of the porous medium is defined as follow:

σ∗ = σ + χuwI (1)

where σ∗ is effective stress, σ is total stress, and χ is a factor that depends on saturation and
surface tension of the liquid-solid system [37]; it is 1.0 when the medium is fully saturated.
uw is the fluid pressure of the porous medium, and I is the second-order tensor.

The rock stress equilibrium equation can be expressed by the principle of virtual work
as follow: ∫

V
σ·δεdV −

∫
S

t·δvdS−
∫

V
f·δvdV = 0 (2)

where δv is the virtual velocity field, δε is the virtual deformation, σ is the Cauchy stress, t
is the surface traction of per unit area, and f is the body force of per unit volume.

We considered the presence of liquid fluids in porous medium and assumed that the
fluid was relatively incompressible. The porous medium was modeled by attaching finite
element mesh to solid phase, and a continuity equation was used to calculate the mass of
liquid in unit volume of porous media, which was written in a variational form as a basis
for finite element approximation. The total mass of the liquid in volume (occupies space V
with surface S) can be written as:∫

V
ρw[dVw + dVt] =

∫
V

ρw(nw + nt)dV (3)
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where ρw is the mass density of the liquid, Vw is the volume of liquid that passes through
at any time, and Vt is the volume of liquid trapped at any time. The time rate of change in
this mass of liquid can be calculated as:

d
dt

(∫
V

ρw(nw + nt)dV
)
=
∫

V

1
J

d
dt
(Jρw(nw + nt))dV (4)

where J is the volume change in the material. The mass of the liquid passing through the
surface into the volume in unit time is:

−
∫

S
ρwnwn·vwdS (5)

where vw is the average velocity of the liquid relative to the solid phase (seepage velocity),
and n is the outward normal of S. The mass continuity equation of wetting liquid is obtained
by equating the increase in liquid mass on surface S to the change rate in liquid mass in
volume V as follows: ∫

V

1
J

d
dt
(Jρw(nw + nt))dV = −

∫
S

ρwnwn·vwdS (6)

Equation (6) is integrated approximately in time by the backward Euler formula
and introducing Darcy’s law to describe the constitutive behavior of pore fluid; then, the
continuity statement for the liquid phase in a porous medium can be obtained:∫

V

[
δuw

(
ρw
ρ0

w
(nw + nt)− 1

J (
ρw
ρ0

w
(J(nw + nt))t

)
− ∆t ks

ρ0
wg(1+β

√
vw ·vw)

∂δuw
∂x ·k

·
(

∂uw
∂x − ρwg

)]
dV + ∆t

∫
S δuw

ρw
ρ0

w
nwn·vwdS = 0

(7)

where δuw is an arbitrary continuous variational field, β is the velocity coefficient [38], k
is the permeability of the saturated medium, and g is the gravitational acceleration. The
equation was normalized by the density of the liquid in the reference configuration for
convenience, ρ0

w.
In a coupled procedure, Equations (1), (2), and (7) are collated into a matrix expression,

and the simultaneous solution can be used to derive the fluid–solid coupling finite element
equation of the reservoir. Newton iterations are used to solve the equation.

2.2. Fracture Initiation and Propagation Criteria

Various criteria have been proposed to predict fracture initiation and propagation [39–42],
mainly based on linear elastic fracture mechanics (LEFM) theory and damage mechanics.
The LEFM method uses characteristic parameters such as the stress intensity factor and
energy release rate as criteria for fracture propagation judgement. The LEFM is unable
to predict the fracture initiation and is typically used to predict the propagation of cracks
that have been opened in the material. Another major method of crack prediction is based
on damage mechanics, in which the microdefects inside the material are considered. By
selecting appropriate damage variables, the damage evolution equation of the damage-
containing materials is derived using continuum mechanics [43–45].

In this paper, a linear Traction-Separation Law based on damage mechanics is used to
judge the crack propagation behavior. It assumes that the failure of the cohesive elements
is characterized by the progressive degradation of the material stiffness, which is driven by
a damage process. The failure mechanism consists of two ingredients: a damage initiation
criterion and a damage evolution law.

The stress and strain follow the linear elastic relationship before the damage occurs
in a cohesive element. Traction t = {tn, ts, tt}, where tn is the traction perpendicular to
the possible fracture surface, and ts, tt are two tangential tractions perpendicular to each
other on possible fracture surfaces. t0

n, t0
s , and t0

t represent the limit values of nominal stress,
respectively. Once any component of the traction reaches the limit value, the cohesive
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element begins to be damaged, and the fracture occurs. This damage initiation criteria can
be expressed as [46]:

max
{
〈tn〉
t0
n

,
ts

t0
s

,
tt

t0
t

}
= 1 (8)

where the symbol 〈 〉 denotes the Macaulay bracket and signifies that a pure compressive
deformation or stress state does not initiate damage.

With the injection of fracturing fluid, the traction increases as the fracture surface
separates from each other. With the increase in separation degree, due to the degradation
(or softening behavior) of the stiffness of the material, the traction decreases [47] until
the fracture tip is completely destroyed, and the tractive strength of the fracture surface
drops to zero. The damage evolution law can be characterized by a bilinear cohesion
traction-separation relationship [48], shown in Figure 2, which can be expressed as follows:

t =


K0∆ , 0 ≤ ∆ ≤ ∆0

(1− D)K0∆, ∆0 ≤ ∆ ≤ ∆max

0, ∆max ≤ ∆
(9)

where K0 is the initial stiffness of the cohesive element, ∆0 is the critical displacement at
which the fracture tip begins to damage, ∆max is the maximum displacement obtained
during the loading process, and the damage index D is used to describe the damage degree
of the cohesive element.
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2.3. Global Cohesive Element Model

Generally, cohesive elements are considered as being composed of two faces separated
by a thickness, as depicted in Figure 3a. The relative motion of the bottom and top faces
measured along the thickness direction represents the opening and closing of fractures. The
relative change in position of the bottom and top faces measured in the plane orthogonal to
the thickness direction quantifies the transverse shear behavior of the cohesive element.
The bottom surface and the top surface of the element will internally form intermediate
pore pressure nodes, which can be observed in Figure 3a (node 5 and node 6). When the
mid-surface is separated, driven by the fluid pressure, the fracturing fluid fills the fracture
space; then, as shown in Figure 3b, normal flow occurs towards the top and bottom surface
while tangential flow takes place at the intermediate node. In the CZM, the fractures are
restricted to propagate along the cohesive element layer without being deflected into the
rock matrix, as shown in Figure 4, which requires how the fracture will propagate be
known. However, it is quite difficult to prefabricate all the fracture propagation paths in
a naturally fractured formation, as fully developed natural fractures will greatly increase
the morphology complexity of hydraulic fractures. In this work, we realize the fracture
to extend along any element boundary after it initiates by using global cohesive elements.
The cohesive element COH2D4P with pore pressure DOF was inserted arbitrarily into two
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adjacent rock elements and a natural fracture element. The cohesive elements were zero
geometric thickness, which guaranteed the mechanical properties of the rock would not be
affected. Since the fluid pressure is transmitted through intermediate pore pressure nodes,
pore pressure nodes are shared between any two adjacent elements by converging all the
intermediate nodes together, as schematically shown in Figure 5.
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Figure 3. (a). Schematic of two-dimensional pore pressure cohesive element. (b) Fluid flow in
cohesive element. The pore pressure cohesive element can simulate a tangential flow and leak-off
from fracture to rock matrix.
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3. Complex Natural Global Cohesive Element Model Setup

The model size was 50 m × 50 m, with uniformly distributed in situ stress loaded on
the boundary, as depicted in Figure 6. The maximum in situ horizontal stress σH was in
the vertical direction, and the minimum in situ horizontal stress σh was in the horizontal
direction. A 1-m-long perforation was prefabricated at the center of the model with an
injection node at the midpoint. Fracturing fluid entered the model from the injection
node and flowed through the perforation. About five hundred natural fractures were
randomly distributed in two symmetrical directions with certain restrictions as follows:
(1) the fracture length was in a specified range (1 m, 3 m); (2) the fracture length spacing
range was (1 m, 2 m); (3) the fracture width spacing range was (2 m, 3 m); and (4) the
x coordinate of the starting point was half length of the model diagonal to ensure that
the natural fracture network center was at the center of the model. The natural fracture
network model was programmed in Python, and the Newton-Raphson algorithm was used
to analyze the diffusion and stress of the coupling pore fluid in the model. Modelling the
initiation and propagation of hydraulic fracture intersecting with natural fractures network
is a strongly nonlinear problem, involving the multi-field coupling effect of stress field and
seepage; so, a powerful solver is needed. The calculation process was implemented in the
finite element commercial software ABAQUS. Figure 7 shows the principle of the global
cohesive element model. Two steps were included in the coupled pore fluid diffusion and
stress analysis: (1) a geostatic step, which established equilibrium between the initial pore
pressure and in situ stresses and removed the initial deformation; (2) a soil step, which
simulated the hydraulic fracture initiation and propagation under the coupling of the
rock skeleton and pore fluid. Natural fractures were assumed to be closed as the weak
planes and assigned relatively smaller rock mechanical parameters, until driven by the
fluid pressure under the Traction-Separation Law.
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In order to make the simulation results more valuable for field tests, the model pa-
rameters referred to the real parameters of the Jiaoye No. 1 well in the Wufeng-Longmaxi
Formation in Fuling, Sichuan Province, China [49]. The formation geologic parameters and
material properties are listed in Table 1.

Table 1. Relevant parameters for the model.

Parameter Value Parameter Value

Young’s modulus 30.2 GPa Initial pore pressure 36.5 MPa
Poisson’s ratio 0.2 Porosity 0.1

Tensile strength of the rock 3/6/9 MPa Permeability
coefficient 2.23 × 10−7 m/s

Cementing strength of
the NFs 1 0.5/1/3 MPa Leak-off coefficient 1 × 10−13 m/(Pa·s)

Minimum in situ
horizontal stress 50 MPa Injection rate 0.01 m3/s

Maximum in situ
horizontal stress 65 MPa Fluid viscosity 0.001 Pa·s

1 NFs means natural fractures.

4. Numerical Results and Discussion

In this section, the previously built model is used to investigate the hydraulic fracture
propagation in natural fracture network under multiple factors such as in situ horizontal
stress, rock tensile strength, and natural fracture cementation strength.

4.1. Influence of In situ Stress

To investigate the influence of in situ stress on hydraulic fracture propagation, we kept
the minimum in situ stress at 50 MPa, while the maximum in situ horizontal stress ranged
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from 50 MPa to 65 MPa. The acute angle of the natural fracture and the maximum in situ
horizontal stress was assigned to be 60◦.

The simulation results are presented in Figures 8–12, which indicate that the in situ
horizontal stress difference played a critical role in the propagation of hydrofractures in a
natural fracture network. Figure 8 shows the extracted hydraulic fractures’ morphology
under different in situ stress differences. It is observed that under a small in situ stress
difference, the induced fracture propagated at an angle with the horizontal stress direction
and developed secondary fractures. With the increase in in situ stress differences, the angle
of the induced fracture with maximum in situ horizontal stress became smaller, and no
more secondary fractures occurred.
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Figure 9. The in situ stress difference at 0 MPa. (a) Schematic diagram of the fracture morphology.
(b) The propagation process of the hydrofractures in a natural fracture network.
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Figure 10. The in situ stress difference at 5 MPa. (a) Schematic diagram of the fracture morphology.
(b) The propagation process of the hydrofractures in a natural fracture network.
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Figure 11. The in situ stress difference at 10 MPa. (a) Schematic diagram of the fracture morphology.
(b) The propagation process of the hydrofractures in a natural fracture network.
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Figure 12. The in situ stress difference at 15 MPa. (a) Schematic diagram of the fracture morphology.
(b) The propagation process of the hydrofractures in a natural fracture network.

To understand the propagation pattern of the hydraulic fractures, we analyzed the
step-by-step fracture development when the in situ stress differences were 0 MPa, 5 MPa,
10 MPa, and 15 MPa, as shown in Figures 9–12. When the horizontal in situ stress difference
was 0 MPa, the hydrofracture in the natural fracture network was no longer a symmetrical
bi-wing fracture but complicated and tortuous. It initiated at the ends of the perforation,
then expanded along the right-hand natural fractures, and finally formed a main fracture
at about 60◦ to the vertical. After the main fracture above the perforation developed for
a short distance, a bifurcation occurred and, then, stopped cracking quickly. The other
branch at the bifurcation continued to propagate in the direction of the right-sloping natural
fractures and turned to the 45◦ slowly. When it came to the fracture below the perforation,
a secondary fracture appeared in the direction of the left-sloping natural fractures with
several obvious turns during the propagation. In addition, burry-like microfractures were
observed on the edges of major fractures.

To figure out the mechanism of fracture propagation in a natural fracture network,
we extracted the coordinates of natural cracks and hydraulic fractures at different times,
as depicted in Figure 9b. The 0 MPa in situ stress difference means that there was no
preferential direction. As weak planes in the rock, the location of natural fractures might
observably attract the hydrofracture. Thus, the induced fracture propagated along the
nearest right-sloping natural fractures after it initiated, since they were closer than the
left-sloping ones. Thereafter, the fracture tip continuously captured the nearest weak plane
to extend. At the intersection of natural fractures in different directions, the two natural
fractures may be reactivated simultaneously, where fracturing fluid distributed and lead to
bifurcation and secondary fracture.

When the in situ stress difference was 5 MPa, a tortuous hydraulic fracture was formed
with no secondary fracture, as illustrated in Figure 9. Influenced by the difference in in situ
stress, the main fracture propagated along the right-sloping natural fractures at the outset
but later deviated toward the direction of maximum in situ horizontal stress. It seems that
the attraction of weak planes did not play a dominant role all the time. Several deflections
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occurred in the later process of the propagation. Unlike the result when the in situ stress
difference was 0 MPa, the hydraulic fracture directly turned to the rock matrix under the in
situ stress difference rather than go on along another natural fracture at the intersection.

The deviation of the hydraulic fracture from the direction of natural fractures was
more obvious when the in situ stress difference was 10 MPa and 15 MPa. The hydraulic
fracture initiated from the perforation and, distinctively, was not affected by the natural
fracture near the perforation and propagated towards the direction of the maximum hor-
izontal stress. The hydrofracture below the perforation was substantially in the vertical
direction in its propagation and turned to the direction of the maximum horizontal prin-
cipal stress immediately after it was captured and penetrated by natural fractures. The
hydrofracture above the perforation first propagated in the vertical direction and, then,
turned to the adjacent natural fractures and penetrated out along a zigzag. The overall
trend of the hydraulic fracture no longer followed the direction of the natural fractures
and propagated almost parallel to the direction of the maximum principal stress in twists
and turns because of the large in situ stress difference. The attraction of weak planes was
diminished. Although the position of natural fractures had limited influence on the overall
trend of fracture propagation, it increased the sinuosity of the fracture morphology.

4.2. Tensile Strength of the Rock and Cementing Strength of Natural Fractures

The influence of the tensile strength of the rock σt and the cementing strength natural
fractures σc on hydraulic fracture propagation were investigated. The in situ stress differ-
ence was kept at 5 MPa. In the cases of the sensitivity analysis of the rock tensile strength,
σt ranged from 3 MPa to 9 MPa, and σc was 1 MPa. In the case of the sensitivity analysis
of the cementing strength of the natural fractures, σc was from 0.5 MPa to 3 MPam and σt
was 3 MPa. The simulation cases are listed in Table 2, and the results are represented in
Figures 13–16.

Table 2. Simulation cases.

Case

Tensile strength of the rock σt =3, 4, 5, 6, 7, 8, 9 MPa
Cementing strength of NFs 1 (MPa) σc =0.5, 1, 1.5, 2.0, 2.5, 3.0 MPa

σH − σh 5 MPa
1 NFs denotes natural fractures.
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Figure 13 shows the extracted hydraulic fractures’ morphology under different rock
tensile strengths. It indicates that the bifurcations and secondary fractures were diminished
when the rock tensile strength was higher. To understand the propagation pattern of the
hydraulic fractures, we analyzed the step-by-step fracture development when the rock
tensile strength was 3 MPa, 6 MPa, and 9 MPa, as shown in Figure 14. When the tensile
strength was 3 MPa, hydraulic fracturing produced a long left-sloping main fracture and a
right-sloping secondary fracture. The secondary fracture propagated for a short distance
and stopped. When the tensile strength of the rock was 6 MPa and 9 MPa, only the main
fracture occurred, and the main fracture propagated in a zigzag fashion in the natural
fracture network and rock matrix. The smaller the differences between the tensile strength
of the rock and the natural fractures, the greater the possibility of hydraulic fracture
propagated along the natural fractures. It can be seen from Figure 13 that when the tensile
strength of rock was relatively small, the phenomenon of fracture bifurcation was more
obvious, forming a secondary fracture and more bifurcations. This is because when the
tensile strength of rock was higher, greater resistance was needed to overcome it to break
up the rock, and fewer bifurcations occur, with a smaller fissured area.

The morphology of hydraulic fracturing fractures with different natural fracture
mechanic properties is demonstrated in Figure 15. It can be seen from the figure that the
hydraulic crack initiated from the perforation and formed a tri-wing fracture along the
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direction of the natural fracture. To understand the propagation pattern of the hydraulic
fractures, we analyzed the step-by-step fracture development when the rock tensile strength
was 0.5 MPa, 1.0 MPa, and 3.0 MPa, as shown in Figure 16. With the increase in the
cementing strength of natural fractures, the length of the hydraulic crack on the lower side
of perforation became shorter, and the number of bifurcated fractures turning to the rock
matrix along the main fractures became larger.

4.3. Complexity of Hydraulic Fracture Network

A complex fracture network is the key to obtaining considerable economic benefits.
The formation of a complex network can enlarge the stimulated reservoir volume and
cause the fluid in the matrix to permeate along the shortest distance, as well as reduce the
driving pressure difference required for the oil and gas flow [50] Therefore, a quantitative
assessment of the complexity of the fracture network is required. The total length of
the main hydraulic fracture and the effective area of the fracture path in the model were
extracted. Here, the effective area of the fracture path is defined as the total area of the
closed area surrounded by the equivalent polyline of the hydraulic fracture, which can
reflect the area influenced by different fracture shapes on a reservoir to a certain extent. In
general, the effective area of reticulated fractures is larger than that of strip-type fractures,
and the effective area of zigzag extended fractures is larger than that of unidirectional
extended fractures.

The main fracture length and the effective area of a fracture path under different in
situ stresses are summarized in Table 3 and Figure 17. With the increase in horizontal in
situ stress difference, the length of the main fracture first increased and then declined. The
maximum occurred when the horizontal in situ stress difference was 6 MPa, where the in
situ stress ratio was 1.12, and the longest main fracture was 53.1 m. This indicates that an
excessive horizontal in situ stress difference will lead to a single shape and direction of
a hydraulic fracture, which is not conducive to the complexity of a fracture network. In
general, the effective area of the fracture path decreased with the increase in the horizontal
in situ stress difference. Its value was higher when the horizontal in situ stress difference
was at a low level (0~2 MPa). This may be attributed to the secondary fracture with a large
angle to the direction of the main fracture. The result shows that the key to increasing the
complexity of the hydraulic fracture network is to form secondary fractures with a larger
angle to the main fracture to enlarge the network morphology.

Table 3. Fracture parameters under different horizontal stresses.

σH−σh(MPa) σH/σh
Length of Main

Fractures (m)
Effective Area of

Fracture Path (m2)

0 1.0 37.3 123.7
1 1.02 43.1 126.4
2 1.04 40.5 122.3
3 1.06 45.4 92.6
4 1.08 47.6 86.7
5 1.10 48.7 62.4
6 1.12 53.1 90.3
7 1.14 48.4 47.2
8 1.16 42.5 26.1
9 1.18 44.1 37.4
10 1.20 41.9 23.9
11 1.22 39.6 24.1
12 1.24 40.2 33.5
13 1.26 41.2 34.1
14 1.28 43.1 45.2
15 1.30 40.3 37.5
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crack decreased. This may because a longer length results in additional leak-off and re-
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Figure 17. Fracture length under different in situ horizontal stresses.

Figures 18 and 19 show the length of the main fracture and maximum aperture under
different tensile strengths of rock and cementing strengths of natural fractures, respectively.
The fracture parameters are listed in Table 4. It can be seen that with the increase in rock
tensile strength, the length of the main fracture decreased, in general. When the tensile
strength of rock increased from 3 to 9 MPa, the length of the main fracture decreased from
40.4 to 35.1 m. This is because fracturing rock needs more energy when the tensile strength
is higher, and it is difficult for a fracture to propagate in rock. Thus, excessive rock tensile
strength is not conducive to stimulation treatments. It is better to select reservoirs with
appropriate rock tensile strength for fracturing operations when conducting a fracturing
feasibility study, for better economic benefits. In addition, it was found that the maximum
aperture of the hydraulic fracture increased as the length of the crack decreased. This may
because a longer length results in additional leak-off and reduces the fluid pressure in
fractures [15], which makes the fracture more narrow.
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Table 4. Fracture parameters under different tensile strengths of rock and cementing strengths of
natural fractures.

σt(MPa) σc (MPa) Length of Main
Fractures (m)

Maximum Aperture
(10−3 m)

3 1.0 40.4 8.442
4 1.0 38.6 8.601
5 1.0 37.9 8.900
6 1.0 37.7 8.815
7 1.0 35.5 8.896
8 1.0 36.2 9.242
9 1.0 35.1 9.418
3 0.5 41.1 8.265
3 1.5 39.6 8.532
3 2.0 39.1 8.682
3 2.5 37.3 8.735
3 3.0 35.5 8.808

Figure 19 shows the variation of the fracture length and maximum aperture of the
hydraulic fracture under different cementing strengths of natural fractures. As shown in
the figure, the length of the main fracture decreased with the increase in the cementing
strength of natural fractures. When the cementing strength of natural fractures was 0.5 MPa,
the length of the main fracture showed its maximum value and then decreased. Meanwhile,
the maximum aperture of the hydraulic fracture increased as the cementing strength of the
natural fractures increased. This is because the excessive cementing strength will make it
difficult for hydraulic cracks to expand along natural fractures, which leads to the smaller
length of the main fracture and more bifurcated fractures turning to rock matrix.

4.4. Bottom Hole Pressure

Bottom hole pressure is one of the most important indexes in oil and gas extraction.
With the injection of fracturing fluid, the bottom hole pressure rises approximately linearly
until it reaches the extreme point, which represents the breakdown pressure. A new
fracture surface is formed after fracture initiation, and fracturing fluid fills the new fracture
space, which results in a temporary decrease in bottom hole pressure. When the cohesive
element at the fracture tip is completely damaged, the fracture propagates forward, and the
pressure reaches a second peak. With the increase in fracture length, the fracturing fluid
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leak-off into the rock increases, and the pressure at the bottom of the well remains stable,
finally. Bottom hole pressure curves under different in situ stress differences are shown in
Figure 20. With the increase in in situ stress difference, the breakdown pressure decreased.
Figures 21 and 22 are bottom hole pressure curves under different rock tensile strengths
and natural fracture cementing strengths, respectively. As can be seen from Figure 21, when
the tensile strength of rock was 9 MPa, the initiation pressure was obviously higher than
that of 6 MPa and 3 MPa. This is mainly because the greater the tensile strength of rock,
the more energy is needed for fracturing the rock. As shown in Figure 22, the breakdown
pressure did not change much when the cementing strength of natural cracks changed,
because hydraulic fracture initiates in the rock and the breakdown pressure mainly depends
on the mechanical parameters of reservoir.
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5. Verification Work

Some model validation work was conducted to verify the validation of simulating the
hydraulic fracture interaction with natural fractures using the coupled pore fluid diffusion
and stress analysis along with global cohesive element.

Firstly, we compared the simulation results with a triaxial hydraulic fracturing experi-
ment in the laboratory. A true triaxial fracturing system was used to perform hydraulic
fracturing on synthetic rock specimens that had been strictly prepared and cured (Figure 23).
The cubic model block with a side length of 300 mm was located in a confining pressure
loading device, which was used to simulate the field stress conditions. Three independent
double cylinder hydraulic pump sets provided dynamic confining pressure loading. The
test parameters referred to the field test parameters and were calculated by similarity
criteria. The vertical, maximum, and minimum horizontal principal stresses were 9.8 MPa,
10.5 MPa and 8.6 MPa, respectively. The hydraulic fluid injection pressure was controlled
by the hydraulic pump of the hydraulic fracturing assembly. The injection rate was 1 mL/s.
As a control group, a fluid–solid coupled model was established with the same parameters
used in the experiment, and the simulation result was compared with the experimental
result. The results showed that the bottom hole pressure curve obtained by the numerical
simulation was highly consistent with the bottom hole pressure curve in the experiment,
shown in Figure 24a. The breakdown pressure and steady pressure obtained from the sim-
ulation were 17.38 MPa and 9.92 MPa relatively, which were very close to the experimental
results of 15.18 MPa and 10.08 MPa. It proved that simulating the hydraulic fracturing
using coupled pore fluid diffusion and stress analysis is credible.

Another model was used to verify the accuracy of the interaction between hydraulic
fractures and natural fractures. Different scenarios might occur in the interaction of a
hydraulic fracture and a pre-existing natural fracture in naturally fractured shale reser-
voirs [23,51,52]. The hydraulic fracture may deflect into the natural fracture under the
influence of the pre-existing fracture, or it may cross directly without being impacted by
the natural fracture. The numerical model was built to simulate the intersection behavior
of a hydraulic fracture and a single pre-existing natural fracture. A cohesive pore pressure
element was inserted into the model to serve as the natural fracture, and coupled pore fluid
diffusion and stress analysis were used to simulate the solid–fluid problem. By changing
the in situ horizontal stress difference and the approximation angle, different propagation
behaviors of hydraulic fractures were obtained. The numerical results and the experimental
results are shown in Figure 24b. Square data denote that the hydraulic fracture crossed the
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natural fracture, while triangle data denote that the hydraulic fracture was captured and
deflected to the direction of the natural fracture. At a small approaching angle, the experi-
mental results and the simulation results showed that hydraulic fractures were deflected.
When the approaching angle was 60◦, the numerical results showed that the hydraulic
fracture deflected under 2 MPa in situ stress difference and crossed under 4 MPa in situ
stress difference. At higher approaching angles, the numerical results agreed with the
experimental results that the hydraulic fractures crossed the natural fracture. In general,
the simulation cases were consistent with the experimental cases in the literature [53].
This shows that it is effective to simulate fracture intersection behavior by using cohesive
element combined with coupled pore fluid diffusion and stress analysis.
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6. Summary and Conclusions

In this paper, a global cohesive model was established to simulate the natural fracture
network in a reservoir. The propagation patterns of a hydraulic fracture in a natural fracture
network were investigated. The propagation, bifurcation, and intersection of a hydraulic
fracture under different in situ horizontal stress differences, the tensile strengths of rock,
and cementing strengths of natural fractures were studied. The fracture parameters such as
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length and maximum aperture and the effective area of the fracture path were quantitatively
evaluated. The results can be briefly concluded as follows:

(1) The global cohesive model can achieve non-prefabricated propagation of hydraulic
fractures in a natural fracture network. This contributes a fracture simulation close to
that in a real situation and benefits the understanding of the role that natural fractures
play in induced-fracture propagation.

(2) Step-by-step propagation patterns of hydraulic fractures showed that the hydraulic
fracture tips were attracted by local natural fractures under low in situ stress difference.
This led to bifurcations and secondary fractures at the intersection of fractures and,
thus, contributed to the complexity of the induced fracture network. The influence of
natural fractures on the overall trend of fracture propagation was limited when the in
situ stress difference increased.

(3) An effective area that indicated the influenced area of induced fractures was defined.
It was higher when the horizontal in situ stress difference was at a low level, due to
the formation of secondary fractures. When the in situ stress ratio was 1.12, the length
of the main hydraulic fracture reached its maximum.

(4) The mechanical properties of rock and natural fractures have impacts on the propa-
gation of induced fractures. With the increase in the tensile strength of rock and the
cementing strength of natural fractures, the induced fracture became less complicated
due to the high cracking energy, and the length of the main fracture decreased. In
addition, the higher tensile strength of rock increased the initiation pressure of the
induced fracture, while the cementing strength of the natural fractures showed no
impact on it.

The results of the study can be utilized to explain various hydraulic fracturing behav-
iors in reservoirs that developed with rich natural fractures. It allows for the prediction of
induced fracture propagations as well as the connection with natural fractures. The method
can be utilized for related fracturing design, in general. In the future, the anisotropy of
rock and the temperature stress field should be considered in study to obtain results that fit
real situations.
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