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Natural fractures are common in unconventional reservoirs (e.g., tight oil and gas, shale oil
and gas), for which hydraulic fracturing is the main exploitation method. Natural fractures
influence the propagation and final transformation effect of hydraulic fractures, which is an
important factor for fracture optimization design. In this work, the method of globally
embedding zero-thickness cohesive zone elements is applied to establish a dynamic
propagation model of hydraulic fractures in naturally fractured reservoirs, and the influence
of natural fracture development on the fracture propagation patterns is investigated. The
results show that the hydraulic fracture propagation paths in fractured reservoirs are highly
complex, and steering, branching, and merging of the propagation paths may occur.
When the natural fracture development is small, the fracture propagation pattern is mainly
influenced by theminimum horizontal principal stress. In contrast, when the natural fracture
development is large, the fracture propagation pattern is influenced by the natural fracture
distribution. With increasing natural fracture angle, hydraulic fractures can easily pass
through natural fractures and form wide fracturs. Higher numbers of natural fracture
groups and fractal dimensions increase the number of fracture propagation directions and
communicating natural fractures, and the fractures tend to be narrow and complex.

Keywords: complex natural fracture, hydraulic fracture, dynamic propagation, cohesive zone element, fractal
dimension

INTRODUCTION

A large portion of global oil and gas resources occur in naturally fractured formations with low
permeability. Hydraulic fracturing technology can improve the reservoir seepage characteristics,
connect natural reservoir fractures, and improve the recovery of oil and gas, which are important for
achieving economic benefits from fractured reservoirs (Tang et al., 2020; Xia et al., 2020; Jun et al.,
2021; Ziyuan et al., 2022). However, the existence of natural fractures poses serious challenges in
hydraulic fracturing design. Mayerhofer et al. first introduced the concept of a modified reservoir
volume (Rahman and Rahman, 2010), and complex network structures have since become a
common assumption in the predictions of the true state of hydraulic fractures in naturally
fractured unconventional reservoirs. A quantification of the hydraulic fracture type at the field
scale is difficult, but can be achieved by indirect measurements and observations and inter-well
interference analysis, which can be used to infer the upper limits of the fracture size (Yuwei et al.,
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2017; et al., 2019; Nan et al., 2020). The field conditions of
naturally fractured reservoirs typically include extremely high
peritectic stresses, which cannot be appropriately replicated in
laboratory-scale experiments. Numerical simulations thus
provide a useful method to measure the propagation behavior
of hydraulic fractures in naturally fractured reservoirs.

Natural fractures place important constraints on mining
operations. A comprehensive understanding of the
propagation law of hydraulic fractures in the presence of
natural fractures is therefore critical and has attracted
extensive research attention in recent years. Zhang et al.
(Zhang and Jeffrey, 2006; Zhang et al., 2007) established a
hydraulic fracture propagation model with fully coupled fluid
flow and stresses caused by fracture tension/slip and friction
evolution based on the displacement discontinuity method, and
numerically simulated the interactions between hydraulic and
pre-existing fractures. Dahi-Taleghani et al. (Dahi-Taleghani and
Olson, 2011) simulated the propagation process of multiple
hydraulic fractures and considered the interaction between
hydraulic and natural fractures. Chuprakov et al. (Chuprakov
et al., 2011) used the displacement discontinuity method and
Mohr–Coulomb criterion to explain natural fractures and the
mechanical activation mechanism responsible for the interaction
between pressurized hydraulic fractures. Kresse et al. (Kresse
et al., 2013) developed a complex fracture network model based
on a two-dimensional boundary element model using an
unconventional fracture model, and proposed a method to
calculate stress shadows during the propagation of multiple
fractures. Hou et al. (Bing et al., 2015) used the displacement
discontinuity method to establish a two-dimensional model of
multi-fracture propagation in a destination reservoir based on the
theory of linear elastic fracture mechanics, and analyzed the
complex morphology of hydraulic fracture propagation in a
formation considering the interference of randomly distributed
natural fractures. Cottrell et al. (Cottrell et al., 2013) established a
discrete fracture network numerical model to simulate hydraulic
fracture propagation in a natural fracture network and the
interaction between hydraulic and natural fractures, and
compared the results with those obtained from finite element
numerical simulations. Xia et al. (Lei et al., 2016) performed
discrete-element numerical simulations to establish a two-
dimensional model of single-crack propagation, and analyzed
the stress shadow effect on the fracture propagation direction.
Fatahi (Fatahi et al., 2017) simulated the interaction between
hydraulic and natural fractures based on a discrete-element
numerical model, and verified the simulation results with
experimental data. Chen (Zhiqiang et al., 2018) developed a
hydrodynamic coupled LBM-DEM (Boltzmann method-
discrete element method) model to study hydraulic fracture
propagation in rocks with natural colluvial fractures. Bruno
(Bruno and Einstein, 2014) applied ABAQUS software based
on the extended finite element method to numerically simulate
the stress field near the fracture tip, and analyzed the variation of
the maximum principal stress and maximum shear stress at the
hydraulic fracture tip in the presence of natural fractures and
their effect on fracture initiation and propagation. Dehghan et al.
(Dehghan et al., 2016) established various three-dimensional

numerical models based on hydraulic fracture experiments
using ABAQUS software, simulated the propagation of
hydraulic fractures at the intersection with natural fractures
using the extended finite element method, and found that the
energy release rate significantly affects the propagation behavior
of hydraulic fractures. Liu (Fei et al., 2017) proposed a novel fully
coupled hydraulic fracture model using the extended finite
element method to reveal the interaction mechanism between
hydraulic fractures with orthogonal and nonorthogonal
anisotropic angles and natural nonintersecting fractures.

The above models analyzed the behavior of hydraulic fracture
propagation in the presence of natural fractures to some extent,
but certain limitations remain. In this study, the cohesion model
is used, which simulates complex fracture propagation and
interaction mechanisms (Haddad et al., 2016). This model was
first proposed by Dugdale (Dugdale, 1960) and Barenblatt
(Barrenblatt, 1962) and is more capable of representing the
discontinuities of brittle materials (e.g., rocks) than traditional
finite element models. This method uses cohesive elements to
simulate fracture formation, which avoids the problem of fracture
tip singularity, and is now extensively used to simulate cracking in
brittle materials (e.g., crystals, rocks). Yang et al. (Yang et al.,
2009) developed an algorithm to freely embed cohesive elements
in solid finite element meshes, which provides a reference and
basis for simulating the fracturing of complex structures.
Mokryakov (Mokryakov, 2011) established a cohesive force
model for hydraulic fracturing that considers a reservoir’s
plastic zone based on the fracture tip treatment presented in
Barenblatt, developed a hydraulic fracture propagation model to
improve the fitting accuracy of pressure logging, and applied the
model to the problem of the intersection and propagation of
hydraulic and natural fractures. Guo (Jianchun et al., 2015)
established a coupled stress-percolation-damage model based
on the cohesion method without introducing a fracture
criterion, simulated the interaction between hydraulic and
natural fractures, studied the intersection and propagation of
hydraulic and natural fractures, and discussed the effects of stress
field and pinch angle on fracture propagation. Wang (Wang,
2015; Wang, 2016) developed a hydraulic fracture model by
considering pore elastic and pore plastic formations using the
cohesion method, and analyzed the effect of plastic deformation
near the fracture tip and inside the reservoir. Gonzalez and Dahi
(Gonzalez and Dahi, 2015) investigated the intersecting hydraulic
and natural fracture propagation process by modifying the
intermediate nodes of the cohesion units embedded at the
intersection of hydraulic and natural fractures. Chen (Chen
et al., 2017) simulated the interaction between hydraulic and
natural fractures using a cohesive finite element model. Dahi
(Dahi et al., 2018) extended the cohesion model by introducing a
fracture network, but the fracture propagation paths in the region
needed to be predefined and the fractures could only propagate
along predefined paths and weak planes. Wang (Wang, 2019)
used the natural fracture distribution density, length, dip angle,
and degree of cementation to develop a hydraulic fracture
propagation model in a randomly fractured reservoir, and
analyzed the effects of fracture size on proppant distribution
and stress shading on fracture propagation.
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Nevertheless, only a limited number of studies have addressed
the behavior of hydraulic fractures in reservoirs containing
fracture networks. Furthermore, most previous studies
included pre-existing fracture propagation paths, which make
it difficult to portray a fracture system with a large amount of
fracture sets differently oriented in a reservoir. To address these
issues, this study 1) combines the natural fracture network and
global embedded cohesive element methods to establish a
dynamic model of hydraulic fracture propagation in a
fractured reservoir in accordance with the formation’s fractal
characteristics; 2) analyzes the influence of different natural
fracture system distributions on hydraulic fracture
propagation; 3) eliminates the need for pre-existing fracture
paths; and 4) more realistically reflects the hydraulic fracture
propagation law of fractured formations.

MATHEMATICAL MODELS

Equilibrium Equation for Solid Deformation
To simulate the propagation of hydraulic and natural fractures,
the proposed model involves the coupling of several physical
processes, including 1) fracture propagation, 2) fluid flow within
the fracture, 3) rock deformation near the fracture, and 4) fluid
leakage in the porous medium. The theory of seepage is coupled
with rock elastic deformation to describe the mechanical response
of porous materials using the theory of pore elasticity.

The equilibrium equation of solid deformation can be
described as follows (Diguang et al., 2016),

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

∇σ + b � 0

ε � [∇u + (∇u)T]
2

σ � Dε

(1)

where b is the body force, N/m3. σ is the stress tensor, MPa. ε is
the strain stress, m. u is the deformation displacement, m. D is
Stiffness matrix in constitutive equation.

The basic theory of pore elasticity shows an explicit coupling
between the propagation of a matrix skeleton and pressure of the
diffusing pore fluid (Jianchun et al., 2015). The total stress (σij)
can be expressed as:

σ ij � σ ij′ + αpδij, (2)

where σ′ij is the effective stress, p is the pore pressure, α is the Biot
constant, and δij is the Kronecker delta.

Rock Damage Criterion
The rock tends to experience brittle damage and a cohesive
unit is used to simulate the characteristics of the random
fractures of rocky media. In this approach, a bilinear
intrinsic model (Figure 1) is used to describe the
relationship between traction force and displacement (Chen
et al., 2009), i.e., linear elastic strengthening before damage
and linear softening after damage. The area under the traction-
displacement curve equals the critical fracture energy Gc

(Wang, 2019).

Gc � K2
IC

E
(1 − ]2) (3)

where KIC is the stress intensity factor, E is the Young’s modulus,
υ is Poisson’s ratio.

The quadratic nominal stress criterion was selected as the
initial damage criterion, which states that damage starts when the
ratio of the square of the nominal stress in each direction is equal
to 1, which can be expressed as:

{〈tn〉
t0n

}2

+ {ts
t0s
}2

� 1, (4)

where tn
0 and ts

0 are the peak nominal stresses when the normal
and tangential deformations are perpendicular to the interface,
respectively, tn and ts are the normal and tangential stress
components, respectively, and the brackets indicate that
damage is not caused by purely compressive deformation or
the stress conditions.

FIGURE 1 | Bilinear constitutive model (A) Normal to native structure relationship (B) Tangential principal structure relationship.
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In the bilinear constitutive relation, the cohesive unit follows
the elastic constitutive relationship (Haddad and Sepehrnoori,
2015):

i.e.t � { tn
ts
} � [Knn Kns

Kns Kss
] � Kε,

where K denotes the stiffness matrix of the cohesive unit in the
elastic phase. During loading, the material stiffness K’ is
determined by the initial stiffness K and damage variable D.
The damage response can be defined as:

K′ � (1 −D)K, (5)

where D is the damage variable scalar, which increases
monotonically. When D � 0, the material is not damaged;
when D � 1, the material is completely damaged.

The Law of Liquid Flow
`We assume that the fracturing fluid is an incompressible
Newtonian fluid and the fluid flow in the cohesive units is
divided into tangential and normal flow. Normal flow indicates
the leakage of fracturing fluid into the formation and tangential flow
is the driving force for fracture propagation (Guo et al., 2017), as
shown in Figure 2.

dqf
dx

− dw

dt
+ ql � 0 (6)

where is qf is the average velocity per unit height, m2/s. w is
fracture width, m. ql is the fluid loss, m/s.

Normal flow in fractures is based on the following principles:

{ qt � ct(pi − pt)
qb � cb(pi − pb) (7)

where qt and qb denote the fluid flow rate into the upper and lower
surfaces of a cohesion element, respectively, ct and cb indicate the
filter loss coefficients of the upper and lower surfaces,
respectively, pi denotes the pressure in a cohesion element by
virtual node interpolation, and pi and pb indicate the fluid
pressure on the upper and lower surfaces of a cohesion
element, respectively.

GLOBAL COHESION MODEL

Global Embedded Cohesive Element
Method
The strengths of natural fractures and rock media in a formation
can substantially vary. During propagation, hydraulic fractures
encounter natural fractures at a variety of interaction types (e.g.,
intersection, capture, blockage), and fracture propagation in
rocks is difficult to predict. It is not possible to predetermine
the location of embedded units within the model, and
conventional models are required to prefabricate potential
propagation paths. To gain insight into the influence of
natural fractures on hydraulic fracture propagation and
portray the propagation of simulated hydraulic fractures that
intersect with natural fractures, the method of globally

embedding zero-thickness cohesive units is implemented
through secondary development. This approach assigns natural
fractures and unit material rock properties, and simulates natural
fractures and particle cementation in rocks. The fracture
propagation process can thus be based on the judging
criterion being free to expand in any unit.

The modeling method of zero-thickness viscous cohesion
elements splits the nodes of the initial finite element mesh.
Figure 3 shows a schematic diagram of the finite element
mesh before and after embedding the viscous cohesion
elements, and the zero-thickness viscous cohesion elements are
embedded on the boundary of each solid element.

The fracture direction is determined by the order of the nodes.
The connecting units are numbered using the counterclockwise
node numbering principle, and the first two node units are along
the edges of the cohesive units. To avoid node number
duplication, nodes at the same location are split, all units in
the study area are traversed once, and the occurrence number of
each node in the fractured area is recorded, the latter of which
represents the number of times the node must be split. The node
number is one number higher than the largest bit of the original
maximum node number. The first value indicates the number of
splits, followed by the original node number before the split,
which forms a new cohesive unit node number. Similarly, the
cohesive unit number is formed according to the new node
number assignment.

Hydraulic Fracturing Model for Fractured
Reservoirs
The natural fractures system in reservoirs are related to tectonic
stresses. However, the direction of a natural fracture distribution
is not necessarily related to the current stress field because the
formation may have undergone multiple tectonic events in the
past. The geometric distribution of natural fractures is therefore
complex and difficult to describe. Studies performed at different
fracture scales have shown that the distribution of multiple
fracture properties (e.g., length, number, displacement) follows
a power-law function (Bonnet et al., 2001). In many cases, fractal
dimensions can be measured on a logarithmic map and used to
evaluate the geometric characteristics of a fracture network (Bour
and Davy, 1997; Gustafson and Fransson, 2005). The natural
fracture system with the fractal geometric characteristics is

FIGURE 2 | Fracturing fluid flow pattern within the cohesive element. The
fluid flow continuity equation in the fracture is (Zhilong et al., 2008).
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generated by applying MATLAB coding. In the fracture network,
there are m groups of fractures. Each group of fractures has the
properties such as fracture length and fracture number (Wei et al.,
2020).

rαi � [(1 − αi)r −DRi
min i + αir

−DRi
max i ]−1/DRi(1≤ i≤m) (8)

Ni(rαi ≥ ri) � (rmax i

ri
)DRi/2

(1≤ i≤m) (9)

where rmin i is the lower limit value of the fracture size in the i
group, rmax i is the upper limit value, Li is the cumulative length of
the fracture in the i group, Ni is the cumulative number of the
fractal fracture,DRi is the cumulative length of fractal dimension.

Then, the reservoir with the natural fracture network is
meshed, and the global cohesive elements are embedded in
ABAQUS through secondary development technology.
Different mechanical properties are given to rock elements
and natural fracture elements.

An injection well is placed in the center of the simulated area.
A model of hydraulic fracture propagation in the presence of two

sets of natural fractures in a reservoir is developed by applying an
autonomous natural fracture network model to form a randomly
distributed natural fracture pattern where both fractal
dimensions are equal to 1.2. The natural fracture distribution
and grid dissection are shown in Figure 4A. The model size is
50 m × 50 m and the wellbore point is located at the center of the
simulated area. The fracture propagation is based on the
maximum circumferential stress criterion. The simulation
parameters are listed in Table 1 for the reservoir
characteristics of block A.

Dynamic propagation model analysis of the fractured
reservoir is used to obtain the stress distribution and fracture
morphology at different time steps, as shown in Figure 5.

Figure 5A shows the hydraulic fracture propagation stage. The
influence of natural fractures is not apparent and the fractures
extend along the direction of the maximum principal stress.
Figure 5B shows the propagation of the hydraulic fractures to
the natural fracture boundary, which vertically intersects the
natural fractures. The hydraulic fracture is captured by the
natural fractures, and the fractures extend along the natural

FIGURE 3 | Quadrilateral grid zero-thickness cohesive element embedding.

FIGURE 4 | The natural fracture distribution and grid dissection. (A) Distribution of two groups of natural fractures. (B) grid dissection of two groups of natural
fractures.
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TABLE 1 | Numerical simulation parameters of hydraulic fracturing in multi-fractured reservoirs.

Parameters Value Parameters Value

Depth of strata (m) 1,648 Rock density (kg/m3) 2,300
Modulus of elasticity (GPa) 22 Injection speed (m3/min) 6
Poisson’s ratio 0.3 Fracturing fluid viscosity (mPa·s) 100
Stratigraphic pressure (MPa) 17 Initial hole length (m) 0.2
Maximum horizontal principal stress (MPa) 30 Natural fracture angle (°) 90
Minimum horizontal principal stress (MPa) 27 Natural fractal dimension of fractures 1.2
Tensile strength of rock (MPa) 4.8 Number of natural fractures 62

FIGURE 5 | Fracture propagation pattern at different time steps (A) Stress distribution during hydraulic fracture propagation. (B) Stress distribution during natural
fracture initiation. (C) Stress distribution during natural fracture propagation.

FIGURE 6 | The results of simulation. (A) Fracture opening. (B) Stress field distribution after fracturing. (C) Displacement contour plot.
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fracture direction. Figure 5C shows when the hydraulic fracture
propagation meets the natural fractures and forms multiple
fracture branches in three directions. The fracture propagation
direction is mainly influenced by the natural fracture distribution,
and the fracture complexity increases compared with a group of
naturally fractured reservoirs.

Figure 6A shows that the hydraulic fractures form wider
fractures near the borehole, whereas those at the end of the
fracture are narrower. Figure 6B shows that hydraulic fracturing
alters the in-situ stress field around the fracture. The stress field is
also significantly deflected, which significantly influences the
fracture propagation. Fracture propagation causes strain in the
rock around the fracture (Figure 6C), and the displacement is
larger near the borehole and smaller at the end of the fracture.

HYDRAULIC FRACTURE PROPAGATION
PATTERN IN FRACTURED RESERVOIRS

The distribution of real natural fractures is complex, and
hydraulic fracture propagation patterns differ when
encountering different natural fracture networks. Combined
with the natural fracture network model (Diguang et al.,
2016), a hydraulic fracture propagation model is established
for the case when two sets of natural fractures exist in a
reservoir. The factors that influence the fracture propagation
pattern are analyzed when a single well is hydraulically fractured.

Effect of Natural Fracture Angle on
Hydraulic Fracture Propagation
The natural fracture network model is applied to form a
randomly distributed natural fracture pattern with fracture
angles of 0°, 45°, and 90° and a fractal dimension of 1.2. The
numerical simulation method with globally embedded cohesion
units is applied to simulate and analyze the fracture propagation
law in fractured reservoirs with different distributions of natural
fracture angles, and the simulation results are shown in Figure 7.

The fracture propagation pattern of the reservoir with a
natural fracture distribution shows that a single fracture forms
when the fracture angle is 0° or 90° and extends along the
direction of the maximum horizontal principal stress. For a 0°

fracture, the hydraulic fracture vertically intersects and easily
crosses the natural fracture, which is controlled by the anisotropy
of the stress field, and forms a more symmetrical hydraulic
fracture. For a 45° fracture, the hydraulic fracture
communicates with the natural fractures to form a fracture
pattern that expands along the 45° direction and is less
affected by the stress field anisotropy. For a 90° fracture, when
the hydraulic fracture intersects with the natural fracture, the
hydraulic fracture expands along the natural fracture direction.
When the natural fracture is communicated, the pressure drops
and the hydraulic fracture tends to expand in the direction of the
pressure drop, which forms an asymmetrically expanding
fracture pattern.

The fracture morphology form by hydraulic fracturing in
reservoirs are compared in Figure 8 for different natural
fracture angles. The results show that when the natural
fracture angle is 90°, the number of natural fractures and
connected natural fractures are less and the fracture width is
larger. When the natural fracture angle is 45°, the hydraulic
fracture opens and communicates one natural fracture. When
the natural fracture distribution is 0°, the hydraulic fracture opens
and communicates five natural fractures. and the propagation
width increase uniformly, and fluctuations occur in the growth
curve because of certain resistances when passing through the
natural fracture.

Effect of the Number of Natural Fracture
Groups on Fracture Propagation
The natural fracture network model is applied to generate a
fractal dimension of 1.2 using 1, 2, or 3 groups of natural fractures
in the reservoir. The maxium number of natural fracture is 30
every group. The maxium length is 50 m and the factal dimension
is 1.2. The fracture angle of the first group is 0°, the fracture angle

FIGURE 7 | Hydraulic fracture propagation pattern of different natural fracture angle.</b>0° angle.45° angle.90° angle.
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of the second group is 90° and the fracture angle of third group is
45°. The simulations are analyzed using the globally embedded
cohesion unit method, and the results are shown in Figure 9.

The fracture propagation morphology shows that when a
group of natural fractures exists in the reservoir, the hydraulic
fracture propagation morphology is singular and influenced by
the stress field anisotropy. As the distribution direction of natural
fractures in a reservoir increases, the hydraulic fracture
propagation morphology becomes increasingly complex and
forms multiple branching fractures, which are less influenced
by the stress field.

Figure 10A compares the total of natural fractures that open
and connect by hydraulic fracturing in reservoirs with different
numbers of fracture groups. When the natural fracture group is
one, the hydraulic fracture opens and connects 1 natural fracture.

When the natural fracture group is two, the hydraulic fracture
opens 3 natural fracture and connects 53 natural fractures. When
the natural fracture group is three, the hydraulic fracture opens 5
natural fracture and connects 70 natural fractures. It can be seen
that when the natural fracture is more complex, the number of
opening and connecting natural fractures is more. The complex
natural fractures are conducive to improve oil and gas recovery.

Figure 10B compares the maximum fracture widths that form
by the propagation of hydraulic fracture in reservoirs with
different numbers of fracture groups. The fracture widths are
the same during the early propagation stage. Upon meeting
natural fractures, the hydraulic fractures are affected
differently because of different lengths and widths of the
natural fractures. Fewer natural fracture groups tend to form
larger fracture widths at a given injection time. Wide and short

FIGURE 8 | The fracture morphology comparison of different natural fracture angle. (A) Comparison of opened and connected natural fracture number. (B)
Comparison of the maximum fracture width.

FIGURE 9 |Hydraulic fracture propagation pattern of different natural fracture group. One set of natural fractures. Two sets of natural fractures. Three sets of natural
fractures.
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fractures tend to form when a single group of fractures is present
in the reservoir, whereas narrow and long fractures tend to form
when multiple groups of fractures are present in the reservoir.

A comparison of the obtained fracture distributions shows
that an increasing number of natural fracture groups results in
more complex and lower maximum fracture width, and more
fracture propagation directions. The hydraulic fractures are more
likely to expand along the natural fractures and form a complex
fracture network, and the fracture transformation effect is better.

Effect of Fractal Dimension of Natural
Fractures on Fracture Propagation
The fractal dimension of natural fractures is an important
parameter that can be used to characterize the fracture
distribution. The maxium number of natural fracture is 30,
the maxium length is 50 m and the factal dimension is 1.2 in

model I. The maxium number of natural fracture is 60, the
maxium length is 50 m and the factal dimension is 1.4 in model
Ⅱ. The maxium number of natural fracture is 110, the maxium
length is 50 m and the factal dimension is 1.6 in model Ⅲ. In
every model, the fracture angle of first group is 0° and the
fracture angle of second group is 90°. The globally embedded
zero-thickness cohesive unit method is applied to simulate the
hydraulic fracture propagation process and compare and
analyze the effects of fracture modification in the reservoir
for different fractal dimension distributions. The simulation
results are shown in Figure 11.

The fracture propagation morphology shows that when the
fractal dimension is 1.2, the hydraulic fracture propagation
morphology is singular and influenced by the stress field
anisotropy. With increasing fractal dimension, the natural
fracture distribution becomes increasingly complex and the
hydraulic fracture propagation process leads to turning,

FIGURE 10 | The fracture morphology comparison of different natural fracture group. (A) Comparison of opened and connected natural fracture number. (B)
Comparison of maximum fracture width.

FIGURE 11 | Hydraulic fracture propagation pattern of different natural fracture dimension. D � 1.2. D � 1.4. D � 1.6.
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branching, merging, and the formation of multiple branching
fractures, which are less influenced by the stress field.

Figure 12 shows that once the injection energy reaches a certain
value, the total fracture propagation length and width increase with
increasing injection time. During the early hydraulic fracture
propagation stage, the total fracture width grow at relatively
consistent rates because they are not yet influenced by natural
fractures. When the fractures meet natural fractures, the fracture
width decreases for higher fractal dimension conditions, and the
fracture propagation length tends to fluctuate. Reservoirs with a
higher fractal dimension tend to open more natural fractures,
fracturing fluid flows in multiple directions, less liquid exists in
the main flow channel, and narrow and long natural fractures easily
form that expand in multiple directions. When a hydraulic fracture
expands along a natural fracture, the fracturing fluid velocity
increases and the total fracture width decreases. When a
hydraulic fracture expands through a natural fracture, it
accumulates more energy and the fracture width rapidly increases.

A comparison of the fracture transformation effect shows that
with increasing fractal dimension, the total natural fracture that
opened and connected by hydraulic fracture increases, the
maximum fracture width decreases, and the number of
fracture propagation directions increases. A reservoir is more
likely to form a complex fracture network that expands in
multiple directions after hydraulic fracturing when the fractal
dimension of the natural fracture distribution is higher, and the
reservoir fracture transformation effect is better compared with
that prior to fracturing.

CASE ANALYSIS

Natural fractures are the main seepage channel and important
storage space of shale reservoir, and the communication of
natural fractures is mainly used to improve the fracturing
effect during the exploitation process. The rock outcrops is

the best way to obtain the discontinuous structure such as
fractures, joints. Take the outcrop of the Longmaxi formation
in south Sichuan as an example to analyze the effect of
hydraulic fracture technology of shale reservoir. As shown
in the Figure 13, the outcrop of the measurement point
develops two groups of intersecting fractures mainly. The
fracture length is 0.5∼6 m, the fracture angle is 13° and 93°

respectively, the fracture density is 3.26 m/m2. The nature
fractures have the characteristics of grouping and parallelism.
Many of the nature fractures have been broken and cleaved,
and the natural fracture network is complex. Therefore,
hydraulic fracturing technology is proposed to connect the
complexity natural fracture and improve the oil and gas
recovery.

In order to analyze the development characteristics of
fracture network and the hydraulic fracturing effect in
Longmaxi shale, MATLAB script files were used to
simulate the distribution characteristics and connectivity
of shale fractures according to the statistical data of shale

FIGURE 12 | The fracture morphology comparison of different natural fracture dimension. (A) Comparison of total fracture length. (B) Comparison of maximum
fracture width.

FIGURE 13 | The nature fracture distribution.
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outcrops in Longmaxi Formation. The fractal dimension of
the first group is 1.6 and the fractal dimension of the second
group is 1.5. The fracture angle of the first group is 13° and the
fracture angle of the second group is 93°. Based on the natural
fracture system, the ABAQUS was used to simulate hydraulic
fracture propagation.

The natural fracture system distribution and the connectivity
of the natural fracture of Longmaxi using the fracture network
model is shown in Figure 14A. The connected natural fracture
clusters are shown by different colors. It can be seen from that the
dis-connected natural fracture account for 45.24% and the
connected natural fracture account for 54.76%. The maximum
connected fracture cluster contains 5 natural fractures and
account for 11.90%. The hydraulic fracture process is
stimulated applying the global embed cohesive elements
method. The fracture morphology of this well is shown in
Figure 14B. Hydraulic fracturing can connect different
fracture clusters. The maximum connected fracture cluster
contains 9 natural fractures and the proportion of connected
fractures increased from 11.90 to 21.43% after hydraulic
fracturing. The connectivity of the entire fracture and the
effect of development will be greatly improved.

CONCLUSION

1) A dynamic hydraulic fracture propagation model is
established that uses globally embedded cohesive elements
and considers a reservoir with complex distributed natural
fractures. The model can be used to simulate the rock and
propagation behavior of hydraulic fractures and investigate
the complex fracture system morphology.

2) The hydraulic fracture propagation characteristics of
naturally fractured reservoirs are investigated. The
hydraulic fracture propagation of fractured reservoirs is
influenced by a combination of the natural fracture
distribution, which determines the overall fracture
propagation path direction. The fracture geometry in
near-borehole areas tends to be more complex than in the
far field, and the fracture size is larger.

3) The influence of different factors on the propagation of
hydraulic fractures in naturally fractured reservoirs is
analyzed. With increasing natural fracture angle, the
hydraulic fractures easily pass through the natural
fractures, the propagation form is singular, and the
fractures are wider. Higher numbers of natural fracture
groups tend to more readily form complex fracture forms
with multiple directions, and the opened and connected
natural fractures are more, and the fractures are narrow.
With increasing fractal dimension, multi-directional
complex fractures more easily form and the fractures are
narrow, the opened and connected natural fractures are more.

4) The case study shows that connected fractures account for
54.76% of the total fractures in the outcrop shale fracture
network of the Longmaxi formation and the proportion of
connected fractures increased from 11.90 to 21.43% after
hydraulic fracturing.
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