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Abstract: The formation mechanism and propagation behaviors of a three-dimensional hydraulic
fracture network in fractured shale reservoirs remain unclear, especially when the scale of hydraulic
fractures is much larger than that of natural fractures. In this study, taking the well XH in the
Longmaxi shale reservoir in the Sichuan Basin, China as an example, we develop a fully three-
dimensional numerical model for hydraulic fracturing coupled with microseismicity based on the
discrete lattice method. We introduce a randomly generated discrete fracture network into the
proposed model and explore the formation mechanism of the hydraulic fracture network under the
condition that the hydraulic fractures are much larger than natural fractures in scale. Moreover,
microseismic events are inversely synthesized in the numerical model, which allows the evolution
of the fracture network to be monitored and evaluated quantitatively. In addition, we analyze the
effects of injection rate, horizontal stress difference, and fluid viscosity on fracture propagation. Our
results show that when the scale of hydraulic fractures is much larger than that of natural fractures,
the fracture morphology of “main hydraulic fractures + complex secondary fractures” is mainly
formed. We find that a high injection rate can not only create a complex fracture network, but
also improve the uniform propagation of multi-cluster fractures and enhance far-field stimulation
efficiency. Optimizing the horizontal wellbore intervals with low horizontal stress differences as the
sweet spots of hydraulic fracturing is also beneficial to improve the stimulation efficiency. For zones
with a large number of natural fractures, it is recommended to use an injection schedule with high
viscosity fluid early and low viscosity fluid late to allow the hydraulic fractures to propagate to the
far-field to maximize the stimulation effect.

Keywords: unconventional reservoir; hydraulic fracturing; microseismic events; multi-cluster frac-
turing; discrete fracture network; discrete lattice method

1. Introduction

Due to the influence of tectonic movement and sedimentary environment, a large num-
ber of weak geological planes exist in unconventional reservoirs such as natural fractures,
bedding planes, and faults [1-7]. When hydraulic fractures encounter natural fractures, a
variety of complex propagation behaviors can occur, such as crossing, offsetting, and being
arrested [8-12]. These complex interactions lead to the formation of complex fractures and
even fracture networks. Additionally, recent sampling of the fracture core for testing also
suggests that propagation behavior at a local scale can be extremely complex [13]. While
these complexities cannot be easily modeled in a traditional sense, it may be relevant to
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consider how they may have an impact on propagation characteristics. Therefore, simulat-
ing the propagation behaviors of fractures for unconventional reservoirs has become one
of the current research focuses [14-16].

The cohesive zone model (CZM) can not only characterize the initiation and propaga-
tion of hydraulic fractures, but can also describe the tangential flow and normal filtration
of fracturing fluid. Because of these advantages, the simulations of a two-dimensional
fracture network [17-19] and a three-dimensional fracture network [20,21] based on the
cohesive zone model have been carried out, and the effects of injection rate, cementa-
tion strength, and natural fracture distribution on the hydraulic fracture network have
been discussed. The displacement discontinuity method (DDM) has been widely used
in simulating complex hydraulic fractures or fracture networks due to its high computa-
tional efficiency [22-24]. In addition, significant effort towards modeling fracture networks
has been devoted to other advanced methods including the embedded discrete fracture
model [25,26], the extended finite element method [27,28], and peridynamics [29]. In labo-
ratory experiments, Zhang et al. (2021) studied the initiation, deflection, and propagation
of hydraulic fractures interacting with multiple natural fractures in different directions
using triaxial fracturing experiments by embedding a closed cemented pre-existing fracture
network in the specimens [30]. They found four interaction behaviors between hydraulic
fractures and multiple natural fractures. Liu et al. (2018) used specimens with randomly
generated natural fractures by placing small cement pieces and found that the main hy-
draulic fracture geometry is either a main multi-branched fracture with a fracture network,
a main multi-branched fracture, or just a single main fracture [31]. Tan et al. (2017) con-
ducted true-triaxial fracturing experiments on specimens recovered from layered shale
outcrops, found complex fracture morphology from specimens with developed bedding
planes, and obtained the favorable conditions for creating a complex fracture network [32].

These studies have improved the understanding of complex fracture propagation
in fractured unconventional reservoirs under the influence of various geological and
engineering factors and have provided theoretical support for the design and optimization
of fracturing operation parameters in the field. However, most of these numerical studies
have been focused on two-dimensional or pseudo-three-dimensional modeling, without
considering fracture height growth. Furthermore, it is generally assumed that the scale of
natural fractures, especially in the fracture height, is equivalent to the scale of hydraulic
fractures in the existing research. These are the possible reasons that the propagation of the
fracture network obtained from numerical simulations differs from the actual situation,
which is not beneficial to fracture optimization in unconventional reservoirs.

In this study, taking the well XH in the Sichuan basin, China as an example, we
establish a three-dimensional geomechanical model for hydraulic fracturing in fractured
shale reservoirs coupled with microseismicity based on the discrete lattice method. In this
model, we introduce a discrete fracture network characterized by randomly distributed
natural fractures and explore the formation mechanism of the fracture network with the
scale of the hydraulic fracture being much larger than that of a natural fracture. Moreover,
microseismic events are inversely synthesized in the fracturing model to monitor the
evolution of the fracture network and quantitatively evaluate the propagation behavior.
Finally, we systematically examine the effects of injection rate, horizontal stress difference,
and fluid viscosity on the propagation behavior of the fracture network.

2. Discrete Lattice Method

The discrete lattice method (Figure 1), which is a commercial version developed by
Itasca, is a simplified discrete element method based on the synthetic rock and lattice
theory [33-38]. The central difference equations used to calculate the translational freedom
degrees of the nodes [33,36] are expressed as,
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() (1)

where ;" and u; "’ are the velocity and displacement of component i (i = 1, 3) at time ¢,
respectively; ) F; is the sum of all force components i (i = 1, 3) acting on the node with
mass #1; and At is the time step.

Fluid element

Fluid flow pipe
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Figure 1. Discrete lattice method [39].
The angular velocity w; of component i (i = 1, 3) at time ¢ is calculated by the following
central difference equation [33,36],

FRAH2) _ (1-082) ZM,-(t) Af 2

( —
w; = i
where ) M; is the sum of all moment components acting on the node; and I is the moment
of inertia.

The relative displacement of the node is used to calculate the force change of the
spring, which is written as [33,36],

i 3
Fl‘s < Fl‘s + Ml‘skSAf ( )

{ FN  FN 4 iVkV e
where the superscript N represents the normal direction; the superscript S represents the
tangential direction; k is the spring stiffness; and F is the spring force.

When the tensile force or shear force of the spring exceeds the maximum allowed by
the spring (FN > FNmax op FS > Fsm”x), tensile failure or shear failure occurs, and as a result,
micro-fractures are created.

The fluid flow in the pipeline is described by the lubrication equation. The injection
rate g along the pipeline from node A to node B is calculated by [33,36],

q= ﬁkrla; [PA -+ pwg(zA - zB)} 4)

where f is a dimensionless calibration parameter; « is the fracture opening,  is the fluid vis-

cosity; superscripts A and B represent the node A and B, respectively; p is the fluid pressure;

z is the elevation of the node; py, is the fluid density; and g is the gravitational acceleration.
The increment of fluid pressure AP for a flow time step Afyis calculated as [33,36],

Y. qi+

AP = S KeAty ®)

where KF is the apparent fluid bulk modulus; V is the nodal volume; and g; is the injection
rate from the pipeline connected to the node i.



Energies 2021, 14, 8297

40f19

Microseismic events in the discrete lattice method are calculated by the slip of frac-
ture [40],
Moy = G X Igip X Agip (6)

where M is the seismic moment; G is the shear modulus; [y, is the sliding length; and Ag;,
is the sliding area.

The coupling between solid deformation and fluid flow is considered in the discrete
lattice method. Fracture permeability depends on fracture opening and matrix deforma-
tion, affecting the fluid pressure in the fractures. Changes in fluid pressure affect the
matrix deformation and failure of the mechanical model, which is in turn impacted by the
matrix deformation.

3. Three-Dimensional Numerical Model of Hydraulic Fracture Network
3.1. Engineering Background

The well XH is located in the Sichuan basin, China, and the target shale reservoir is the
Longmaxi formation with a thickness of about 70 m. The angle between the strike direction
of the well-developed natural fractures and the direction of the maximum horizontal stress
is 30°. Slick water with a low viscosity is used as the injection fluid with an injection rate of
13 m3/min. The length of the horizontal wellbore is 1900 m. There are three perforation
clusters with a spacing of 30~50 m. The length of each perforation interval is 1 m and the
perforation density is 16 holes/m. The helical perforation with a perforation phase angle
of 60° is applied. The injection volume for each stage is 1300~1800 m3. Field results show
that the productivity of gas wells is increased significantly after hydraulic fracturing, but
the increments are different as operating parameters change. Therefore, understanding
the impacts of operating parameters such as injection rate, fluid viscosity, and horizontal
stress difference on the stimulation effect is important to the design and optimization of
parameter control for shale reservoirs.

3.2. Establishment of the Three-Dimensional Fracture Network Model

The three-dimensional fracture network model (shown in Figure 2) is built based on
the combination of geological parameters (Table 1) and operational parameters (Table 2)
of well XH. It is noted that the voronoi tessellation is adopted to generate the mesh in
the discrete lattice method. Moreover, a fixed mesh is used, and thus the mesh at the
fracture tip does not remesh during the simulation. In addition, the mesh sensity is not
considered in our work due to the time-consuming calculation. The initial stresses and
stratigraphies are derived from the analysis of well logging data by the field engineers in the
PetroChina Southwest Oil & Gas Field Company, Chengdu. The dimension of the model is
200 m x 400 m x 120 m, in which the 70 m thick reservoir is sandwiched between upper
and lower barriers of 25 m each. The horizontal wellbore is located in the middle of the
reservoir, along with the orientation of the minimum horizontal stress. There are three
perforation clusters with a cluster spacing of 40 m. The overburden stress, the maximum
and the minimum horizontal stresses are 57.5 MPa, 52.5 MPa, and 47.5 MPa, respectively,
and the stress boundary conditions are used for the fracture model.
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Discrete fracture
network

Figure 2. Three-dimensional numerical model of hydraulic fracturing with the discrete fracture network.

To consider the effects of natural fracture distribution, the discrete fracture network
(Figure 3) is embedded into the shale reservoir (Figure 2). To remove the boundary effects,
the dimension of the discrete fracture network is set as 70 m x 160 m x 360 m, smaller
than the shale reservoir. A series of 1232 natural fractures are randomly generated to
constitute the discrete fracture network. These natural fractures consist of two groups of
conjugate joints, one with an angle of 30° between the strike and the maximum horizontal
stress direction (joint set-1 in Figure 3a), and the other with an angle of 120° (joint set-2 in
Figure 3a). The dip angle of natural fractures is 80°, and the length and height of natural
fractures are 6~24 m and 2~8 m, respectively. The tensile strength, cohesion, and internal
friction angle are 1.24 MPa, 3.75 MPa, and 25°, respectively [41]. The viscosity of the
fracturing fluid is 3 mPa.s, the injection rate is 13 m®/min, and the injection time is 6300 s.

Strike angle
N

Jointset-1—

Width=160m

Height=70m

(b) Length=360m

Figure 3. Three-dimensional discrete fracture network. (a) Top view, and (b) side view.
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The input data in our numerical model mainly comprises the model size (in the previ-
ous paragraph in this Section), the mechanical properties of shale reservoirs (Table 1), and
natural fractures (in the previous paragraph in this Section); the petrophysical parameters
of shale reservoirs including matrix permeability, porosity, and leak-off coefficient (Table 1);
the fracturing fluid properties, e. g., fluid density and fluid viscosity (Table 2); the in
situ stresses including formation pore-pressure, overburden stress, and maximum and
minimum horizontal stresses (Table 1); and the operational parameters such as injection
rate, injection time, perforation parameters, and cluster setting (Table 2).

Table 1. Geological parameters of the shale reservoir.

Parameters Shale Reservoir
Formation pore pressure (MPa) 29.4
Maximum horizontal principal stress (MPa) 52.5
Minimum horizontal principal stress (MPa) 47.5
Overburden stress (MPa) 57.5
Uniaxial compressive strength (MPa) 200.1
Tensile strength (MPa) 13.16
Poisson’s ratio 0.26
Elastic modulus (GPa) 52.89
Fracture toughness (MPa/m"®) 0.96

Leak-off coefficient (m/s%) 1.2 x 1074
Matrix permeability (mD) 0.002
Porosity (%) 5

Note: The tensile strength and fracture toughness are derived from Heng et al. (2020) [42].

Table 2. Operational parameters.

Parameters Value
Number of clusters 3
Cluster spacing (m) 40
Injection rate (m®/min) 13
Fluid viscosity (mPa.s) 3

Fluid density (kg/m?) 1010

Fracturing fluid type Newtonian fluid

Injection time (s) 6300
Perforation phase angle (°) 60
Perforation density (holes/m) 16

In addition, several strategies are applied to reduce the influence of boundary effect
on fracture propagation. On one hand, we enlarge the dimension size of the numerical
model as much as possible under an allowable calculation-cost, to make the fractures
propagate in a relatively small area in the middle of the model. On the other hand, the
dimension size of the discrete fracture network (70 m x 160 m x 360 m) is set smaller than
the shale reservoir (Figure 2) to mitigate the influence of boundary effects on the discrete
fracture network. It is noted that the heterogeneity of the rock properties along the well
and across the reservoir is not considered in our current model. The reasons for using
homogeneous parameters in our model include: (1) the current fracture model cannot
consider the heterogeneity of the reservoir properties, thereby improving our model to
consider the reservoir heterogeneity is a promising work in the next step; (2) it is reasonable
to adopt homogeneous rock properties in our current research to a certain extent, in that
the variation of rock properties of the target reservoir is relatively small for well XH.
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The modeling process in the discrete lattice method includes the following steps:

Firstly, the characteristics of natural fractures (such as the fracture strike, dimension
size, and mechanical properties) in the target shale reservoir is obtained by the analysis
of rock cores and well logging. Then we create the discrete fracture network using the
fracture stochastic modeling in the particle flow code (PFC).

Secondly, the discrete fracture network is imported into the three-dimensional frac-
turing model on the basis of the discrete lattice method to establish the network fractur-
ing model.

Thirdly, the mechanical properties of shale reservoir, fluid properties, and in situ
stresses are assigned to the numerical model.

Fourthly, the mechanical equilibrium of the fracturing model is carried out for a certain
time (4 s in our simulation) before fluid injection. Only the mechanical calculation for solid
is implemented in this process.

Finally, fracturing fluid is forced to be injected into the formation to simulate hydraulic
fracturing, which is a fluid-solid coupling process.

3.3. Numerical Simulation Results and Model Verification

Figure 4 shows the morphologies of the three-dimensional fracture network and the
distribution of microseismic events, with an injection time of 6300 s. Complex hydraulic
fractures consisting of main hydraulic fractures and secondary multi-branched fractures
are formed from all three clusters (Figure 4a). The main hydraulic fractures in the first and
third clusters propagate perpendicular to the direction of the minimum horizontal stress,
while the main hydraulic fracture in the second cluster deviates from that direction and
propagates along the strike direction of joint set-1 due to the impact of natural fractures
near the wellbore. This indicates that the propagation of hydraulic fractures is not only
controlled by in situ stresses but also affected by natural fractures. The existence of natural
fractures, on one hand, affects the propagation direction of the main hydraulic fractures.
On the other hand, after hydraulic fractures are connected with natural fractures, natural
fractures are activated, resulting in complex secondary fractures.

Figure 4b shows that microseismic events are concentrated in the hydraulic fracture
area, indicating that the spatial distribution of microseismic events can characterize the
fracture morphology. These microseismic events are called wet events. Therefore, the spa-
tial evolution of the fracture network can be described by the evolution of wet microseismic
events. In addition, isolated microseismic events, named dry events, can also be generated
beyond the hydraulic fractures [43,44]. There are two types of dry events in our numerical
simulation. The first type is a small number of microseismic events that occur on some
natural fractures during the initial stage of hydraulic fracturing, represented by blue circles
in Figure 4b. These microseismic events are possibly caused by the small dislocation of
some natural fractures right after the fluid is injected. The second type are microseismic
events that occur at the propagation front of hydraulic fractures, represented by the red
circles in Figure 4b. This is because the stress concentration near the fronts of hydraulic
fractures causes natural fractures to slip, resulting in these microseismic events.
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Figure 4. Fracturing simulation results. (a) Fracture morphologies, and (b) the distribution of
microseismic events. The red bold arrow in figure (a) indicates the propagation direction of the main
fractures. MS stands for microseismic.

Microseismic events that occurred at different distances away from the horizontal
wellbore are calculated to evaluate the fracture propagation quantitatively, as shown in
Figure 5. Microseismic events gradually appear in the farther regions with time. The far-
thest location of microseismic events exhibits a bilinear trend with time; that is, it increases
rapidly in the early stage of fracturing (0~1389 s), but the increment slows down in the later
stage of fracturing (1389~6300 s). In addition, microseismic events are densely distributed
within 60 m of the near-wellbore region in the early stage of fracturing (0~1389 s). In the
later stage of fracturing (1389~6300 s), microseismic events are distributed throughout
the whole area, including the near-wellbore area and far-field area. In other words, many
microseismic events still appear in the near-wellbore area, indicating that a large amount
of fracturing fluid is consumed by fluid filtration or reactivation of natural fractures in the
near-wellbore area. This phenomenon leads to a significant reduction in the volume of
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fracturing fluid used to stimulate the far-field reservoir, which is the reason for the lack of
microseismic events in the far-field region in the later stage of fracturing, as illustrated in
Figure 5.
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Figure 5. The time vs. distance from the horizontal wellbore relationship of microseismic events. MS
stands for microseismic.

Figure 6 shows the comparison of injection pressures between the numerical sim-
ulation and fracturing practice at well XH in the field. The evolution of the injection
pressure obtained by the numerical simulation is generally consistent with that of the field
injection pressure. For example, the extension pressures of the two curves exhibit similarly
frequent fluctuations, which are related to the formation of complex fractures. In addition,
the breakdown pressure obtained from the numerical simulation is 77.11 MPa, which is
3.02 MPa (4.08%) higher than that obtained from field fracturing (74.09 MPa). Moreover,
the maximum difference in extension pressure between the numerical simulation and the
field fracturing is 5.28 MPa (7.55%). These comparisons show that the proposed numerical
model of hydraulic fracturing can reliably describe the propagation of the fracture network
in well XH in the fractured shale reservoir. In addition, it is noted that we do not compare
the field microseismic results with numerical microseismic results, in that microseismic
monitoring is not conducted in the field for the well XH.

T
,77.11MPa

a3 [4.09MPa

5.28MPa

Numerical simulation

Field data 7

700 1400 2100 2800 3500 4200 4900 5600 6300
Time (s)

Figure 6. The comparison of injection pressures between numerical simulation and field fracturing.



Energies 2021, 14, 8297

10 of 19
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4. Propagation Behaviors of Three-Dimensional Fracture Network
4.1. Injection Rate
Injection rates of 11 m3/min, 13 m®/min, and 17 m3/min are run to understand its

impact on fracture propagation, and the results are shown in Figure 7. It is noted that the
same fluid volume for different cases is applied.
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Figure 7. Fracture morphologies under different injection rates of (a) 11 m?/min, (b) 13 m?/min, and (c) 17 m3/min.

Figure 7 illustrates that with the increase of injection rate, the main hydraulic fracture
in the second cluster gradually propagates further and activates more natural fractures,
thus resulting in the relatively balanced propagation of three-cluster fractures. This means
that a high injection rate is able to overcome the stress shadow effect of the outermost
clusters (the first and the third clusters) on the middle cluster. Additionally, more natural
fractures are reactivated at high injection rates, thereby forming a secondary fracture
network (Figure 7c). Moreover, when the injection rate increases from 11 m?/min to
17 m®/min, the fracture width of hydraulic fractures gradually increases from 0.0265 m to
0.0292 m, a 10.19% increment.

With a high injection rate of 17 m®/min, more microseismic events are generated,
and these microseismic events are densely distributed in the affected region of hydraulic
fractures (Figure 8c). Even in the later stage of fracturing, there are still a large number of
microseismic events generated in the far-field, implying that a high injection rate is able to
stimulate the majority of the target reservoir. In contrast, microseismic events under the
low injection rate are mainly concentrated in the near-wellbore area in the early stage of
fracturing, while few microseismic events are scattered and unevenly distributed in the
far-field in the later stage of fracturing, indicating that a low injection rate is not able to
stimulate the far-field. This is because it is difficult for fracturing fluid to fill the newly
created fracture promptly in the far-field and the filtration of fracturing fluid when the
injection rate is low.

As the injection rate increases from 11 m3/min to 17 m3/min, the total volume of
hydraulic fractures increases linearly by 24.93% (42.63 m3), as shown in Figure 9a. In
addition, with the increment of injection rate, the proportion of fracture volume of the
outermost clusters (the first and third clusters) gradually decreases, whereas the proportion
of fracture volume of the second cluster gradually increases. This results in a change in the
fracture volume ratio of the three clusters from the initial 0.44:0.08:0.48 (standard deviation
of 0.18) to 0.32:0.29:0.39 (standard deviation of 0.04), showing that the high injection rate
significantly improves the even propagation of multi-cluster fractures. It is noted that the
total volume of hydraulic fractures is approximately 12~16% of the total injected fluid, this
is because the high leakoff of fracturing fluid in fractured shale reservoirs (with a leakoff
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coefficient of 2 x 10~% m/s%®) causes a large amount of fluid filtration into the natural
fractures and rock matrix, resulting in a lower stimulation efficiency.
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Figure 8. The time vs. distance relationship of microseismic events under different injection rates of (a) 11 m3/min,
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220

210+

200 -

190

180 |

Total fracture volume (m®)

170

160

1

10

(a)

11

12 13 14 15 16

Injection rate (m*/min)

17

0.5

0.4

0.3

0.2

Proportion of fracture volume

A

—a— First cluster |
—a— Second cluster
—— Third cluster

11

12

13 14 15 16 17 18
Injection rate (m*min)
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injection rates.

In summary, we can conclude that the high injection rate of fracturing fluid needs to
be applied during hydraulic fracturing in fractured shale reservoirs. This not only allows
for the creation of a complex fracture network to increase the total fracture volume, but
also improves the uniform propagation of multi-cluster fractures. At the same time, a
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high injection rate can help the far-field stimulation in the reservoir. It is noted that a high
injection rate might lead to frac-hits between adjacent horizontal wells. Therefore, the
appropriate injection rate needs to be determined in combination with field experience or
further research.

4.2. Horizontal Stress Difference

We ran simulation models with three different horizontal stress differences: 0 MPa,
5 MPa, and 10 MPa. The fracture morphologies are shown in Figure 10. When the
two horizontal stresses are equal (Figure 10a), the main hydraulic fractures deflect after
encountering natural fractures near the wellbore and then propagate along with the strike
directions of two sets of conjugate joints. Specifically, the left-wing of the main hydraulic
fractures mainly propagates along the strike direction of joint set-2, and the right-wing
propagates along the strike direction of joint set-1. The formation of the main fracture
almost parallel to the horizontal wellbore leads to the connection of three clusters near-
wellbore. In addition, secondary fractures with different strike directions connected by
the main hydraulic fracture are completely activated. As can be seen from Figure 10b,c,
hydraulic fractures tend to directly cross natural fractures to form major transverse fractures
propagating along the optimal direction under a high horizontal stress difference. With the
increase of horizontal stress difference, natural fractures intersected by hydraulic fractures
are difficult to be activated, resulting in a simple fracture morphology, such as the main
planar fractures with few secondary fractures, as shown in Figure 10c. Moreover, due to the
large horizontal stress difference, the fracture propagation of the middle cluster becomes
suppressed. This is because the formation of the outermost fractures has significant stress
interference on the middle cluster, which inhibits the propagation of the middle fracture if
the horizontal stress difference is too large.
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Figure 10. Fracture morphologies under different horizontal stress differences of (a) 0 MPa, (b) 5 MPa, and (c) 10 MPa. The
red arrow represents the propagation directions of the main fractures.

Microseismic events during the fracturing process are mainly concentrated within
60 m of the wellbore when there are no horizontal stress differences (Figure 11a). As
injection time increases, microseismic events do not occur in the far-field, indicating that
hydraulic fractures do not propagate far into the formation. This is consistent with the
phenomenon shown in Figure 10a, i.e., the main hydraulic fracture propagates parallel to
the wellbore direction due to the influence of pre-existing natural fractures.
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Figure 11. The time vs. distance relationship of microseismic events under different horizontal stress differences of (a) 0 MPa,
(b) 5 MPa, and (c) 10 MPa. MS stands for microseismic.

With a horizontal stress difference of 5 MPa, microseismic events gradually appear in
the far-field as injection time increases from 1389 s to 6300 s (Figure 11b), which indicates
that the front of hydraulic fractures slowly propagates forward. In addition, relatively dense
microseismic events are still generated near the wellbore in the later stage of fracturing
(black ellipse in Figure 11b), implying that a large amount of fracturing fluid is consumed
by reservoir stimulation in the near-wellbore area, with the adverse effect of reducing
fracturing fluid volume used for far-field stimulation.

As the horizontal stress difference is increased to 10 MPa, microseismic events are
concentrated in the black rectangular box in Figure 11c, whereas microseismic events
outside the rectangular box are relatively rare and sparse, especially near-wellbore in
the later stage of fracturing (black ellipse in Figure 11c). The overall distribution of
microseismic events shows that the distance of microseismic events increases almost
linearly with time, implying that hydraulic fractures propagate rapidly toward the far-field.
Moreover, microseismic events are rarely generated near the wellbore in the later stage of
fracturing, indicating that less fracturing fluid is consumed near-wellbore and indirectly
implying that hydraulic fractures near the wellbore are relatively simple in geometry. These
are beneficial to the far-field stimulation, which is consistent with the simulation results
shown in Figure 10c.

Figure 12 shows that, as the horizontal stress difference increases from 0 MPa to
10 MPa, the total fracture volume is gradually reduced by 11.28% (22.20 m?). This is
because natural fractures are prone to be activated to form a complex fracture network
under a low horizontal stress difference, which significantly improves the stimulation effect.
In addition, the fracture volume ratio of the three clusters is changed from 0.35:0.33:0.32 to
0.48:0.03:0.49 as the horizontal stress difference increases, and the corresponding standard
deviation is increased from 0.01 to 0.21, indicating a reduction in uniform propagation
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of multi-cluster fractures. From this point of view, selecting the landing location of a
horizontal wellbore with a low horizontal stress difference as a fracturing sweet spot is
helpful to improve the stimulation effect.
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under different horizontal stress differences.

4.3. Fluid Viscosity
Figure 13 shows the fracture morphologies with fluid viscosities of 1 mPa.s, 30 mPa.s,

and 120 mPa.s, respectively.
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Figure 13. Fracture morphologies under different fluid viscosities of (a) 1 mPa.s, (b) 30 mPa.s, and (c) 120 mPa.s.

With a low fluid viscosity of 1 mPa.s, it is easy for the main hydraulic fractures
to open or shear natural fractures, resulting in a developed secondary fracture network
(Figure 13a). As the fluid viscosity increases, main hydraulic fractures extend further, while
the complexity of the activated secondary fracture network is reduced, resulting in a simpler
fracture network. In addition, the interaction of natural fractures with the main fracture in
the second cluster is gradually reduced, resulting in this main fracture crossing the natural
fracture directly and then propagating perpendicular to the direction of the minimum
horizontal stress to the far-field. Ultimately, simple main fractures with undeveloped
secondary fractures are generated from all three clusters, as shown in Figure 13c.

As the fracturing time increases, the maximum distance at which microseismic events
occur increases gradually with a slope of 0.0051 when the fluid viscosity is 1 mPa.s
(Figure 14a). In the later stage of fracturing (5400~6300 s), microseismic events are rarely
generated in the far-field (black ellipse in Figure 14a) and are mainly concentrated near the
wellbore. This is because hydraulic fractures under low fluid viscosity are easy to rotate
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and propagate along and activate natural fractures near the wellbore. When excessive
natural fractures are opened or sheared near the wellbore, almost all fracturing fluid is
consumed to create complex fracture networks and the high leakoff near the wellbore
results in a small amount of fracturing fluid available for far-field stimulation. Therefore,
there are fewer microseismic events in the far-field, reducing stimulation efficiency. In
addition, with increasing injection time, the farthest distance where microseismic events
occur gradually increases with increased slopes of 0.0051, 0.0076, and 0.0110, respectively.
The corresponding growth rates of the slopes are 49.02% and 44.74%, respectively. These
results show that the high injection rate significantly promotes the rapid propagation
of hydraulic fractures into the far-field. Furthermore, the distribution of microseismic
events near the wellbore with different viscosities, as shown in the black rectangular box
in Figure 14, demonstrates that the higher the fluid viscosity, the fewer the microseismic
events near the wellbore in the later stage of fracturing (1800~6300 s). According to the
analysis, hydraulic fractures under the high viscosity fracturing fluid often cross natural
fractures directly near the wellbore to the far-field.
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Figure 14. The time vs. distance relationship of microseismic events under different fluid viscosities of (a) 1 mPa.s,
(b) 30 mPa.s, and (c) 120 mPa.s. MS stands for microseismic.

In summary, hydraulic fractures can be easily affected by natural fractures under
low fluid viscosity, which causes the activation of natural fractures and the formation
of a complex fracture network. Consequently, the propagation of hydraulic fractures is
limited. However, hydraulic fractures under high viscosity fluid are prone to cross natural
fractures directly, resulting in the creation of simple hydraulic fractures. Therefore, for areas
with dense natural fractures near the wellbore, it is recommended to use high viscosity
fracturing fluid in the initial stage of fracturing to allow simple hydraulic fractures to
directly cross natural fractures near the wellbore, thus avoiding the limited propagation of
hydraulic fractures. Then, low viscosity fracturing fluid is used to maximize the activation
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of natural fractures in the far-field, thus forming a complex fracture network to effectively
stimulate the reservoir.

5. Discussion

In this work, a randomly generated complex discrete fracture network is successfully
added to the fracturing numerical model, and a three-dimensional field-scale model of the
hydraulic fracture network is established. Different from previous studies in which the scale
of natural fractures is equivalent to or even larger than that of hydraulic fractures [45-47],
our model investigates the complex propagation of a fracture network when a large
number of small-scale natural fractures (compared with hydraulic fractures) are present
in fractured shale reservoir. Our simulation results show that when the dimension of
natural fractures {(2~8 m) X (6~24 m)} is much smaller than that of hydraulic fractures
{(70~90 m) x (90~150 m)}, the hydraulic fracture morphology is usually “main hydraulic
fractures + complex secondary fractures”, which is different from that of the complex
fracture network without main hydraulic fractures formed when the scales of natural
fractures and hydraulic fractures are similar [48-52]. In our simulation, the propagation
of the main hydraulic fractures is primarily controlled by in situ stresses, and the optimal
propagation direction is perpendicular to the direction of the minimum horizontal stress.
When a large-scale hydraulic fracture encounters a small-scale natural fracture, even if
it is arrested and then offsets and propagates along the natural fracture and forms a
secondary branched fracture due to either geological conditions or engineering operations,
it only affects the local propagation and does not affect the overall propagation of the
fracture network.

6. Conclusions

In this work, we established a three-dimensional numerical model for hydraulic
fracturing with thousands of natural fractures in fractured shale reservoirs. Subsequently,
we explored the propagation behaviors of complex fracture networks under the influence
of injection rate, horizontal stress difference, and fluid viscosity in detail. The following
conclusions can be drawn.

(1) The fracture morphology of “main hydraulic fractures + complex secondary frac-
tures” is usually formed in fractured shale reservoirs when the scale of hydraulic fractures
is much larger than that of natural fractures.

(2) The spatial growth and evolution of the fracture network can be reflected by the
evolution of microseismic events during the numerical simulation.

(3) As the injection rate increases from 11 m?3/min to 17 m3/min, the total fracture
volume increases nearly linearly with an increment of 24.93% (42.63 m®), and the standard
deviation of fracture volume ratio of three clusters decreases from 0.18 to 0.04, indicating a
significant improvement in the uniform propagation of multi-cluster fractures. Therefore,
a high injection rate is recommended for hydraulic fracturing in the field.

(4) As the horizontal stress difference increases from 0 MPa to 10 MPa, the total
fracture volume is reduced by 11.28%, and the standard deviation of fracture volume ratio
of three clusters increases from 0.01 to 0.21, indicating a significant reduction in the uniform
stimulation of multi-cluster fractures. Therefore, landing the horizontal wellbore in a zone
with a low horizontal stress difference can help improve the stimulation efficiency.

(5) For zones with a large number of natural fractures near the wellbore, it is rec-
ommended to use high viscosity fracturing fluid (e.g., 120 mPa.s) in the initial stage of
fracturing to allow simple hydraulic fractures to directly cross natural fractures near the
wellbore, thus avoiding the limited propagation of hydraulic fractures. Low viscosity
fracturing fluid (e.g., 1 mPa.s) is then used to activate the far-field natural fractures, thereby
maximizing fracture complexity and improving stimulation efficiency.
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