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Abstract: Numerical simulation is very useful for understanding the hydraulic fracture (HF) re-
orientation mechanism from artificial weaknesses. In this paper, the UDEC T-W (Trigon-Weibull
distribution) modeling method is adopted to simulate the hydraulic fracturing process in heteroge-
neous rocks. First, the reliability of this method is validated against previous laboratory experiments
and numerical simulations. Then the effects of fluid rate, fluid viscosity, perforation angle and natural
fracture (NF) on the HF re-orientation process in heterogeneous rocks are studied independently.
The results show that the HF re-orientation process depends on the combined effect of these factors.
The HF re-orientation distance increases significantly, the final HF re-orientation trajectory becomes
more complex and the guiding effect of perforation on the HF propagation path is more evident
with the increase of fluid rate, fluid viscosity, and perforation angle if the hydraulic fracturing is
performed in relatively heterogeneous rocks, while the differential stress is the main influencing
factor and is more likely to dictate the HF propagation path if the rocks become relatively homoge-
neous. However, increasing the fluid viscosity and fluid rate can attenuate the impact of differential
stress and can promote HF propagation along the perforation direction. Besides, NFs are also the
important factor affecting HF re-orientation and induce secondary HF re-orientation in some cases in
heterogeneous rocks.

Keywords: UDEC T-W method; fluid rate; fluid viscosity; perforation angle; natural fracture; HF
re-orientation

1. Introduction

The idea of hydraulic fracturing originated with acid stimulation by Dow Chemical
Company (Midland, MI, USA) in the 1930s and its first commercially successful application
was in 1949 [1]. Initially, hydraulic fracturing was widely used in the oil and gas industry
for reservoir stimulation. Then this technology was introduced into the mining industry
in the 1970s [2]. In mining activities, hydraulic fracturing is often used to improve the
permeability of coal seam [3-5], control mine pressure [6] and to improve the caveability of
rock masses [7]. When hydraulic fracturing operations aim at controlling mine pressure and
inducing the caving of rock masses, their cores are used to control the initiation direction
and propagation trajectory of HFs [8]. Theoretically, the HF always initiates along the mini-
mum in-situ stress direction and propagates parallel to the maximum in-situ stress direction
in homogeneous materials [9]. Nevertheless, the actual initiation direction and propagation
paths of HFs are complicated and difficult to predict due to NFs in rock masses and rock
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heterogeneity [10-13]. Sometimes, HFs with a specific initiation direction are expected to
improve the caving ability of rock masses [8]. Therefore, artificial weaknesses (i.e., initial
notches or perforations in the borehole) are often utilized to achieve this purpose in fractur-
ing design and operations [6], which is called the directional hydraulic fracturing technique
in some papers [14,15]. Although the previous study indicates that HFs initiating from
artificial weaknesses will re-orientate towards their favorite propagation directions [16], the
field application suggests that hydraulic fracturing using artificial weaknesses is beneficial
to caving inducement in cave mining [17]. Therefore, it is critical for the mining industry to
comprehend the influencing factors of HF re-orientation.

Hydraulic fracturing is a complex problem involving the interaction of several physi-
cal processes, including the hydro-mechanical coupling, viscous fluid flow and singular
stress field at hydro-fracture tip, etc. [18] The directional propagation distance (i.e., the
propagation distance along the direction of artificial weaknesses), the re-orientation dis-
tance and the final propagation trajectory are affected by rock physical and mechanical
properties (elastic modulus, fracture toughness, strength, etc.), rock heterogeneity, dif-
ferential stress and construction conditions (fluid rate, fluid viscosity, perforation angle,
etc.) when using artificial weaknesses for hydraulic fracturing [19-21]. In the 1990s, Elbel
and Mack [22] established a two-dimensional coupling model of steering fracturing and
pointed out that the differential stress was the foremost factor controlling HF re-orientation.
Abass et al. [20,23] proved that HFs initiating from perforations re-orientated towards
their theoretical directions due to the existence of differential stress, and the larger the
perforation angle, the longer the re-orientation distance through the laboratory experiments
of directional perforation hydraulic fracturing. Subsequently, Sesetty and Ghassemi [24]
developed a fully coupled steering fracturing model based on the displacement discontinu-
ity (DD) method, which realized the coupling between fluid flow and fracture deformation
by iterating between fracture aperture and fluid pressure. It could be applied to study
the influence of in-situ stress, elastic modulus, fluid rate and other parameters on HF
propagation. He et al. [25] reduced the influencing factors of prescribed hydraulic fractures
(PHD) based on the directional hydraulic fracturing from 19 to 10 through dimensional
analysis, greatly decreasing the complexity of practical applications. Zhang et al. [14]
constructed a dynamic propagation model of directional perforation hydraulic fracturing
in low permeability reservoirs based on the micro element method to discuss the impact
of differential stress, perforation angle and size, and injection parameters (fluid rate and
fluid viscosity) on the HF re-orientation distance and final propagation trajectory. The
results showed that lower differential stresses, larger perforation angles and higher injec-
tion parameters could obtain longer HF re-orientation distances, but the perforation size
has little effect. Recently, He et al. [5] proposed an improved discrete element method,
using the UDEC T-W (Trigon-Weibull distribution) model to realize the heterogeneous
distributions of rock mechanical properties and particle sizes. The model unveiled the
effects of rock heterogeneity and rock strength on HF re-orientation to fill the research gaps
in the existing knowledge.

The above revisit suggests that factors affecting HF re-orientation from artificial weak-
nesses have been extensively studied. Nevertheless, there are still deficiencies in the existing
research. Although rock heterogeneity has been included in the scope of the research, the
effect of the interaction between rock heterogeneity and construction conditions (such as
fluid rate, fluid viscosity and perforation angle) on HF re-orientation has not been men-
tioned in reference [5]. On the other hand, the impact of NF on HF propagation might be
non-negligible, but there are few studies on the influence of NF on HF re-orientation in
existing research results, which needs further investigation. Based on the improved discrete
element method proposed in reference [5], this paper simulates the effects of construction
conditions and NF on HF re-orientation in heterogeneous rocks. First, the reliability of the
modelling method is validated by reproducing two cases. Then numerical simulations are
performed to disclose the effects of construction conditions and NF on the HF re-orientation
process. Finally, the conclusion provides a new understanding of HF re-orientation from
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artificial weaknesses, which is conducive to the effective application of hydraulic fracturing
at the mine site.

2. UDEC T-W Modeling Method and Validation
2.1. UDEC T-W Modeling Method

The UDEC T-W modeling method combines the Weibull distribution [26] and the
Trigon logic [27] to consider rock micro-property heterogeneity and geometric heterogene-
ity, respectively. This section only gives a necessary overview of the method, and the details
can be found in reference [5]. The Trigon logic subdivides each conventional polygonal
Voronoi block into several deformable or rigid Trigon blocks, which reduces the sensitivity
of the Voronoi model to the mesh and helps to get more realistic failure patterns. Besides,
the micro-properties is obtained through the Weibull distribution, including normal stiff-
ness, shear stiffness, contact friction angle, contact cohesion and contact tensile strength.
This method is more adaptable than the method of obtaining material heterogeneity by
converting the digital image of rock into gray-scale values [28,29].

The probability density function of the Weibull distribution can be expressed by the
homogeneity index m and the mean value of a given micro-property vy, as shown in

Equations (1)—(3) [30]:
m v m—1 v m
P =) () W

where P(v) is the probability density function for a given v value, vy is the mean value of a
given micro-property; m is the homogeneity index, which is a constant used to measure the
degree of material homogeneity. Generally, the smaller the m value is, the more deviated
the micro-property value is from the mean value.

The accumulative distribution function is shown in Equation (2):

v m
Fy) = 1—€xP(—> )
vo
Assume that y is a random number between 0 and 1, which is randomly generated
by UDEC built-in commands. In order to obtain the properties that obey the Weibull
distribution, Equation (2) is inverted into Equation (3):

v =vo[—In(1l— a)ﬁf 3)

In the T-W model, the micro-properties following the Weibull distribution are ran-
domly assigned to the contact elements between the Trigon blocks through the FISH lan-
guage embedded in UDEC to achieve the heterogeneous distributions of micro-properties.
By doing this, the rock with different heterogeneity degrees can be modeled by modulating
the value of m. Generally, the homogeneity index of typical rock materials in the natural
environment is 2, and that of laboratory-scale rock specimens is 3, and m = 100 is often
made use of to represent homogeneous rocks [31,32].

The T-W modeling method is capable of performing a fully coupled hydromechanical
analysis. All the Trigon blocks are assumed to be impermeable in the numerical simulation,
and fluid flow within the joints is idealized as a cubic law. The fluid rate q is given by
Equation (4) [12]:

L 34p

q= @” 7

where y is fluid dynamic viscosity, a is joint aperture, Ap is pressure difference between
adjacent domains, ! is the length assigned to the contact between adjacent domains. When
using UDEC for hydraulic fracturing simulations, the pre-defined joint set is regarded as
the incipient fracture, which is the potential path of HF propagation [12]. Under the given
boundary conditions, fluid flows in the incipient fracture, and then changes the acting
effective stress, which in turn alters the joint aperture. Conversely, mechanical deformation

(4)
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of joint aperture will change joint permeability, thereby affecting the fluid flow in joints.
During the mechanical—fluid coupling process, the contact elements of incipient fractures
gradually fail, which represents the progressive failure associated with the initiation and
propagation of HFs.

Although the method has been validated, the process has two insufficiencies: (1) He etal. [5]
assumed that the homogeneity index of laboratory-scale rock specimens was 2 instead of
3, which resulted in certain deviations between the simulated results and the experimental
results of Abass et al. [20,23] The HF re-orientation distance was overestimated when the
perforation angle was 45°, while the HF re-orientation distances were underestimated when
the perforation angles were 60° and 75° (see Figure 4 in Ref. [5]); (2) He et al. [5] failed to
validate the experimental result at the perforation angle of 90°. Accordingly, the following will
reproduce the experimental results at the perforation angles of 45°, 60°, 75° and 90° when the
homogeneity index is 3 to improve the reliability of validation results. On the other hand, the
research content of this paper includes the influence of NF on HF re-orientation. Therefore, the
numerical simulation results of Zangeneh et al. [12] will be replicated below to attest that the
T-W modeling method is also capable of simulating the interaction between HFs and NFs.

2.2. Model Validation Case 1: Abass” Laboratory Experiments
2.2.1. Model Establishment and Micro-Property Calibration

Abass et al. [20,23] experimentally studied hydraulic fracturing at different perforation
angles. Table 1 shows the mechanical properties and injection parameters of hydrostone
samples in the experiment. The T-W model is built according to the laboratory experiments
of Abass et al. [20,23], and the geometry of the numerical samples is shown in Figure 1. The
dimension of the 2D model is 152.4 mm (length) x 152.4 mm (width). The ring in the center
of the model represents the steel pipe (outer diameter 19.0 mm, inner diameter 14.5 mm),
and 2 perforations (with dimensions of 12.7 mm (in depth)) are created on the steel pipe at
180° phasing.

Table 1. Mechanical properties of hydrostone samples and experimental conditions in Abass et al.’s
experiment [20,23].

Young'’s Internal Uniaxial Tensile Fluid
Density & Poisson’s - Compressive Cohesion . . Flow Rate
(ke/m®) Modulus Ratio Friction Strength Strength (MPa) Viscosity (m/s)
& (GPa) Angle (°) (MPa) (Pa-s)
(MPa)
1710 14.3 0.21 45 55.4 5.6 11.5 1.18 5x 1077

The model is divided into an assembly of Trigon blocks with an average side length of
2 mm, which is sufficiently small for rock materials [27,33]. The Trigon block is assumed to
be elastic and does not fail. Its density, Poisson’s ratio and Young’s modulus are the same as
those of the hydrostone sample, as shown in Table 1. The steel pipe is also assumed to be an
elastomer and its density, Young’s modulus and Poisson’s ratio are 7500 Kg/m?3, 160 GPa
and 0.25, respectively [5]. The incipient fracture contact elements between the Trigon blocks
follow the Coulomb slip model with residual strength, and both the residual tensile strength
and residual cohesion are set to 0 [5]. It should be noted that the contact elements simulating
the directional perforations are assigned with an extremely low friction angle, cohesion
and tensile strength to ensure that these contact elements can fail at the beginning of fluid
injection. Only mechanical boundary conditions are applied to the model boundaries.
The maximum horizontal in-situ stress (omax) and the minimum horizontal in-situ stress
(Omin) are 17.2 MPa and 9.7 MPa, respectively [20,23]. The maximum allowable joint
hydraulic aperture and the minimum allowable joint hydraulic aperture during fracturing
are 6 x 1073 m and 2 x 10~° m, respectively [5]. The injection parameters are shown
in Table 1.
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Perforation(12.7 mm)
Steel pipe
19.0 mm in outer diameter

w476 |

Cased borehole
14.5 mm in inner diameter

Omin=9.7MPa
Omax=17.2 MPa

Figure 1. Model schematic diagram of validation case 1 [5].

152.4 mm

In the UDEC model, densely packed blocks and contact elements are used to charac-
terize the medium. Therefore, in addition to the mechanical properties of the Trigon blocks,
the micro-properties of the contact elements should also be determined. In fact, the process
of calibrating the micro-properties of the contact elements through the macro mechanical
properties of hydrostone is a trial-and-error process, which follows the following proce-
dures [27,34]: (1) adjust the shear stiffness and the normal stiffness of the contact elements
until the Young’s modulus calculated by uniaxial compression test simulation matches
the Young’s modulus of the rock according to the shear stiffness to normal stiffness ratio
(ks / k) equals the shear modulus to Young’s modulus ratio of the rock; (2) simulate the
Brazilian tests with different contact tensile strengths until the simulation result matches the
tensile strength of the rock; (3) adjust contact cohesion Ceot and contact friction angle @cont,
and conduct a series of confined compression test simulations for each group of contact
cohesion and contact friction angle. For each series of simulation results, the confining
pressure-confined compressive strength curve can be fitted. The Y-axis intercept I and
gradient G are then confirmed and used to calculate the cohesion C and friction angle ¢ of
the rock by using Equations (5) and (6). This step is repeated until the matching cohesion C
and friction angle ¢ are achieved.

Q= arcsingl 1 (5)
. 1—sing
C=i 2cosp (©)

During the calibration process, the model dimensions in the compression test sim-
ulation and the Brazilian test simulation are 50 mm (diameter) x 100 mm (height) and
50 mm (diameter), respectively. Each model is discretized into an assembly of Trigon blocks
with an average side length of 2.5 mm [5,27,33]. All the Trigon blocks are assumed to be
elastic, and their mechanical properties are shown in Table 1. According to the Coulomb
slip criterion with residual strength, the contact element is regarded as an elastic-plastic
body, and the residual strength is also set to 0 [5]. The loading velocities in the compression
test simulation and the Brazilian test simulation are 0.1 m/s and 0.01 m/s, respectively [27].
Besides, the Young’s modulus is calculated from the more-or-less straight line in the stress—
strain curve of the specimen under uniaxial compression and three confined compression
test simulations are performed for each group of assumed contact cohesion Ce; and
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contact friction angle ¢, and the confining pressures are 0 MPa, 2.5 MPa and 5 MPa,
respectively. This paper needs to calibrate the micro-properties of the contact elements
when the homogeneity indexes are 2, 3 and 20, respectively.

Figure 2 shows the distributions of contact cohesion and contact tensile strength after
calibration when the homogeneity indexes are 2 and 20, respectively. Table 2 provides the
detailed calibration results. As can be seen from the calibration results, the mean values
of micro-properties gradually decrease, and the distribution ranges of contact cohesion
(Figure 2a,b) and contact tensile strength (Figure 2c,d) also gradually shrink (that is, the
closer to the mean values) once the homogeneity index increases from 2 to 20.
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Figure 2. Contact cohesion and contact tensile strength distributions after calibration: (a) contact
cohesion distributions under the confining pressure of 2.5 x 10° Pa when the homogeneity index is 2;
(b) contact cohesion distributions under the confining pressure of 2.5 x 10° Pa when the homogeneity
index is 20; (c) contact tension strength distributions under the Brazilian test simulation when the
homogeneity index is 2; (d) contact tension strength distributions under the Brazilian test simulation
when the homogeneity index is 20.
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Table 2. Mean micro-properties of hydrostone samples in UDEC T-W model after calibration under
different homogeneity indexes (Properties of homogeneity index 2 is taken from reference [5]).

Mean Contact

Homogeneity Mean Shear Mean Normal Tensile Strength Mean Contact Mean Contact
Index Stiffness (GPa/m)  Stiffness (GPa/m) (MPa) J Cohesion (MPa) Friction Angle (°)
2 590,000 1,416,000 40 82 70
3 300,000 720,000 22 58 55
20 236,000 571,120 10 31 34

Figure 3 shows the failure modes and total stress—strain curves of hydrostone samples
in the confined compression test simulations (taking the confining pressure of 2.5 MPa
as an example) and the failure modes and stress—displacement curves in the Brazilian
test simulations. The results elucidate that mainly irregular shear failure dominates the
failure pattern of the relatively heterogeneous hydrostone sample (m = 2) (Figure 3a). The
sample shows the characteristics of plastic failure, which has already generated a large
axial strain before reaching the peak stress and has a certain post-peak residual strength.
However, the relatively homogeneous hydrostone sample is dominated by the brittle shear
failure pattern on the diagonal (m = 20) (Figure 3b). The sample exhibits the characteristics
of brittle failure and suddenly fails under relatively small axial strain, which is exactly
consistent with the failure patterns of the confined compression test models obtained by
the published UDEC Trigon modeling method [27]. Besides, the hydrostone specimen
in the Brazilian test simulation has a more complex tensile failure plane and generates a
larger axial displacement if the specimen is simulated at a lower homogeneity index (m = 2)
(Figure 3c,d). Moreover, both the confined compression test model and the Brazilian test
model have generated a large number of randomly distributed failure elements at the initial
loading stage if the homogeneity index is 2 (Figure 3a,c).

In summary, variations in the homogeneity degree greatly affect the distributions
of micro-properties (Figure 2), and thus influence the macroscopic and microscopic me-
chanical responses of the models (Figure 3). In the model with low homogeneity degrees,
a slight disturbance will cause the failed contact elements. Before hydraulic fracturing,
the heterogeneous model needs to be solved to an equilibrium state, which will result in
generating randomly distributed failure contact elements that are the preferred pathways of
HF propagation. This reveals the reason why HFs in heterogeneous rocks always propagate
randomly and distribute asymmetrically when using the UDEC T-W method to simulate
hydraulic fracturing.

2.2.2. Validation Results

The T-W model is adopted to reproduce the experiments of Abass et al. [20,23] at
the perforation angles of 45°, 60°, 75° and 90°, assuming that the homogeneity index of
laboratory-scale hydrostone samples is 3. The simulation results are shown in Figure 4.
Figure 4a depicts the schematic diagram of HF re-orientation from artificial weaknesses.
As can be seen from Figure 4b—g, the results of He et al. [5] (black line in the figure) are not
quite consistent with the experimental results of Abass et al. [20,23]. The HF re-orientation
distance of the experiment is overestimated at the perforation angle of 45°, while the
experimental HF re-orientation distances are underestimated at the perforation angles of
60° and 75°. In contrast, the simulation results (red line in the figure) coincide with the
experimental results when the homogeneity index is 3. In addition, the experiment at the
perforation angle of 90° is also replicated, and the simulation results (red lines in Figure 4h,i)
basically coincide with the experimental result. Obviously, the simulation results in this
paper are more in line with the experimental results of Abass et al. [20,23], which improves
the reliability of He et al. [5]’s validation results. The comparison of the simulation results
when the homogeneity indexes are 3 and 2 indicates that rock heterogeneity is one of the
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important factors affecting the HF propagation trajectory, and the proper selection of the
homogeneity index is the premise of simulation study.
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Figure 3. Monitoring curves and model failure modes: (a) full stress—strain curve and failure
mode of the confined compression test simulation under the confining pressure of 2.5 x 10° Pa
when the homogeneity index is 2; (b) full stress—strain curve and failure mode of the confined
compression test simulation under the confining pressure of 2.5 x 10° Pa when the homogeneity
index is 20; (c) displacement—stress curve and failure mode of the Brazilian test simulation when
the homogeneity index is 2; (d) displacement—stress curve and failure mode of the Brazilian test
simulation when the homogeneity index is 20.

It is worth noting that the validation only confirms the capability of the T-W model to
accurately predict the HF re-orientation trajectory. The ability of the T-W model to predict
other important hydraulic fracturing parameters (such as fracture width and breakdown
pressure) needs to be verified in future studies.
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Figure 4. Validation results and comparison: (a) schematic of HF re-orientation; (b) the simulation
result at a perforation angle of 45° when the homogeneity index is 3; (c) the simulation result (red line)
when the homogeneity index is 3 is compared with the simulation result (black line) of He et al. [5]
and the experimental result of Abass et al. [20,23] (perforation angle = 45°); (d) the simulation result
at a perforation angle of 60° when the homogeneity index is 3; (e) the simulation result (red line)
when the homogeneity index is 3 is compared with the simulation result (black line) of He et al. [5]
and the experimental result of Abass et al. [20,23] (perforation angle = 60°); (f) the simulation result
at a perforation angle of 75° when the homogeneity index is 3; (g) the simulation result (red line)
when the homogeneity index is 3 is compared with the simulation result (black line) of He et al. [5]
and the experimental result of Abass et al. [20,23] (perforation angle = 75°); (h) the simulation result
at a perforation angle of 90° when the homogeneity index is 3; (i) the simulation result (red line)
when the homogeneity index is 3 is compared with the experimental result of Abass et al. [20,23]

(perforation angle = 90°).

2.3. Model Validation Case 2: Zangeneh’s Numerical Simulations
2.3.1. Effects of Natural Fracture on Hydraulic Fracturing

Affected by geological processes, underground rock masses usually include extensive
natural fractures. Numerous studies suggest that HF propagation becomes complicated
and unpredictable due to these pre-existing defects [12,35,36]. Zheng et al. [37] performed
sensitivity analysis on factors affecting the interaction between HFs and NFs by using the
hurricane analysis method, and believed that the approach angle and differential stress
were the crucial factors. Zangeneh et al. [12] simulated the behavior of HFs when they
encountered NFs under the conditions of different approach angles and differential stresses.
The simulation results indicated three types of HF behavior: (1) NFs were opened and HFs
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could propagate along NFs at low differential stresses and low approach angles; (2) HFs
tended to cross pre-existing NFs under high differential stresses and high approach angles;
(3) HFs would be arrested by NFs when differential stresses and approach angles were
intermediate. Table 3 clearly records three typical cases simulated by Zangeneh et al. [12].
In this paper, the T-W modeling method will be adopted to reproduce them to demonstrate
that the T-W modeling method is able to simulate HF propagation in naturally fractured
reservoirs.

Table 3. Typical cases under different approach angles and differential stresses in Zangeneh et al. [12].

Interaction Differential Angle of
Behavior Omax (MPa) Omin (MPa) Stress (MPa) Approach (°)
Crossing 30 19 11 60
Offsetting 30 23 7 30
Arresting 30 21 9 45

2.3.2. Model Establishment and Validation Results

In this section, the numerical model of Zangeneh et al. [12] is rebuilt by the T-W
modeling method. The geometry of the two-dimensional model sample is shown in
Figure 5. The model dimension is 200 m (length) x 200 m (width). The Trigon logic is
adopted here to generate incipient fractures as potential pathways for HF propagation.
Besides, a joint with a length of 25 m is embedded as a natural fracture at a distance of 26 m
from the left side of the borehole.

Omin

A
\

200 m

The distance from the borehole
to the natural fractureis 26 m

Borehole

Zn_ N Omax

Angle of approach Hydraulic fracture

200 m

Gmax

Nature fracture
with length 25 m

|

Omin
Figure 5. Model schematic diagram of validation case 2 [12].

The model is discretized into a large number of Trigon blocks with an average side
length of 4 m. All the Trigon blocks are modeled as being elastic, and their mechanical
properties are derived from laboratory tests of reservoir rocks in northeastern British
Columbia, as shown in Table 4 [38]. All the contact elements in the model follow the
Coulomb slip criterion with residual strength, and the residual strength is set to 0 during
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the simulation [12]. Table 5 shows the input parameters of NF, as well as the micro-
properties of incipient fractures calibrated according to the mechanical properties in Table 4
when the homogeneity indexes are 2, 20 and 100. Mechanical boundary conditions (see
Figure 5 and Table 3) and initial flow conditions (initial pore pressure is 10 MPa) are applied
to the model. The borehole at the center of the model is pressurized with an incompressible
slickwater fracturing fluid whose dynamic viscosity is 0.001 Pa-s [39]. In the simulation
of Zangeneh et al. [12], the flow rate of fracturing fluid is unknown, so it is assumed to be
5 x 107% m3/s to simulate the quasi-static loading process [40]. It should be noted that
the initial aperture value of incipient fractures is 0.01 mm, while that of NF is 0.1 mm.
Variations in aperture follow a linear relationship described by the normal stiffness and
normal displacement (see Table 5) [12].

Table 4. Mechanical properties in Zangeneh et al.’s numerical simulation [38].

Internal

Young’s Uniaxial

Friction Angle Modulus Poisson’s Ratio C(()I\l;le;;;m S treIeltllil(lls/[Pa) Compressive I(iel;;:?)r
©) (GPa) 8 Strength (MPa) &
30 30 0.25 15.6 4 53.9 2700
Table 5. Mean micro-properties of incipient fractures after calibration under different homogeneity
indexes and micro-properties of natural fracture in the UDEC T-W model.
Homogeneity
Index of Incipient Mean Shear Mean Normal Tle\;[éialll (S::)rl:lac’:h Mean Contact Mean Contact
Fractures’ Stiffness (GPa/m)  Stiffness (GPa/m) (MPa) 8 Cohesion (MPa) Friction Angle (°)
Micro-properties
2 1,080,000 2,700,000 15 75 50
20 800,000 2,000,000 6.5 36 33
100 550,000 1,375,000 6.2 30 31
Mean Shear Mean Normal Mean Contact Mean Contact Mean Contact

Natural Fractures’
Micro-Properties

Stiffness (GPa/m) Stiffness (GPa/m)

Tensile Strength

. LTy o
(MPa) Cohesion (MPa) Friction Angle (°)

0.1 1 0 0 25

Zangeneh et al. [12] explored the impact of approach angle and differential stress on
the interaction between HFs and NFs in homogeneous rocks. Therefore, the homogeneity
index of the T-W model is assumed to be 100 [32], and the three scenarios in Table 3 are
validated. The simulation results are listed in Figure 6. When the approach angle is equal to
30°, 45° and 60°, the results obtained by the T-W modeling method are crossing (Figure 6a),
offsetting (Figure 6c) and arresting (Figure 6e), respectively, which is consistent with the
results of Zangeneh et al. [12]. The results illustrate that the T-W modelling method can
simulate the interaction between HFs and NFs.
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23 MPa
30 MPa
Hydraulic fracture continues to propagate
after openin7he natural fracture
Natural fracture Inj '\' hole  Black indi the
(Blue frcansing path of hydraulic
failure) fracture propagation
(a)
21 MPa
30 MPa
Hydraulic fracture is arrested by natural
fracture
N .
Black indicates the
path of hydraulic
Natural fracture Injection borehole fracture propagation
(Blue means no
failure)
()
19 MPa
30 MPa
Hydraulic fracture continues to propagate
after crossing the natural fracture
\
Wit e Injection borehole
(Blue means no
failure) Black indicates the
path of hydraulic

fracture propagation

(e)

(b)

(d)

()

Figure 6. The comparison between simulation results of T-W modeling method (rn = 100) and the
simulation records of Zangeneh et al. [12]: (a) T-W modeling method simulation result at the approach
angle of 30° when the differential stress is 7 MPa; (b) simulation result of Zangeneh et al. [12] at the
approach angle of 30° when the differential stress is 7 MPa; (c¢) T-W modeling method simulation
result at the approach angle of 45° when the differential stress is 9 MPa; (d) simulation result of
Zangeneh et al. [12] at the approach angle of 45° when the differential stress is 9 MPa; (e) T-W
modeling method simulation result at the approach angle of 60° when the differential stress is
11 MPa; (f) simulation result of Zangeneh et al. [12] at the approach angle of 60° when the differential

stress is 11 MPa.
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3. Analysis of Influencing Factors of HF Re-Orientation in Heterogeneous Rocks
3.1. Modelling Schemes

The validation result proves that the T-W modelling method is capable of simulating
various scenarios of HF propagation in rocks of different homogeneity degrees on both
laboratory scales and field scales. Based on the T-W modeling method, the following
simulates the effects of fluid rate, fluid viscosity, perforation angle and NF on HF re-
orientation from artificial weaknesses in heterogeneous rocks. All simulations run 3000 fluid
steps to eliminate the effect of fracturing time on the HF propagation trajectory. Firstly, the
influence of fluid velocity, fluid viscosity and perforation angle is researched by using the
validated model of Abass et al. [20,23] when the homogeneity indexes are 2 and 20. Then,
the numerical model of Zangeneh et al. [12] is fully utilized to analyze the impact of NF on
HF re-orientation under the condition that the homogeneity indexes are 2 and 20.

3.2. Effect of Fluid Rate

Table 6 details the simulation scenarios to study the effect of flow rate on HF re-
orientation. Figure 7 shows the HF re-orientation trajectories in scenario 1, where the homo-
geneity index is 2. From case 1-1 to case 14, the fluid rate increases from 1 x 10~7 m3/s
to 5 x 107 m3/s, ensuring that hydraulic fracturing is always simulated in a quasi-static
mode [40]. The results show that the HF re-orientation distance gradually increases and
the final HF propagation trajectory becomes more complex with the increasing the fluid
rate. Moreover, the HF propagates asymmetrically in the heterogeneous model (i = 2) and
many fracture branches appear on the two wings of HFs at higher fluid rates (Figure 7c,d).
Figure 8 provides the simulation results in scenario 2, in which the homogeneity index is 20.
In the relatively homogeneous model, the HF presents symmetric two-wing propagation
and its directional propagation distance along the perforation direction gradually increases
with the increase of fluid rate. However, these HFs directly re-orientate towards the omax
direction after certain directional propagation distances.

Table 6. Modelling scenarios to study the effect of fluid rate on HF re-orientation in heteroge-
neous rocks.

Modelling Modelling Fluid Rate Fluid Viscosity Perforation Differential Homogeneity
Scenarios Cases (m3/s) (Pa-s) Angle Stress (MPa) Index
Case 1-1 1x1077
. Case 1-2 5x 107 o
Scenario 1 Case 1-3 1 x 10-6 1.18 45 7.5 MPa 2
Case 14 5x 107°
Case 2-1 1x1077
. Case 2-2 5x 1077 .
Scenario 2 Case 7-3 1% 10-6 1.18 45 7.5 MPa 20
Case 2—4 5x 1076

The results in Figures 7 and 8 support that increasing the flow rate will enhance the
guidance of perforations on HF propagation and promote HF propagation along the perfo-
ration direction, no matter if it is in heterogeneous rocks or relatively homogeneous rocks.
However, the fluid rate determines the HF re-orientation trajectory in heterogeneous rocks,
while the differential stress seems to be a more important factor in relatively homogeneous
rocks and increasing the fluid rate will weaken the impact of differential stress.
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Case 1-1
Homogeneity Index 2
Fluid rate 1x107 m¥/s

Fluid viscosity 1.18 Pa's

HF re-orientates towards
its favourite direction

<

Oriented
perforation
Omin=9.7MPa
Omax=17.2MPa
()
Case 13
Homogeneity Index 2
Fluid rate 1x10° m¥/s
Fluid viscosity 1.18 Pa-s
pd
HF re-orientates towards
its favourite direction \
\ Oriented
V. perforation

Omin=9.7MPa

Omax=17.2MPa

(c)

Case 12
Homogeneity Index 2
Fluid rate 5x107 m*/s

Fluid viscosity 1.18 Pa-s

HF re-orientates towards
its favourite direction

<

Oriented
perforation

Gpin=9.7MPa

Omax=17.2MPa

Case 14
Homogeneity Index 2
Fluid rate 5x10° m/s

Fluid viscosity 1.18 Pa's

HF re-orientates towards
its favourite direction

N

Oriented
perforation

Omin=9.7MPa

Opan=17.2MPa

(d)

Figure 7. The relationship between HF re-orientation and fluid rate when the homogeneity index is
equal to 2: (a) fluid rateis 1 X 107 m3/s; (b) fluid rate is 5 x 10~7 m3/s; (c) fluid rateis 1 x 10~6 m3/s;

(d) fluid rate is 5 x 1076 m3/s.

Case 2-1
Homogeneity Index 20
Fluid rate 1x107ms
Fluid viscosity 1.18 Pa-s

HF re-orientates directly
towards its favourite

dir:cuon\ \
Oriented

perforation

Omin=9.7MPa

Omax=17.2MPa

Case 23
Homogeneity Index 20
Fluid rate 1x10°m*/s

Fluid viscosity 1.18 Pa's

HF re-orientates directly towards its
favourite direction after directional
propagation for some distance

N

Oriented
perforation

Directional propagation
for some distance

Omin=9.7MPa

Opax=17.2MPa

(©)

Case 2-2
Homogeneity Index 20
Fluid rate 5x107 m¥s

Fluid viscosity 1.18 Pa-s

HF re-orientates directly towards its.
favourite direction after directional
propagation for some distance

Oriented
perforation

Directional propagation
for some distance

Omin=9.7MPa

Oma=17.2MPa

(b)

Case 24
Homogeneity Index 20
Fluid rate 5x10° m/s

Fluid viscosity 1.18 Pas

HF re-orientates directly towards its
favourite direction after directional
propagation for some distance

N

<

Oriented
perforation

Directional propagation
for some distance

Omin=9.7MPa

Omax=17.2MPa

(d)

Figure 8. The relationship between HF re-orientation and fluid rate when the homogeneity index
is equal to 20: (a) fluid rate is 1 x 1077 m3/s; (b) fluid rate is 5 x 1077 m3/s; (c) fluid rate is
1 x 1076 m3/s; (d) fluid rate is 5 x 10~ m3/s.
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3.3. Effect of Fluid Viscosity

As can be seen from Section 3.2, only single-wing fractures will be generated in the
heterogeneous rock specimens when fluid rates are lower than 1 x 107° m3/s (Figure 7a,b),
while the HF will run through the relatively homogeneous rock specimen when the flow rate
is higher than 1 x 107% m3/s (Figure 8d). Therefore, the fluid rate in this section is fixed at
1 x 1074 m3/s to analyse the effect of fluid viscosity on HF re-orientation. Table 7 provides
simulation scenarios for the study. Figures 9 and 10 provide the HF propagation trajectories
under different fluid viscosity when the homogeneity indexes are equal to 2 (scenario 3) and
20 (scenario 4), respectively. Obviously, the influence of fluid viscosity on HF re-orientation
is similar to that of fluid rate: Whether in heterogeneous rocks or relatively homogeneous
rocks, increasing fluid viscosity will improve the guided effect of perforations on HF paths
and promote HF propagation along the perforation direction. However, the fluid viscosity
dictates the HF re-orientation trajectory in heterogeneous rocks, whereas the differential
stress seems to be a more significant factor in relatively homogeneous rocks and the impact
of differential stress on HF re-orientation can be weakened by increasing fluid viscosity.

Table 7. Modelling scenarios to study the effect of fluid viscosity on HF re-orientation in heteroge-
neous rocks.

Modelling Modelling Fluid Rate Fluid Viscosity Perforation Differential Homogeneity
Scenarios Cases (m3/s) (Pa-s) Angle Stress (MPa) Index
Case 3-1 0.59
Case 3-2 1.18
. —6 o
Scenario 3 Case 3-3 1x10 2.36 45 7.5 MPa 2
Case 34 472
Case 4-1 0.59
Case 4-2 1.18
. —6 o
Scenario 4 Case 4-3 1x10 236 45 7.5 MPa 20
Case 44 4.72

The findings reveal that the influence laws and principles of fluid viscosity on HF
re-orientation are similar to those of fluid rate in both heterogeneous and relatively ho-
mogeneous rocks. The increase in flow rate or fluid viscosity gradually diminishes the
lateral fluid leak-off, which significantly increases the volume of fluid flowing along the
perforation direction, thereby enhancing the guidance of perforation on HF propagation
and improving the fracturing performance. Besides, the HF propagation trajectory does
not change when the fluid viscosity and fluid rate are changed within a reasonable range
under the same homogeneity index and the constant product of fluid viscosity and fluid
rate. (See Figures 7b and 9a; Figures 7c and 9b; Figures 8b and 10a; Figures 8c and 10b).



Machines 2022, 10, 152

17 of 25

Case 3-1
Homogeneity Index 2
Fluid rate 110" m¥/s.

Fluid viscosity 0.59 Pa-s
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Case 3-3
Homogeneity Index 2
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Case 3-2

Homogeneity Index 2

Fluid rate 1x10° m’/s
Fluid viscosity 1.18 Pa's
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N
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Oriented
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Case 3-4

Homogeneity Index 2

Fluid rate 110 m/s
Fluid viscosity 4.72 Pa's

(b)
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Figure 9. The relationship between HF re-orientation and fluid viscosity when the homogeneity
index is equal to 2: (a) fluid viscosity is 0.59 Pa-s; (b) fluid viscosity is 1.18 Pa-s; (c) fluid viscosity is
2.36 Pa-s; (d) fluid viscosity is 4.72 Pa-s.

Case 4-1
Homogeneity Index 20
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Figure 10. The relationship between HF re-orientation and fluid viscosity when the homogeneity
index is equal to 20: (a) fluid viscosity is 0.59 Pa-s; (b) fluid viscosity is 1.18 Pa-s; (c) fluid viscosity is
2.36 Pa-s; (d) fluid viscosity is 4.72 Pa-s.
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3.4. Effect of Perforation Angle

In this section, hydraulic fracturing at the perforation angles of 15°, 30°, 45°, 60° and
75° is simulated when the homogeneity indexes are 2 and 20, respectively. According to the
simulation results in Sections 3.2 and 3.3, the injection parameters here are 1 x 107® m3/s
and 1.18 Pa-s. Table 8 provides the details of scenarios 5 and 6. Figures 11 and 12 are the
simulated results of these scenarios, respectively. Figure 11 illustrates that the re-orientation
distance gradually increases by increasing the perforation angle in heterogeneous rocks
(m = 2). It is worth noting that the perforation angle of 45° appears to be a critical angle.
When perforation angles are less than 45°, the HF re-orientation distances are very short
and HFs initiating from perforations rapidly re-orientate towards their favorite directions
(Figure 11a,b), whereas HFs undergo obvious re-orientation processes and the re-orientation
distance increases rapidly with the increase of perforation angle when perforation angles
are greater than 45° (Figure 11lc—e). Figure 12 lists the HF propagation trajectories of
different perforation angles in relatively homogeneous rocks (m = 20). Obviously, the
change of perforation angle has little influence on the HF re-orientation process in relatively
homogeneous rocks. Although HFs undergo certain directional propagation distances,
the distances are nearly equal. Therefore, this is more likely to be the cause of high fluid
viscosity and fluid rate.

Table 8. Modelling scenarios to study the effect of perforation angle on HF re-orientation in heteroge-
neous rocks.

Modelling Modelling Fluid Rate Fluid Viscosity Perforation Differential Homogeneity
Scenarios Cases (m3/s) (Pa-s) Angle Stress (MPa) Index
Case 5-1 15°
Case 5-2 30°
Scenario 5 Case 5-3 1x10°° 1.18 45° 7.5 MPa 2
Case 54 60°
Case 5-5 75°
Case 6-1 15°
Case 62 30°
Scenario 6 Case 6-3 1x 107 1.18 45° 7.5 MPa 20
Case 64 60°
Case 6-5 75°

Figures 11 and 12 suggest that the use of large perforation angles is efficient in guiding
HF propagation within certain distances if the rock is relatively heterogeneous. However,
the control of perforations over HF propagation might be limited in relatively homogeneous
rocks. He et al. [5] believes that borehole arrangements under these circumstances should
consider the direction of in-situ stress. The borehole axis should be aligned with the
minimum in-situ stress direction if a series of radial HFs are required or perpendicular to
the minimum in-situ stress direction if a series of axial HFs are expected. Other strategies
are suggested, such as weakening the effect of differential stress by increasing the fluid rate
or fluid viscosity to improve the guidance effect of perforation on HFs.
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Case 5-1
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Figure 11. The relationship between HF re-orientation and perforation angle when the homogeneity
index is 2: (a) perforation angle is 15°; (b) perforation angle is 30°; (c) perforation angle is 45°;
(d) perforation angle is 60°; (e) perforation angle is 75°.
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Figure 12. The relationship between HF re-orientation and perforation angle when the homogeneity
index is 20: (a) perforation angle is 15°; (b) perforation angle is 30°; (c) perforation angle is 45°;

(d) perforation angle is 60°; (e) perforation angle is 75°.
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Figure 13. The relationship between HF re-orientation and NFs: (a) the approach angle is 30°,
the differential stress is 7 MPa and the homogeneity index is 2; (b) the approach angle is 30°, the
differential stress is 7 MPa and the homogeneity index is 20; (c) the approach angle is 45°, the
differential stress is 9 MPa and the homogeneity index is 2; (d) the approach angle is 45°, the
differential stress is 9 MPa and the homogeneity index is 20; (e) the approach angle is 60°, the
differential stress is 11 MPa and the homogeneity index is 2; (f) the approach angle is 60°, the
differential stress is 11 MPa and the homogeneity index is 20.

3.5. Effect of Natural Fracture

The T-W model is utilized to investigate the mechanical behavior of HFs after en-
countering NFs when the homogeneity indexes are 2 and 20, respectively, to analyse the
influence of NF on HF re-orientation in heterogeneous rocks.
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Table 9 gives the relevant parameter settings in simulation scenarios 7 and 8, in
which the approach angles are 30°, 45° and 60° (which are consistent with the selection of
Zangeneh et al. [12]), while the perforation angle is fixed at 45°. Figure 13 provides the
simulation results of scenarios 7 and 8. The rock is relatively homogeneous (im = 20) in cases
8-1, 8-2, and 8-3 (Figure 13b,d,f). The results indicate that HFs propagate directly towards
the omax direction once they initiate from perforations, and the mechanical behaviors of
HFs after encountering NFs are no different from those in the previous study [12]. However,
HFs first undergo certain re-orientation distances, and then exhibit unusual behaviors after
encountering NFs in cases 7-1, 7-2, and 7-3 (m = 2) (Figure 13a,c,e). The NF is not only
opened, but also induces secondary HF re-orientation in the middle of the NF when the
approach angle is 30° (Figure 13a). Besides, when the approaching angle is 45°, the HF
is not arrested. On the contrary, the NF is opened and the HF reorientates again in the
middle and the tip of the NF (Figure 13c). The above phenomena may be caused by the
low micro-properties of the contact elements at the point where HFs encounter NFs in
heterogeneous rocks.

Table 9. Modelling scenarios to study the effect of NF on HF re-orientation in heterogeneous rocks.

Modelling  Modelling Fluid Rate Vilzlcl(l)lsc}t Perforation Omax Omin i}:lpli:a:? Homogeneity
Scenarios Cases (m3/s) y Angle (MPa) (MPa) & Index
(Pa-s) NF
Case 7-1 30 23 30°
Scenario 7 Case 7-2 5x 107 0.001 45° 30 21 45° 2
Case 7-3 30 19 60°
Case 8-1 30 23 30°
Scenario 8 Case 8-2 5% 1076 0.001 45° 30 21 45° 20
Case 8-3 30 19 60°

The findings support that rock heterogeneity significantly influences the mechanical
behavior of HFs after encountering NFs. In heterogeneous rocks, HFs initiating from
artificial weaknesses will have secondary re-orientation if HFs can open NFs and propagate
along them (Figure 13a,c), which is equivalent to increasing the HF re-orientation distance.

4. Discussion

The heterogeneity of rock micro-properties affect the reliability of hydraulic fracturing
numerical simulations, and selecting a reasonable method to represent heterogeneous rocks
is the premise of numerical simulations (Figure 4b-g). In this paper, the Weibull distribution
is adopted to reasonably represent the micro-properties of heterogeneous rocks, so as to
obtain the complex and asymmetric HF propagation trajectories (Figures 7, 9 and 11), which
are closer to the HF geometry detected in field applications by micro-seismic waves [41].

The findings (Sections 3.2-3.5) in this paper show that the degree of rock heterogeneity
needs to be determined first, which is helpful to select reasonable construction condi-
tions. For example, in heterogeneous rocks, the HF propagation paths are more likely
to be controlled by directional perforations, large perforation angles and high injection
parameters highlight this effect (Figures 7, 9 and 11). In homogeneous rocks, however,
the change of perforation angle does not have an impact on HF re-orientation (Figure 12).
On the contrary, the differential stress and injection parameters are more able to direct
the propagation path of hydraulic fracturing. The high fluid viscosity or high fluid rate is
recommended to improve the effect of perforation on guiding the HF propagation paths
(Figures 8 and 10). Moreover, the effect of differential stress can be attenuated by modu-
lating the relative direction between the borehole axis and the minimum in-situ stress in
relatively homogeneous rocks.

On the other hand, NFs are another important factor influencing the HF re-orientation
trajectories. NFs that are opened can induce secondary HF re-orientation in heterogeneous
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rocks (Figure 13a,c), which needs to be considered when designing hydraulic fracturing
using artificial weaknesses.

5. Conclusions

Many factors affect HF re-orientation from artificial weaknesses, including rock het-
erogeneity, injection parameters, perforation angle and NF, which have either synergetic
or competitive effects under different circumstances. Based on the UDEC T-W model-
ing method, the effects of fluid viscosity, fluid rate, perforation angle and NF on HF
re-orientation from artificial weaknesses in heterogeneous rocks are studied. The main
conclusions are as follows:

(1) Variations in rock heterogeneity greatly affect the distributions of contact micro-
properties (Figure 2), and thus influence the macroscopic and microscopic mechanical
responses of the models (Figure 3). Generally, a slight disturbance will cause the
failed contact elements in the model with low homogeneity degrees, which will result
in generating randomly distributed failure contact elements that are the preferred
pathways of HF propagation. This reveals the reason why HFs in heterogeneous
rocks always propagate randomly and distribute asymmetrically when using the
T-W method.

(2) The Weibull distribution measures the homogeneity degree of rocks by means of the
homogeneity index m, and the proper selection of homogeneity index is the premise
of researches. The simulation results with the homogeneity index of 3 are closer to the
experimental results than those with the homogeneity index of 2 when taking advan-
tage of the experiments of Abass et al. [20,23] to validate the T-W modeling method.
Moreover, by reproducing the numerical simulation of Zangeneh et al. [12], the T-W
modeling method is also applicable to simulate the influence of rock heterogeneity on
hydraulic fracture re-orientation in naturally fractured reservoirs.

(38) The rock heterogeneity affects the effects of fluid rate, fluid viscosity and perforation
angle on HF re-orientation from artificial weaknesses. The HF re-orientation distance
increases obviously and the guidance of perforation on HF propagation is enhanced
with the increase of fluid rate, fluid viscosity and perforation angle in heterogeneous
rocks. In contrast, the differential stress is the dominant influencing factor in relatively
homogeneous rocks, causing HFs to rapidly re-orientate from the artificial weakness
towards the theoretical prediction. However, increasing the fluid viscosity and fluid
rate can weaken the impact of differential stress.

(4) Natural fractures are another factor influencing the HF re-orientation trajectory. In
heterogeneous rocks, NFs opened by HFs will induce secondary HF re-orientation.
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