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ABSTRACT. Hydraulic fracturing with oriented perforations is an effective

technology for gas development from shale reservoirs. However, fracture

reorientation during fracturing operation can affect the fracture conductivity  citation: 11, Q.C., Zhou, I, Li, Z-M., Liu,

and hinder the effective production of shale gas. In addition, factors such as Z-H, Fang, Y., Zhao, L, Han,, Y., Factors
affecting  fracture  reorientation  during

perforation azimuth, in-situ stresses, fracturing fluid viscosity and injection g wring  operation  with  oriented

rate can affect fracture reorientation during fracturing operation, and the first perforatons in shale gas reservoirs, Fratrura
ed Integrita Strutturale, 58 (2021) 1-20.
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three factors are controllable factors. In the present work, a numerical ,

i i i i K k . : K Received: 11.03.2021

simulation model for investigating fracture reorientation during fracturing Accepted: 03.07.2021

with oriented perforations was established, and it was verified to be suitable = Published: 01.10.2021

for all investigations in this paper. Based on this simulation model, factors copyright: © 2021 This is an open access

affecting both initiation and reorientation of the hydraulically induced aticle under the terms of the CC-BY 40,
X . k i K . which permits unrestricted use, distribution,

fractures were investigated. The investigation results show that the fluid and reproduction in any medium, provided

viscosity has little effect on initiation pressure of hydraulically induced theoriginal authorand source arc credited.

fracture during fracturing operation, and the initiation pressure is mainly

affected by perforation azimuth, injection rate and the stress difference.

Moreover, the investigation results also show that perforation azimuth and

difference between two horizontal principal stresses are the two most

important factors affecting fracture reorientation. Based on the investigation

results, the optimization of fracturing design can be achieved by adjusting

some controllable factors. However, the regret is that the research object

herein is a single fracture, and the interaction between fractures during

fracturing operation needs to be further explored.

KEYWORDS. Hydraulic fracturing; Oriented perforation; Fracture initiation;
Fracture reorientation; Fracture propagation; Shale reservoir.

INTRODUCTION

hale is the fragile and fine grain sedimentary layer that is composed of clastic particles with particle size less than
6.35%10°m, clay and organic matter [1]. According to U.S. Energy Information Administration (EIA), the global
technically recoverable shale gas resources are 206.68%X1012 m3 by 2013, and China has the largest recoverable
reserves all over the world [2]. Moreover, the EIA predicts that shale gas will be the main driving force for increase
of global natural gas production in the future. By 2040, the average daily production of shale gas is expected to be four
times that of 2015, reaching 4.76X10°m3 [3]. Therefore, although tight shale formations have been generally considered as
the caprock of oil and gas reservoirs, they have received increasing attention as unconventional resetvoir in recent years.
However, shale reservoirs generally have lower permeability (usually between 1.0X10-2! m? and 1.0X10-" m?), and belong
to ultra-low permeability reservoirs [4]. Hydraulic fracturing operations are generally considered to be effective measures
to stimulate the physical properties of shale reservoirs, increasing natural gas production [5, 6]. Perforations around
wellbore region can effectively reduce the initiation pressure that is needed to overcome in hydraulic fracturing operations,
which is conducive to the initiation of hydraulically induced fractures [7-9]. Accordingly, hydraulic fracturing with oriented
perforations has become an effective measure to stimulate shale reservoir. Ideally, to ensure the high fracture conductivity,
the direction of perforation should be consistent with the direction of the maximum horizontal main stress. In fact, the
geologic conditions of formation are often complicated and it is difficult to accurately determine the direction of the
maximum horizontal principal stress oy [7, 10].
As shown in Fig.1A, stress concentration at the perforation tip due to injection of fracturing fluid results in the micro-
hydraulically-induced fracture at the beginning of fracturing operation. As the fracturing fluid continues to be injected, the
micro-fracture will propagate along the initial perforation for a certain distance (see Fig.1B). Then, fracture reotientation
will occur if there is an angle between the perforation and the maximum horizontal principal stress (Fig.1C). The
parameter L in Fig.1C is defined as reorientation radius herein, which is used for describing fracture reorientation. In
addition, the bending fractures formed during hydraulic fracturing will lead to retention of proppant in the reorientation
position (see Fig.1D), which brings difficulty to the transport of proppant within fracture. Therefore, in-depth
investigation on the reorientation of hydraulically induced fractures during hydraulic fracturing operation with oriented
perforations is of great importance for the design and optimization of hydraulic fracturing in oilfields. At present, most
investigations on hydraulic fracturing technology mainly focus on the analysis of post-fracturing productivity. In
comparison, there are fewer studies on the behavioral evolution of fractures during fracturing. Recently, considerable
advancements have already been made in behavior evolution of hydraulically induced fractures numerically and/or
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experimentally during hydraulic fracturing operations. Li et al. [11] numerically investigated factors affecting fracture
propagation during the multi-cluster staged fracturing for shale reservoir using cohesive elements with ABAQUS FEM
software. The investigation reveals that the cluster spacing between the adjacent hydraulic-induced fractures is the most
important factor. Chang et al. [12] carried out a series of laboratory experiments to investigate the effectiveness of
oriented perforation fracturing, and it showed that the fractures formed by oriented perforation fracturing technology
tend to stimulate more reservoir volume. Zhu et al. [13] studied the factors affecting initiation pressure of unconventional
reservoirs with a finite element model of hydraulic-induced fracture for the cased wells with the oriented perforations. Li
et al. [14] analyzed the reorientation mechanism of hydraulically induced fracture with the coupling finite element model,
and the investigation results showed that difference between the maximum and the minimum horizontal principal stresses
affects the fracture morphology large. Although these investigations are particularly useful and helpful, there is a lack of
detailed research on factors affecting reorientation of fractures during hydraulic fracturing operations with oriented
perforation in shale reservoirs. In other words, investigation on the fracture reorientation during reservoir stimulation
through hydraulic fracturing is not deep enough. Therefore, it is important and necessary to conduct relevant research.

Fracturing Fluid

"] Proppant
':.g,*, Formation

Fracture Fracture
propagation reorientation

| 0  Azimuth
; Injection of fracturing fluid s >
om’ ! g Continuous propagation © Borehole

Figure 1: Schematic of fracture reorientation during hydraulic fracturing operation with oriented perforations. A: fracture initiation; B:
fracture propagation; C: fracture reorientation; D: proppant retention within fracture.
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In addition, the interaction between fractures during fracturing operation is also an important factor affecting the final
fracture morphology in reservoir. Therefore, in-depth analysis of the interaction between fractures is valuable for
understanding the formation mechanism of complex fracture network during the fracturing operation. Up till now, some
progress has been made by so many scholars in this area. However, current investigations focus on the interaction
between natural fractures and hydraulic fractures during fracturing operation, rather than interaction between hydraulically
induced fractures. Zhou et al. [15] analyzed crack coalescence in rocks with defects by uniaxial compression experiments
and found that crack coalescence can occur in neatly all samples, but the mechanism is different for different types of
rocks. Yu et al. [16] numerically analyzed the interaction between fractures during fracturing in tight sandstone reservoir.
It was found that obvious interaction occurs between hydraulically induced fractures, and the reservoir pressure is the
dominant factor affecting the interaction between fractures. Zhang et al. [17] analyzed factors affecting propagation of
natural fracture by XFEM method, it is found that natural fracture propagates easily with the decrease of dip angle and
stress difference. Arash [18] investigated the effect of natural fracture on propagation of hydraulically induced fractures,
and the investigation results show that interaction between natural fracture and hydraulically induced fracture is the key
condition resulting in complex fracture network. Nevertheless, considering that interaction between hydraulic fractures is
not the focus of the present work, so related investigation is not carried out herein. In the present work, the coupled finite
element model (FEM) used for investigating reorientation of the hydraulically induced fracture in shale reservoirs was
developed by using the extended finite element method (XFEM). In this coupled model, some important aspects in the
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hydraulic fracturing operations (such as injection of fracturing fluid, fluid flow in hydraulically induced fractures and
fracture reorientation) were considered. Based on this, factors affecting fracture reorientation during fracturing in shale
reservoirs are then studied, regarding fracture initiation pressure and reorientation radius as the research target. The study
in this paper will provide reference for fracturing design of unconventional oil and gas reservoirs.

ELEMENTARY THEORY FOR HYDRAULIC FRACTURING BY XFEM

highlight the research focus, the research model for investigating fracture reorientation in shale reservoirs is

assumed to be a homogeneous, isotropic 2D plane strain model. Furthermore, it is considered that the fracture
propagation is quasi-static and there is no fluid hysteresis within fractures. Finally, the incompressible Newton fracturing
fluid is injected into the wellbore at a constant flow rate during fracturing. Therefore, in-depth study of fracture
reorientation in hydraulic fracturing process needs to thoroughly understand the basic theories of seepage mechanics, rock
mechanics and damage mechanics involved in the process. In this section, the elementary theories were presented.

: ; hale reservoirs are generally heterogeneous and anisotropic, which brings difficulties to practical research [19]. To

Stress balance equation of rock in shale reservoir

Rock deformation occurs under the dual action of the in-situ stresses and the fluid pressure during fracturing. Weak form
is the ultimate equation form for solving multi-field coupling problems by using finite element method. Therefore, the
weak form of equations for both the seepage field (pore pressure) and the deformation field (stress and displacement)
were obtained herein.

The weak form of stress balance equation can be expressed by Eqn. (1) when seepage in porous media of shale reservoir
was considered [20, 21].

[(o:,1): 521 = [¢-Suds + [ £- Sudl” (1)
1% S 178

where, 6 is the effective stress, MPa; f is the unit body force, MPa; t is the unit surface force, MPa; Py is the fluid pressure
at the fracture, MPa; g is the virtual stain, dimensionless; oU is the virtual displacement, m; dV is the volume of the
micro-element, m3; and dS is the area of the micro-element, m2.

Seepage flow equation in shale gas reservoir
Simulation of fluid seepage in shale reservoir can be realized by applying pore pressure at each node and then applying the
boundary condition of pore pressure at a certain boundary. The law of mass conservation is the law that all physical

processes follow. Therefore, the mass conservation equation of fracturing fluid in porous medium can be written as [22,
23]

i[f p,,,codVJ + fpy,fpn ~vd§ =0 2
dar\ 7, g’

where, pw is the density of fracturing fluid, kg/m3; ¢ is the porosity, dimensionless; N is the normal vector of surface S,
dimensionless.

At present, only single-phase incompressible seepage can be properly realized in ABAQUS software, and the calculation
of complex multi-phase seepage cannot be achieved. Just as Eqn. (3), the seepage of fracturing fluid in shale reservoir is
assumed to satisfy Darcy's law [21].

1
¢gpil/

V=—

k-dp 6)

where, V is the seepage velocity, m/s; K is the permeability of shale reservoir, m2; g is gravity acceleration, 9.8 m/s2 dp is
pressure difference between two ends of micro-element, MPa.
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Initiation and propagation of hydranlically induced fracture

The constitutive model of elements used for simulating fracture initiation satisfies the traction-separation criteria. That is
to say, the constitutive relationship of elements within the investigation model herein is linear elastic before damage, and
its stiffness drops to zero when the damage occurs. Up till now, a variety of different damage criteria (such as the
maximum principal stress and the maximum principal strain criterion) have been embedded in the ABAQUS finite
element software [11, 24]. Among them, the maximum stress criterion has been proved to be more effective and accurate
[24]. Therefore, in this paper, the maximum principal stress criterion shown in Eqn. (4) is used as the damage criterion

23]
r-{= 2
O-”IKZX

where, 6°max and omax are the critical maximum principal stress and the maximum principal stress respectively, MPa. Once
the principal stress criterion was adopted, the critical maximum principal stress should be given, and the element damage
begins to occur when the maximum principal stress omax exceeds the critical maximum principal stress 6%max.

The damage evolution of the unit follows the Benzeggagh-Kenane criteria [25, 26] shown in the following equation

G n
Gm + (G.rt - Gﬂf )[G_S] = GC (5)

T

whete, Gne, Gse, Gs and Gr are the normal critical energy release rate, tangential critical energy release rate, the first
tangential fracture energy release rate and the second tangential fracture energy release rates respectively, MPa'm; # is a
constant, 2.284.

Fluid flow in fracture during fracturing

Fluid flow in fracture can be divided into the normal flow and the tangential flow. The tangential flow ensures the
continuous propagation of fracture during fracturing, and the following Cubic-Law can be adopted to describe the
tangential flow in hydraulically induced fracture.

d3
124

9= Vp ©)

where, Q is the fluid flow required for 1m of fracture propagation, m? d is the fracture width, m; g is the fluid viscosity,
Pa-s.

Normal fluid flow within the hydraulically induced fracture results in the leak-off of fracturing fluid, and the leak-off of
fracturing fluid from fracture into reservoir is defined as

Vjak-off = C/mk—qﬂ (Pw = Psuy ) ™)

whete, Vieak-off is the leak-off velocity, m/s; Cieak-off is the leak-off coefficient, m/(MPa-s); Psurf is the pore pressure in shale
reservoir adjacent to the fracture surfaces, MPa.

NUMERICAL MODELING OF SINGLE FRACTURE REORIENTATION

Model geometry and mesh generation
Ithough the establishment of simulation model is the basic for investigation of fracture reorientation during
fracturing operation, a seties of assumptions need to be made before the model is constructed. Firstly, shale
reservoir is assumed to be homogeneous, and the reservoir properties at any node within the model are the same.
Secondly, only single-phase seepage of fracturing fluid occurs in shale, and it satisfies Darcy's law. Moreover, shale is
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assumed to be elastic and its plastic failure during fracturing is ignored. Finally, wellbore used for shale gas production and
fracturing operation is a vertical one (see Fig.2A).

Based on these assumptions, a 2D plane strain model for investigating fracture reorientation during hydraulic fracturing
with oriented perforations in shale reservoirs is established with ABAQUS finite element software (see Fig.2). Therefore,
only the maximum and the minimum horizontal principal stress exist within the 2D simulation model before simulation.
As shown in Fig.2B, the investigation model is a full-size square model, and its side length is200 m. Generally speaking,
the half-length of fractures during fracturing operation is within 100 meters [11]. Therefore, the model size in this paper is
sufficient to avoid the influence of boundary effects on the simulation results [11, 27-29]. Moreover, the borehole with a
radius of 0.2 m is located in the center of the simulation model. As can be seen from Fig.2A and Fig.2B, the simulation
area "abcd" corresponds to a plane in shale reservoir that is perpendicular to the wellbore axis.

In order to improve the simulation accuracy, the element size at the outer boundaties is 25 times as large as that around
wellbore (see Fig.2B and Fig.2C), and the reservoir model is finally discretized into 17,500 CPEA4P elements. The CPE4P
elements can realize coupling analysis of fracturing fluid seepage and borehole deformation in simulation of hydraulic
fracturing. Another important reason for meshing in this way is that both the initiation and propagation of fractures
mainly occur in the near-wellbore region around wellbore.

As can be seen in Fig.2C, two perforations are designed centrosymmetrically in different azimuth angles around borehole
herein, and the perforation depth is 0.50 m. In the model, reservoir and two perforations are three separate parts, and the
perforations should be discretized separately during simulation. Therefore, two centrosymmetrical perforations around
wellbore are discretized into 10 T2D2 elements and interact with the reservoir elements. During simulation with this
model, when the pressure in perforation reaches reservoir strength, the fracture will initiate at the perforation tip.

Load type Objects Type and value
Fluid injection Two injection nodes in Fig.2C Injection rate 0=10m3/min
Boundary ab and cd Displacement U1=0
Boundary bc and da Displacement U2=0
Boundary conditions
Boundary ab, bc, cd and da Pore Pressure Pp=18MPa
Borehole Displacement Ul=U2=0
Whole model Pore Pressure Pp=18MPa
Initial conditions
Whole model o=43MPa, 0;=33MPa and o =35MPa

Table 1: The loads, boundary conditions and initial conditions in the investigation.

Boundary conditions and basic simulation parameters

The loads, boundary conditions and initial conditions adopted herein have been presented in Tab.1. As can be seen in
Tab.1, The normal displacement of both the outer boundaries and the borehole should all be set to 0 throughout the
simulation, and the pore pressure at the outer boundaries should also be fixed to the original reservoir pressure. Before
the fracturing simulation, the initial in-situ stresses and reservoir pressure within the model need to be initialized.
Furthermore, it should be emphasized that the two perforation tips are regarded as injection points of fracturing fluid.
The fracturing fluid is injected into the perforation holes at a constant rate during the fracturing operation.
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Figure 2: Schematic diagram of hydraulic fracturing with oriented perforation in shale reservoir and the established finite element
model. (the perforation azimuth angle is 30°, and the petforation depth is 0.50 m) (A): Formation model; (B): 2D finite element
meshing model; (C): Meshing elements around borehole.

Parameter Value Parameter Value
Elastic Modulus E, GPa 18 Poisson's ratio v, Dimensionless 0.25
Maximum horizontal principal stress on, Minimum horizontal principal stress on,
MPa + MPa 33
Vertical principal stress ov, MPa 35 Water saturation Sw, % 100
Tensile strength T, MPa 3 Initial porosity ¢, % 4
Initial pore pressure Py, MPa 18 Leak-off coefficient Chu.,5, m/(MPa-s) 1x10-12
Permeability £, m? 5X10-17 Side length I, m 200
Viscosity of fracturing fluid x, mPa-s 30 Injection rate O, m3/min 10
Borehole radius r, m 0.20 Perforation depth Ps m 0.50
Total fracturing time T, min 10 Reservoir depth D, m 2000
Perforation azimuth 8, ° 40

Table 2: Basic parameters for simulation.

Although Tab.1 has presented how loads, boundary conditions and initial conditions are applied, no specific values are
given. For this purpose, Tab.2 gives the basic data required for simulation. Based on these data, the simulation can be
conducted in this paper.

Implementation of fracture initiation and reorientation in ABAQUS

Although most of the simulation involved in this paper can be done directly by CAE interface in ABAQUS software,

secondary development is required for some settings. In this work, a text file with extension .inp is outputted after

inputting basic parameters to the simulation software, and secondary development can be conducted by manually

modifying this file. Fig.3 shows what needs to be modified in the *.inp file. As can be clearly seen in Fig.3, two contents

need to be modified to achieve secondary development:

»  The fluid injection parameters need to be added into the *.inp file. The content (1) in Fig.3 means that the fracturing
fluid is continuously injected at a rate of 5X10-¢ m3/s at two nodes numbered 180 and 181 within the instance named
Part-1-1.
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L. 3, 18U., UV.UUL, J.U,

(1)

*% Name: BC-2 Type: Pore pressure
*Boundary

edge_PpP_, 8, 8, 793.00e+0
*output, field,freq=200

*node output

u,
*¥%POR,

PHILSM
[Ferement ouLput
S

*¥ EAKVRTXFEM

*¥LEAKVRBXFEM (2)
**ALEAKVRTXFEM

**ALEAKVRBXFEM

**PORPRES

ik

T TS lad o mumy s FEmmen 4 MM

(A) Before modification

Z.J, I8U., U.UUIL, J.UJ,

*cflow,amplitude=volumerate,phantom=edge
Part-1-1.181,Part-1-1.180,5¢-6 (1)

*% Name: BC-2 Type: Pore pressure
*Boundary

edge_PP_, 8, 8, 793.00e+0
*output, field,freq=200

*node output

u,
*%pOR,

PHILSM _
¥element output
S

**PEOPENXFEM

¥¥LEAKVRTXFEM

*¥EAKVRBXFEM (2)
% ALEAKVRTXFEM

**ALEAKVRBXFEM

**PORPRES

**GFVRXFEM

(B) After modification

Figure 3: Comparison of the *.inp file before and after modification.
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» In addition, some simulation results need to be manually outputted. Contents (2) in Fig.3 ate some output variables
that need to be manually edited in file with extension .inp. Modification (2) in Fig.3 are
PFOPENXFEM: width of the hydraulically induced fracture;
LEAKVRTXFEM and LEAKVRBXFEM: Leak-off flow rate of two interfaces of fracture in 2D model;
ALEAKVRTXFEM and ALEAKVRBXFEM: Total leak-off flow volume from two interfaces of fracture within a
2D model;
PORPRES: Pore pressure of the element damaged by the hydraulically induced fracture.

The relevant results of hydraulically induced fracture are read from the result file in the form of *.odb when the simulation
has been completed, thereby obtaining the initiation pressure and the reorientation radius. In addition, as can be seen in
Tab.2, the injection rate is a constant value. However, in order to prevent the non-convergence caused by the sudden
change of injection rate at the beginning of simulation, some measures need to be taken. As shown in Fig.4, the injection
rate is gradually increased from O to the set value during the first 10 seconds. In this way, injection evolution of fracturing
fluid at the beginning of fracturing operation becomes smoother, and the simulation process is more stable. Of course, the
injection pattern displayed in Fig.4 needs to be realized by the amplitude function.
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Figure 4: Evolution of injection rate during fracturing operation.

Veerification of the simulation model

Model validation refers to exploring the applicability of the established model to investigations. The applicability of the
investigation model used in this paper has been verified numerically and/or experimentally in several studies [14, 30]. In
the present work, the applicability of the investigation model given in Fig.2 is verified by comparing the experiment in
References [31] with the simulation in this paper. However, it should be noted that the simulation conditions (Of course,
numerical scaling is required according to dimensional analysis.) should be all consistent with experimental conditions in
reference [31]. The experimental conditions are summarized in Tab.3.

(B)

e

x

Borehole

Reference [31] Simulation

Figure 5: Comparison of the experimental result in reference [31] with the simulation result.

Fig.5 illustrates the comparison of the experimental result with the simulation result. By Fig.5, we can clearly see that the
fracture morphology obtained by experiment (see Fig.5A) and simulation (see Fig.5B) is similar, which can qualitatively
verify the applicability of the investigation model. In order to quantitatively verify the applicability, Tab.4 compares the
experiment and the simulation by two parameters, i.e. initiation pressure and reorientation radius. By comparison, it can
be found that the initiation pressure in simulation is only 0.29MPa lower than that in experiment, and the redirection
radius in simulation is also only 0.18cm shorter than that in experiment. All the above comparisons show that the

investigation model in this paper can be used for analysis of both the initiation and the redirection of hydraulically induced
fractures during fracturing operation.
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Conditions Value Unit
Viscosity of fracturing fluid 73 mPa-s
Maximum horizontal principal stress 6 MPa
Minimum horizontal principal stress 1 MPa
Tensile strength 2.59 MPa
Porosity 1.85 %
Permeability 1x10-16 m?
Elastic Modulus 8.402 GPa
Poisson's ratio 0.23 -
Injection rate 2.1x10° m3/s
Petforation depth 0.05 m
Perforation azimuth 60 °

Table 3: Experimental conditions in Reference [31].

Parameter Experiment in Reference [31] Simulation
Initiation pressure, MPa 15.55 15.26
Redirection radius, cm 8.30 8.48

Table 4: Verification results of the simulation model.

RESULTS AND DISCUSSIONS

fracturing operation with oriented perforations, influences of different factors on them were investigated. Therefore,

all data in Tab.2 are the benchmark data. When investigating the influence of certain factor on fracture reorientation,
it is only necessary to adjust the corresponding data based on Tab.2. For example, if the effect of perforation azimuth on
fracture reotientation was investigated, the petforation azimuth can be expanded from 40° to five values of 0°, 20°, 40°,
60° and 80° based on Tab.2.

I n order to deeply understand both the initiation and the reorientation of hydraulically induced fractures during

Effect of perforation azinuth

As mentioned above, hydraulically induced fractures will eventually propagate along the maximum horizontal principal
stress during hydraulic fracturing. If the perforation does not follow the direction of the maximum horizontal principal
stress, the fracture reorientation will occur, affecting the fracture morphology. Herein, fracture reorientation under five
different perforation azimuths of 0°, 20°, 40°, 60°, and 80° was investigated. Fig.6 shows the final fracture morphology
with changing the perforation azimuth. It can be seen from Fig.6 that regardless of the perforation azimuth, all fractures
are initiated at the perforation tip after the fracturing operation has started for a period. Then, it propagates outward and
gradually reorients to the X direction (direction of the maximum principal stress), eventually forming a double-wing
reotiented fracture. This indicates that perforation azimuth has little influence on the direction of fracture propagation,
and the maximum principal stress is the main factor affecting the propagation direction. Moreover, with the increase of
perforation azimuth, fracture reorientation becomes more obvious. Although the influence of petforation azimuth on
fracture reorientation can be described intuitively and qualitatively from Fig.6, the quantitative conclusion can’t be
obtained.

10
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Figure 6: The final fracture morphology when the perforation azimuth is different.

Therefore, Fig.7 shows the effects of perforation azimuth on pressure evolution at injection node, fracture initiation and
fracture reorientation during fracturing operation. Fracture initiation occurs when the pressure at injection node reaches a
certain value, and the pressure at the injection node then gradually decreases from this time and eventually stabilizes [32].
The highest point of pressure evolution curve obtained in Fig.7A is usually defined as the initiation pressure [23].
Therefore, Fig.7B presented the relationship between the initiation pressure during fracturing and perforation azimuths. It
can be clearly seen from Fig.7B that the initiation pressure increases with the increase of perforation azimuth. The
initiation pressure is approximately 38.26MPa when the perforation coincides with the direction of the maximum
horizontal principal stress. However, the initiation pressure reaches 52.57MPa when the perforation azimuth is 80°, which
is 37.40% higher than that when the perforation azimuth is 0°. The main reason for this is that the bigger the perforation
azimuth is, and the more energy is needed to overcome the shear stress to promote the fracture initiation.

If fracture reorientation is described by the parameter of redirection radius, the large reorientation radius of hydraulically
induced fracture indicates the severe fracture reorientation. We can see from Fig.7C that the redirection radius increases
non-linearly with the increase of perforation azimuth, and the perforation azimuth of about 62.5° is the inflection point in
Fig.7C. The increase rate of fracture reorientation radius is 0.42 m/° when the perforation azimuth is less than 62.5°, but
it reaches 1.60 m/° when the perforation azimuth exceeds 62.5°. This is because that the area where stress changes during
fracturing increases with the increase of perforation azimuth angle, so the hydraulically induced fracture propagates for
longer path through this area.

Therefore, based on the numerical simulation in this section, we can draw the conclusion that perforation azimuth is
preferably designed in the range of 0° to 40° during fracturing operation. This is because if the petforations are designed
within this range, both the initiation pressure and the fracture pressure are relatively low, so that the operation efficiency
can be effectively improved and the operation cost can be reduced.

Effect of injection rate of fracturing fluid

The injection rate is also an important factor affecting both the fracture reorientation and the final fracture morphology.
In this section, seven injection rates, 4m3/min, 6m3/min, 8m3/min, 10m3/min, 12m3/min, 14m3/min and 16m3/min, are
set to explore the influence of injection rate on fracture initiation and fracture reorientation. Moreover, the perforation
azimuth adopted in these simulations is 40°. Fig.8 shows the final fracture morphology when the injection rate is different.
From Fig.8, we can qualitatively see that the injection rate of fracturing fluid has little effect on the reorientation of
fractures during fracturing operation, but it will affect the propagation of fractures. In Fig.8A, when the injection rate is
4m3/min, the half-length of fracture is only about 50m. Howevet, it reaches about 90m when the injection rate has been
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increased to 16m3/min, which is neatly twice as long as the fracture length when the injection rate is 4m3/min (see
Fig.8G). As what we can see from Fig.8G, the numerical model in this paper is almost fractured into the upper and lower
parts at the end of fracturing operation when the whole operation is carried out at a larger injection rate.
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(A): Pressure evolution at the injection node during fracturing when the petforation azimuth is 40°
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Figure 7: Effects of perforation azimuth on initiation pressure and fracture reorientation.
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Figure 8: The final fracture morphology when the injection rate of fracturing fluid is different.

To quantitatively clarify the effects of injection rate on both fracture initiation and fracture reorientation, Fig.9 gives the
initiation pressure and the reorientation radius when the fracturing fluid was injected at different injection rates during
fracturing. We can see from Fig.9A that a larger injection rate results in the higher initiation pressure. The initiation
pressure has increased from 37.26MPa to 53.03MPa when the injection rate was increased from 4m3/min to 16m3/min.
As expected, the simulation results show that fracture initiation occurs much earlier at a larger injection rate than that at a
smaller one. This is because, for large injection rate, leak-off of fracturing fluid from perforation to reservoir can be
almost completely neglected, less time is needed to increase the pressure of injection point to the initiation pressure.
Fig.9B displays the relationship between reorientation radius and injection rate. Although the effect of injection rate on
fracture reorientation is not as pronounced as that of perforation azimuth, it can be seen from Fig.9B that the increasing
injection rate of fracturing fluid can also worsen the fracture reorientation. The reorientation radius is only 13.05m when
the injection rate is designed as 16m3/min. Although large injection rate can effectively accelerate the fracturing operation
and lengthen the fracture length, too large injection rate will increase the cost of fracturing operation. Of course, too small
injection rate is still inappropriate for fracturing in shale reservoir. Therefore, the injection rate of 8 to 12 m3/min under
the simulation conditions in this paper is more appropriate.

Effect of difference between two horigontal principal stresses

In this part, on the premise of keeping other basic parameters unchanged, the effect of difference between two horizontal
principal stresses on fracture reorientation has been investigated by changing the minimum horizontal principal stress.
The minimum horizontal principal stress is sequentially set to 33MPa, 35MPa, 37MPa, 39MPa, 41MPa, and 43MPa in the
form of an arithmetic progression. The maximum horizontal principal stress is a fixed value in the whole fracturing
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simulation. In other words, the difference between the two horizontal principal stresses is an arithmetic sequence with a
tolerance of 2MPa between 0MPa and 10MPa.

55

(A) 53.03

Initiation pressure, MPa

4 6 8 10 12 14 16
Injection rate, m*/min
(A): Effect of injection rate on fracture initiation

13.05
13 | (B)

Redirection radius, m

4 6 8 10 12 14 16

Injection rate, m*/min
(B): Effect of injection rate on fracture reorientation
Figure 9: Effect of injection rate on initiation pressure and redirection radius during fracturing operation with oriented perforations in
shale reservoirs.

The final fracture morphology when the difference between two horizontal principal stresses is different is shown in
Fig.10. We can qualitatively see from Fig.10A that the hydraulically induced fracture is almost a straight-line propagating
along the perforations during fracturing operation when the two horizontal principal stresses are equal to each other. On
the contrary, fracture reorientation occurs more pronouncedly when the difference between two horizontal principal
stresses is greater (see Fig.10B to Fig.10F). Although it can be cleatly seen from Fig.10 that the difference between two
horizontal principal stresses will significantly affect fracture reorientation, the quantitative description is necessary.
Therefore, Fig.11 quantitatively describes the influence of stress difference on initiation pressure (see Fig.11A) and
reorientation angle (see Fig.11B) during fracturing operation. We can see from Fig.11A that when the minimum
horizontal principal stress is 43MPa (i.e., stress difference is 0OMPa), the initiation pressure is 52.24MPa. Moreover, with
the increase of difference between the two horizontal principal stresses, initiation of hydraulically induced fracture
becomes easier and easier. The initiation pressure decreases to 43.81MPa when the minimum horizontal principal stress is
33MPa (i.e., stress difference is 10MPa). This is due to the strong stress concentration at the tip of the perforation when
the difference between two horizontal principal stresses is significant, which is conducive to the initiation of hydraulically
induced fracture.
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Figure 10: The final fracture morphology when the difference between two horizontal principle stresses is different.

As can be seen in Fig.11B, the reorientation of hydraulically induced fracture will be aggravated with the increase of
difference between the two horizontal principal stresses. As described in Fig.10A, no fracture reorientation occurs (i.e.,
reotientation angle is 0°) when the difference between two horizontal principal stresses is OMPa. However, the
reorientation angle is 41.73° when the minimum horizontal principal stress is 33.00MPa (i.c., stress difference is 10MPa).
From this, we can know that the difference between two horizontal principal stresses is the most important factor that
determines whether the fracture reorientation can occur during fracturing operation. Although in-situ stresses are not a
human intervention factor, the simulation results can be used to propetly guide the design of fracturing operations.

Effect of fluid viscosity

The viscosity of hydraulic fluid can also affect the initiation and reorientation of fractures during fracturing operation.
Based on the parameters listed in Tab.2, the initiation pressure and reorientation radius are investigated respectively when
the fluid viscosity is 30mPa-s, 60mPa-s, 90mPa-s, 120mPa-s, 150mPa-s and 180mPa-s.
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Figure 11: Effect of difference between two horizontal principal stresses on initiation pressure and reorientation radius during
fracturing.
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Figure 12: Effect of fluid viscosity on fracture initiation during fracturing operation with oriented perforations in shale reservoirs.

Fig.12 exhibits the influence of fluid viscosity on initiation pressure during fracturing with oriented perforations when
fluid viscosity is different. From Fig.12, we can see that the initiation pressure will increase with the increase of fluid
viscosity, but the fluid viscosity has little effect on the fracture initiation pressure. The initiation pressure has increased
from 45.22MPa to 45.60MPa when the fluid viscosity changes from 30mPa-s to 180mPa-s, with an increase of 0.38MPa.
With the help of Fig.13, the mechanism of the effect of fluid viscosity on the initiation pressure for fracturing operation
can be well explained. From Fig.13A, we can see that when the fluid viscosity is low, the fracturing fluid in perforation will
more easily invade into shale reservoir, and the seepage resistance of fracturing fluid with lower viscosity in shale reservoir
is also smaller. When the fluid viscosity is 30mPa-s, the invasion distance is 12.52cm around perforation. It is not so easy
to maintain the pressure in perforation at the beginning of fracturing operation, a large amount of fracturing fluid will
invade into reservoir before fracture initiation occurs at the perforation tip. In this case, the initiation pressure will be
small when the fracturing fluid viscosity is low. On the contrary, as shown in Fig.13B, when the fluid viscosity is high, it is
difficult for fracturing fluid to invade into reservoir, and pressure holding in perforation is easy to achieve [33]. When the
fluid viscosity is 30mPa-s, the invasion distance is 4.63cm around perforation. Therefore, when the fluid viscosity is high,
fracture initiation has already begun to occur before the fracturing fluid in perforation invades into the reservoir violently,
and the initiation pressure is high.
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(B): High fluid viscosity
Figure 13: Fluid invasion from perforation to reservoir during fracturing operation with oriented perforations in shale reservoirs.
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Figure 14: Effect of fluid viscosity on reorientation radius during fracturing operation with oriented perforations in shale reservoirs.

Fig.14 displays the influence of fluid viscosity on reorientation radius of hydraulically induced fracture during fracturing
operation with oriented perforations in shale reservoirs. We can see from Fig.14 that the reorientation radius of hydraulically
induced fracture will nonlineatly become longer with the increase of fluid viscosity. When the fluid viscosity is 30mPa-s, the
reorientation radius is only 10.32m. However, the reorientation radius has increased to 14.34m when the fluid viscosity is
180mPa-s, which is 4.02m longer than that when the fluid viscosity is 30mPa-s. This can also be explained by Fig.13. As
shown in Fig.13, when the fluid viscosity is high, fluid within the petforation is difficult to invade into the reservoir, and the
pressure in petforation is high. Therefore, when the fluid viscosity is high, the fracture has propagated a long distance before
reotientation.
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CONCLUSIONS AND FUTURE WORK

fracture reorientation have been numerically investigated by the XFEM-Based Cohesive Zone Method with

ABAQUS software. The main conclusions are summarized as follows:
(1) Model verification is necessary and important for the numerical simulation. In the present work, model verification
was conducted by comparing the experiment in public article and the simulation herein. Through comparison, it is found
that the simulation results are almost consistent with the experimental results, which shows that the simulation model
herein is suitable for all investigations in the present work.
(2) Perforation around wellbore facilitates fracture initiation during fracturing operation, and the fracture typically initiates
at the perforation tip. Although the perforation azimuth has little influence on the direction of fracture propagation, it
severely affects fracture initiation and fracture reorientation. Investigation on the effects of perforation azimuth on
fracture initiation and reorientation shows that both the initiation pressure and the reorientation radius increase sharply
with the increase of perforation azimuth. Although larger perforation azimuth is beneficial to the formation of complex
fractures, it cannot be designed to be very large. Considering the cost and effectiveness of the operation, the perforation
azimuth is recommended to be in the range of 0° to 40°.
(3) As we all know, the driving force for initiation and propagation of hydraulic fractures in fracturing operation mainly
comes from the fluid injection into the perforations. Therefore, injection rate of fracturing fluid is also an important
factor affecting the fracture morphology. Investigation results show that increasing the injection rate of fracturing fluid
can not only increase the initiation pressure during fracturing operation, but also make the fracture reorientation more
difficult.
(4) As the difference between the two horizontal principal stresses increases, the shear stress at the tip of the perforation
easily reaches the tensile strength and fracture occurs. If the initial pressute is used to reflect the influence of the stress
difference on the initiation of the fracture, the initial pressure will decrease as the stress difference increases. Moreover,
the reorientation radius becomes longer as the stress difference increases. Although the in-situ stress is not a factor we can
control, the investigation can provide reference for engineering design by adjusting some other factors (such as injection
rate and perforation azimuth).
(5) Fluid viscosity affects the initiation and reorientation of fractures by affecting the invasion of fracturing fluid from
perforation into reservoir during fracturing. The investigation results show that both the initiation pressure and the
reorientation radius increase with the increase of fluid viscosity.
All the investigations herein are aimed at factors affecting the initiation and reorientation of the single fracture, but the
interaction between fractures will affect the fracture morphology. Therefore, in the following investigation, we will focus
on the interaction between fractures during fracturing.

I n the present work paper, factors (such as the injection rate and the in-situ stresses) affecting fracture initiation and
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