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Abstract: Conventional hydraulic fracturing is not effective in target oil development zones with
available wellbores located in the azimuth of the non-maximum horizontal in-situ stress. To some
extent, we think that the radial hydraulic jet drilling has the function of guiding hydraulic fracture
propagation direction and promoting deep penetration, but this notion currently lacks an effective
theoretical support for fracture propagation. In order to verify the technology, a 3D extended
finite element numerical model of hydraulic fracturing promoted by the single radial borehole was
established, and the influences of nine factors on propagation of hydraulic fracture guided by the
single radial borehole were comprehensively analyzed. Moreover, the term ‘Guidance factor (Gf)’ was
introduced for the first time to effectively quantify the radial borehole guidance. The guidance of nine
factors was evaluated through gray correlation analysis. The experimental results were consistent
with the numerical simulation results to a certain extent. The study provides theoretical evidence
for the artificial control technology of directional propagation of hydraulic fracture promoted by the
single radial borehole, and it predicts the guidance effect of a single radial borehole on hydraulic
fracture to a certain extent, which is helpful for planning well-completion and fracturing operation
parameters in radial borehole-promoted hydraulic fracturing technology.
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1. Introduction

The term radial borehole (also known as radial well) refers to a horizontal borehole with
a radius far smaller than that of conventional drilling holes, and its borehole is formed mostly by
a hydraulic jet, with a length between 10 m and 100 m and a borehole diameter between 25 mm and
50 mm [1–4]. The reservoir simulation technology of radial boreholes combined with hydraulic
fracturing is an innovative technology to effectively develop low-permeability, thin-layer, fractured
reservoirs, water-flooded ‘dead oil areas’ and lithologic trap reservoirs [5,6].

By means of radial boreholes, we can make hydraulic fractures overcome the control of the
original in-situ stress to some extent, and realize the artificial control of directional propagation toward
the target zone (shown in Figure 1), but because the guiding strength of a single radial drilling is
limited, it is possible that the hydraulic fracture does not propagate along the orientation of the radial
borehole, and instead, a deflection occurs midway, which results in an unsatisfactory stimulation effect.
At present, due to the lack of any relevant theory, the technological parameters of hydraulic fracturing
guided by the single radial well are usually difficult to design scientifically, so the success rate is low
and the application of this technology is greatly limited.
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radial borehole has not been reported, but there are relatively more studies on the initiation position 
and pressure of perforated wellbores [7] and fracture propagation guided by directional perforation. 
However, the differences in length, diameter and density lead to a significant difference in the 
guidance effect on hydraulic fractures between radial boreholes and perforations.  

For perforation, Cherny et al. [8] thought that 2D and pseudo-3D approaches for fracture 
initiation modeling were insufficient for the description of the near wellbore effects. The complicated 
geometrical configuration of perforated wellbores required the consideration of the fracture initiation 
process in a 3D model. The initiation pressure, location and direction of the fracture were fully 
determined by the stress state in the vicinity of the wellbore and the perforation. Yuan et al. [9] used 
the 3D finite element method (FEM) to establish a model of a wellbore with two identical perforations, 
and the stress analysis was performed for different wellbore azimuth conditions. The research 
showed that the area of influence of the perforations was limited to a distance of 6–8 times the 
perforation diameter. Alekseenko et al. [10] used the 3D BEM to establish a fracture initiation model 
for perforated non-cemented wellbores. The analysis of fracture initiation location and pressure was 
performed for different perforating parameters for vertical and horizontal wells, but the subsequent 
fracture propagation was not studied. Zhu et al. [11] established a prediction model of hydraulic 
fracture initiation guided by directional perforation, and analyzed the influence of directional 
perforation on initiation pressure and fracture form. A true triaxial hydraulic fracturing experiment 
was conducted by Lei et al. [12] who studied the influence of perforation spacing and horizontal in-
situ stress differences on hydraulic fracture propagation, and thought that more perforation holes 
and smaller in-situ stress difference benefited propagation of fracture along the perforation direction. 
A hydraulic fracturing experiment for tight sandstone was conducted by Fallahzadeh et al. [13] who 
found that both boreholes and perforations affect the initiation mechanism of tight reservoirs, and 
perforations affect the geometrical morphology of hydraulic fractures in the immediate vicinity of 
the wellbore. Through massive fracturing experiments, Chen et al. [14] thought that the change of 
directional perforation angle and horizontal in-situ stress differences influenced the propagation of 
hydraulic fractures. Based on the hydraulic fracturing experiments guided by directional 
perforations, Hong et al. [15] studied the guidance effect of perforation number on hydraulic 
fractures, and thought that a sufficient number of guideholes created an effective crack, which 
promoted the initiation and propagation of hydraulic fracture.  

Based on extended finite element theory, a 3D numerical model of hydraulic fracturing guided 
by a single radial borehole was established [16–23] by Abaqus Software. It revealed the effects of 
horizontal in-situ stress differences, azimuths, diameters and lengths of radial borehole, injection rate 
and viscosity of the fracturing fluid, Young modulus and Poisson’s ratio of rock, and reservoir 
permeability on the guidance strength of the single radial borehole to hydraulic fracture propagation, 
and provided a scientific basis for effective operation of hydraulic fracturing guided by a single radial 
borehole. Thus, the problems that the hydraulic fracture only extends along the direction parallel to 
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Figure 1. Schematic diagram of hydraulic fracture-directed propagation guided by a single radial well.

Currently, fracture propagation mechanism research on hydraulic fracturing guided by a single
radial borehole has not been reported, but there are relatively more studies on the initiation position
and pressure of perforated wellbores [7] and fracture propagation guided by directional perforation.
However, the differences in length, diameter and density lead to a significant difference in the guidance
effect on hydraulic fractures between radial boreholes and perforations.

For perforation, Cherny et al. [8] thought that 2D and pseudo-3D approaches for fracture initiation
modeling were insufficient for the description of the near wellbore effects. The complicated geometrical
configuration of perforated wellbores required the consideration of the fracture initiation process
in a 3D model. The initiation pressure, location and direction of the fracture were fully determined
by the stress state in the vicinity of the wellbore and the perforation. Yuan et al. [9] used the 3D
finite element method (FEM) to establish a model of a wellbore with two identical perforations,
and the stress analysis was performed for different wellbore azimuth conditions. The research showed
that the area of influence of the perforations was limited to a distance of 6–8 times the perforation
diameter. Alekseenko et al. [10] used the 3D BEM to establish a fracture initiation model for perforated
non-cemented wellbores. The analysis of fracture initiation location and pressure was performed
for different perforating parameters for vertical and horizontal wells, but the subsequent fracture
propagation was not studied. Zhu et al. [11] established a prediction model of hydraulic fracture
initiation guided by directional perforation, and analyzed the influence of directional perforation on
initiation pressure and fracture form. A true triaxial hydraulic fracturing experiment was conducted by
Lei et al. [12] who studied the influence of perforation spacing and horizontal in-situ stress differences
on hydraulic fracture propagation, and thought that more perforation holes and smaller in-situ
stress difference benefited propagation of fracture along the perforation direction. A hydraulic
fracturing experiment for tight sandstone was conducted by Fallahzadeh et al. [13] who found that both
boreholes and perforations affect the initiation mechanism of tight reservoirs, and perforations affect
the geometrical morphology of hydraulic fractures in the immediate vicinity of the wellbore. Through
massive fracturing experiments, Chen et al. [14] thought that the change of directional perforation
angle and horizontal in-situ stress differences influenced the propagation of hydraulic fractures.
Based on the hydraulic fracturing experiments guided by directional perforations, Hong et al. [15]
studied the guidance effect of perforation number on hydraulic fractures, and thought that a sufficient
number of guideholes created an effective crack, which promoted the initiation and propagation of
hydraulic fracture.

Based on extended finite element theory, a 3D numerical model of hydraulic fracturing guided
by a single radial borehole was established [16–23] by Abaqus Software. It revealed the effects of
horizontal in-situ stress differences, azimuths, diameters and lengths of radial borehole, injection
rate and viscosity of the fracturing fluid, Young modulus and Poisson’s ratio of rock, and reservoir
permeability on the guidance strength of the single radial borehole to hydraulic fracture propagation,
and provided a scientific basis for effective operation of hydraulic fracturing guided by a single radial
borehole. Thus, the problems that the hydraulic fracture only extends along the direction parallel to
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horizontal maximum in-situ stress, which causes available wellbores to fail to develop the remaining oil
and trap reservoir, and complex multi-fractures tend to generate in the immediate vicinity of wellbores,
which makes it hard to realize deep fracture penetration, were solved. This may improve the effect
of fracturing operation and recovery efficiency. Furthermore, the study has also important reference
value for increasing the stimulated volume of unconventional reservoirs by using the guidance of
multi-radial boreholes or enhancing the control of fracture shape in geothermal systems [24,25].

2. Establishment of a Fluid-Solid Coupling Mathematical Model and Its Finite Element Discretization

2.1. Stress Balance Equation

The stress balance equation of rock porous media can be obtained by the virtual work principle.
At some point, the rock’s virtual work is equal to the virtual work generated by the physical and facial
forces acting on the rock. Without considering the fluid viscosity in the rock, the finial formula can be
obtained [26,27]:∫

V δεTDep
dε
dt dV +

∫
V δεTDep

[
m (so+poε)

3Ks

dpo
dt

]
dV−

∫
V δεTm(so + poξ)dpo

dt dV =
∫

V δuT d f
dt dV +

∫
S δuT dτ

dt dS (1)

where Dep is the elastic-plastic matrix, t is the time, m = [1, 1, 1, 0, 0, 0]T, Ks is the compressive
modulus of solid particles, so is the liquid saturation of the rock, ξ = dso/dpo is the parameter
characterizing the relationship between capillary pressure and saturation, po is the pore liquid pressure,
τ is the rock facial force, f is the rock physical force, δε the virtual displacement, δu is the virtual strain,
dV is the volume micro-element, dS is the area micro-element.

2.2. Continuity Equation

For a certain volume of rock, from the mass conservation theorem, it is known that the mass of
fluid flowing into the rock is equal to the sum of the internal fluid increase and the fluid outflow during
a certain period of time. Assuming that the seepage law in the rock is Darcy percolation, the law of
Darcy percolation could be used to express this process, and the continuity equation of fluid seepage
can be obtained by deduction [26,27]:

so

(
mT − mTDep

3KS

)
dε
dt −∇

T
[
k0kr

(
∇po
ρo
− g
)]

+

{
ξn + n so

Ko
+ so

[
1−n
3Ks
− mTDepm

(3KS)
2

]
(so + poξ)

}
dpo
dt = 0 (2)

where k0 is the product of the initial permeability coefficient tensor and the fluid density, ρo is the
liquid density, kr is the specific permeability coefficient, g is the vector form of gravity acceleration,
n is the porosity of the rock, Ko is the volume modulus of the liquid in the rock.

2.3. Boundary Conditions

(1) Traffic boundary conditions [27]

− nTkkr

(
∇po

ρo
− g
)
= qo (3)

where n is the unit normal direction of the flow boundary, k is the permeability coefficient tensor,
qo is the total liquid volume flowing through the boundary per unit time.

(2) Pore pressure boundary conditions

Pore pressure boundary conditions can be expressed by po = pob, that is, the boundary pressure
is a certain value pob.

(3) Position boundary conditions

Constrain the displacement of the boundary nodes in the X and Y direction, Ux = 0, Uy = 0.
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2.4. Finite Element Discretization Method and Stress-Seepage Coupling Equation

Define the shape function for [27]:

u = Nuu
ε = Bu

po = Np po

 (4)

where Nu and B is the vector matrix of the shape function, u is the unit node displacement, po is the
unit node pore pressure, Np is the shape function:∫

V
aT AdV +

∫
S

bTBdS = 0 (5)

where A is the control equation, B is the continuous boundary equation.
Substituting Equation (4) into Equation (1), the solid-state finite element formula is obtained

by simplification:

K
du
dt

+ C
dpo
dt

=
d f
dt

(6)

By moving the Equations (2) and (3), let the right side of the equation be 0. Then the Galerkin
method is used to make the left polynomials of the Formulas (2) and (3) respectively to substitute A
and B of Equation (5), and substitute the shape function constructed by ε and po in Equation (4) into
Equation (5). Making a = −b, the deformation formula is simplified as follows:

E
du
dt

+ Fpo + G
dpo
dt

=
_
f (7)

The stress-seepage coupling Equation (8) can be obtained by the simultaneous the Formulas (6)
and (7), this equation can be solved through the Abaqus finite element solver. The distribution law of
the related parameters, such as stress, strain, displacement, porosity, permeability and saturation, etc.,
in the concern area can be obtained:[

K C
E G

]
d
dt

{
u
po

}
+

[
0 0
0 F

]{
u
po

}
=

{ df
dt
_
f

}
(8)

Of which:

K =
∫

V BTDepBdV

C =
∫

V BTDepm (so+ξ po)
3Ks

NpdV−
∫

V BT(so + ξ po)mNpdV

E =
∫

V Np
T
[
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(
mT − mTDep

3Ks

)
B
]
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F =
∫

V (∇Np)
Tkkr∇NpdV

G =
∫

V NT
p

{
so

[(
1−n
KS
− mTDepm

(3KS)
2

)]
· (so + poξ) + ξn + n so

Ko

}
NpdV

df =
∫

V NT
ud f dV +

∫
S NT

udτdS
_
f =

∫
S NT

pqobdS−
∫

V (∇Np)
Tkkrgdv

(9)

where qob is the fluid flow on the boundary.
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3. Numerical Simulation of Propagation of Hydraulic Fracture

3.1. Introduction to the Model

3.1.1. Simulation of Initial Fracture

The enrichment functions are introduced to finite element approximation to simulate initial
fracture, and the fracture discontinuity is described by the enrichment functions related with the
additional degree of freedom. The displacement vector function u characterizing entire division is
written as [28]:

u =
N

∑
I=1

NI(x)[uI + H(x)aI +
4

∑
α=1

Fα(x)bα
I ] (10)

where NI(x) is the shape-function of general nodal displacement, uI is the continuous part of the
solution to displacement, both aI and bα

I are nodal extended freedom degree vectors, H(x) is the
discontinuity jump function, Fα(x) represents the stress asymptotic function in the tip of a crack.

3.1.2. Level-Set Simulation of Fracture Propagation

The level-set method, a powerful numerical analysis technique, could simulate and calculate the
movement of a fracture interface, without regeneration of gridding. The φ function is renewed by
computing zero level set of Ψ and φi (crack terminal point function) to simulate fracture propagation.
Renewal and evolution of φ is actually a progress of simulating the fracture propagation [29]. The nodal
value of enrichment function is determined by two level-set functions, as shown in Figure 2.
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Generally, the symbol distance function in level-set method is written as:

φ(X, t) = ± min
Xr∈γ(t)

‖X− Xr‖ (11)

where φ(X, t) is to describe the fracture interface. When point X is located above the fracture defined
by γ(t), the value of the equation is positive, and vice versa.

3.1.3. Criteria for Initiation of Fracture

At present, the common criteria in the finite-element analytic method for judging initiation of
fractures include the maximum principal stress, maximum principal strain, maximum normal stress,
maximum principal strain, double-step traction influence, etc. [27,30]. It is thought after a large
amount of working and simulation, hat the maximum principal stress provides a higher stability, better
convergence during computation and stronger compatibility for judging initiation of fracture.
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The maximum principal stress criterion is written as:

f =

{
〈σmax〉
σa

max

}
(12)

where σa
max is critical maximum principal stress, 〈 〉 indicates that Macaulay thought that there is no

initial loss for model when affected by compression stress. When the maximum stress ratio reaches
a certain critical value, damage to the model occurs.

3.1.4. Damage Evolution Law

Damage theory was first proposed by Kachanov [31] for the study of metal creep. The damage
references the progressive weakening of internal material cohesion, which leads to the destruction
of the unit volume. It presents a gradual degradation of the carrier material results from emergence
and development of the micro-defects (microcracks and microvoids). Damage is generally used
as a “deterioration factor” to incorporate into the elastic, plastic and viscoplastic media. Due to
irreversible changes in the damage development and material structure, scholars have used different
definitions of damage [26]. The average damage of fracture units is defined as “D” in this paper.
A scalar damage variable, D, represents the averaged overall damage at the intersection between the
crack surfaces and the edges of cracked elements. It initially has a value of 0. If damage evolution is
modeled, D monotonically evolves from 0 to 1 upon further loading after the initiation of damage.
If D = 1, it shows that the material unit is completely broken. The influence of damage on normal and
shear stress components is expressed as:

tn =

{
(1− D)Tn, Tn ≥ 0

Tn, Tn < 0
(13)

ts = (1− D)Ts (14)

tt = (1− D)Tt (15)

where Tn, Ts and Tt are the normal and shear stress components predicted by the elastic
traction-separation behavior for the current separations without damage. tn, ts and tt are the actual
withstand stresses in the three corresponding directions.

3.1.5. Energy Release Rate Criterion

Introducing the energy release rate ‘G’, the damage evolution of fracture is determined based on
the Benzeggagh-Kenane (B-K) criteria [32] and expressed as:

GC
n +

(
GC

s −GC
n

){Gs

GT

}η

= GC (16)

where GC
n and GC

s are the normal and tangential fracture critical energy release rate, respectively,
GS and GT are the two tangential fracture energy release rates. The two tangential energy release rates
are considered to be equal in the B-K criterion. η is a constant related to the material properties. GC is
the fracture critical energy release rate of composite crack. When the energy release rate calculated at
the crack tip node is greater than the B-K critical energy release rate, the current crack tip node of the
cohesive unit will unlock the binding section, and the crack extends forward.

3.1.6. Solution

Modeling and mesh generation are operated in the Abaqus software, and fluid-solid coupling
during hydraulic fracturing is simulated by its inherent Module Soil. Fracture propagation is
simulated by the XFEM-based Cohesive Zone Model (CZM) in Abaqus [33]. CZM is applicable
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in XFEM to quantify the magnitude of the discontinuity, the displacement jump across the fracture
faces, and to establish fracture initiation and propagation criteria using mixed-mode formulae such
as BK law. Moreover, formula integration is reduced using bilinear displacement of quadrangle
plain stress, and an hour glass is introduced to control convergence of computation and operate
multi-threading computation.

3.2. Assumptions

(1) Only a strip of hydraulic fracture is generated during fracturing, which is initiated along the
azimuth of the radial borehole [34].

(2) The formation rock is isotropic.

3.3. Fundamental Parameters of Model

Taking Well x in the Shengli Oilfield (shown in Table 1) for example, a 3D cylindrical numerical
model of the oil reservoir with a radius of 20 m and thickness of 1.5 m is established to simulate
fracture propagation under the conditions of different rock physical and mechanical properties and
operation parameters.

Table 1. Basic parameters of the X Well in the Shengli Oilfield.

Parameters Value Parameters Value

Reservoir saturation 1 Poisson ratio of rock 0.25
Initial pore pressure 20 MPa Young’s modulus of rock 12.9 GPa
Initial porosity 0.16 Reservoir permeability 60 × 10−3 µm2

Horizontal maximum principal stress (σH) 41 MPa Filtration coefficient 10−10 m s−1

Horizontal minimal principal stress (σh) 36 MPa Injection rate of fracturing fluid 3.2 m3 min−1

Overburden stress 45 MPa Fracturing fluid viscosity 50 mPa·s
Tensile strength of rock 3.0 MPa Fracturing fluid density 9525 kg/m3

Casing diameter 139.7 mm Reservoir model size (diameter) 40 m

4. Analysis of Simulation Results

4.1. Azimuth of Radial Borehole

Two numerical models (Figure 3) with same parameters are established based on the parameters
in Table 1. The radial borehole is not established in Model A, and the single radial borehole with hole
diameter of 0.05 m, and well length of 20 m is established in Model B. The azimuth of a radial borehole
is the angle between the orientation of the radial borehole and horizontal maximum principal stress.
In Model A, the hydraulic fracture without the guidance of radial borehole propagates along maximum
principal stress (X direction), which is shown in Figure 4. In Model B, affected by stress interference,
the propagation trajectory of the hydraulic fracture guided by a radial borehole has changed, which is
shown in Figure 5. The concept of “guidance factor (Gf)” is introduced to characterize the guidance of
the radial borehole on a hydraulic fracture. The guidance factor “Gf” is defined as the ratio of the area
surrounding a hydraulic fracture and radial borehole and its round boundary to the whole flat area in
a 2D plane in bird’s-eye view, namely Gf = Sp/S in Figure 6.
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Figure 6. Schematic diagram of the guiding factor “Gf”.

Sp is the area surrounding the hydraulic fracture and radial borehole and its round boundary, and
S is total area of 2D plane of reservoir model. During numerical simulation, the circular boundary
restrains the displacement in three directions. A hydraulic fracture will stop propagating when it
extends to the boundary, but there may be some distance between the front end of the hydraulic
fracture and the model boundary. Only through establishment of a hydraulic fracture extension line
based on the late propagation trend, the area (Sp) surrounded by hydraulic fracture (and extension
line), radial borehole and the round boundary can be calculated. Using the lasso tool of “Adobe
Photoshop” software, you can select the area with any shape (Sp) that needs to be calculated, and then
get the pixels of the selected area, the pixels ratio of two areas “Sp” and “S” is Gf. The use of the
pixel calculation method is very accurate and convenient. Gf is between 0 and 0.25, and a lower value
indicates a stronger guidance of the radial borehole on the hydraulic fracture.

In the hydraulic fracturing process, the radial borehole filled with fracturing fluid will produce
stress interference at a certain range of formation around the borehole, which is also the reason
for fracture propagation along the radial borehole direction. Based on this study model, a large
number of numerical simulation results show that this radius of stress interference is about 2 m.
Therefore, by calculating the vertical distance between the hydraulic fracture and the radial borehole,
it is considered that the hydraulic fracture significantly deflected from the radial borehole when
this vertical distance exceeds 2 m. At this time, we can also observe the occurrence of a relatively
significant deviation from the picture. The distance from the origin to the position where the
deflection occurs is the so-called extending distance along the radial borehole orientation. We intend
to use the “the extending distance along orientation of radial borehole” as another quantitative
evaluation parameter.

When a hydraulic fracture propagates along the direction of a radial borehole, Gf is 0, which has
the best guidance. When the angle between the hydraulic fracture and radial borehole is 90◦, Gf is
0.25, which means no guidance. A large amount of numerical simulation shows that it is valid to
use the guidance factor Gf to determine the guidance strength of a radial borehole on a hydraulic
fracture. In Model B, the guidance factors corresponding to the radial borehole azimuths of 15◦, 30◦

and 45◦ are respectively 0.014, 0.026, 0.037, which shows that under the conditions of horizontal in-situ
stress differences of 5 MPa, well length of 20 m and borehole diameter of 0.05 m, the radial boreholes
with azimuths between 15◦and 45◦ can create a guiding effect. Moreover, the guidance strength of
the radial borehole decreases as the azimuth of the radial borehole increases. When the azimuth of
a radial borehole increases by 30◦, the guidance factor increases 2.6 times. When the azimuth of a radial
borehole is 45◦, the hydraulic fracture deflects and propagates along the maximum principle stress line
after extending for 6.02 m. Thus, a single radial borehole with an azimuth of 45◦ does not significantly
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guide a hydraulic fracture to propagate along itself. Therefore, in order to make the research more
practical, the follow-up studies take an azimuth angle of 30◦ as a basic condition.

4.2. Horizontal In-Situ Stress Differences

The main factor influencing propagation of fractures guided by radial boreholes is the horizontal
in-situ stress difference, and radial boreholes could create enough guidance force to successfully guide
a fracture only when the horizontal in-situ stress difference is within a certain range. In order to
guarantee the validity of single factors, the influences of variable horizontal in-situ stress differences
on fracture shape are analyzed, with a well length of 20 m, borehole diameter of 0.05 m, azimuth of
30◦, maximum horizontal main stress σH = 41 MPa, and the same other parameters. The minimum
horizontal main stresses are respectively 39, 36 and 33 MPa, and the simulation results are shown in
Figure 7. The guidance factors corresponding to horizontal in-situ stress differences of 2, 5 and 8 MPa
are respectively 0.010, 0.026, and 0.036, which shows that larger horizontal in-situ stress difference
creates worse guidance strength of the radial borehole on the hydraulic fracture. Under the given
parameters, when the horizontal in-situ stress difference is 8 MPa, the hydraulic fracture deflects and
propagates along the maximum principle stress after extending for 7.53 m, with the smallest diversion
radius and the largest deflection angle of fracture, and the weakest radial borehole guidance. When
the horizontal in-situ stress difference is 5 MPa, the hydraulic fracture deflects and propagates along
the maximum principle stress after extending for 10.12 m. Moreover, when the horizontal in-situ stress
difference is 2 MPa, the hydraulic fracture diverts after extending for 18.50 m and propagates along the
maximum main stress direction. The hydraulic fracture presents the largest diversion radius because
it is affected by the radial borehole stress, and the deflection angle of the fracture is small and the
guidance is obvious. When the horizontal in-situ stress difference increases by 6 MPa, the guidance
factor increases 3.6 times. Therefore, in order to make the research more practical, the follow-up studies
take the horizontal in-situ stress differences of 3 MPa as a basic condition to ensure an effective radial
borehole guidance.
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4.3. Radial Borehole Diameter

Models with radial borehole diameters (Φ) of 0.03, 0.05 and 0.07 m, horizontal principle stress
difference of 3 MPa, and the same other parameters are established, and the computation results are
shown in Figure 8. When the borehole diameter is 0.03 m, the hydraulic fracture deflects obviously
after extending for 8.13 m, with the smallest diversion radius and the largest fracture deflection angle.
The guidance factor of a radial borehole with 0.03 m diameter is 0.036, which is a maximum and
has the weakest guidance force among the three well radii. When the borehole diameter is 0.05 m,
the hydraulic fracture deflects obviously after extending for 16.91 m. Its guidance factor is 0.015, and its
guidance strength is larger than that of a 0.03 m radial borehole. The guidance factor of a 0.07 m radial
borehole is 0.009, and the hydraulic fracture deflects obviously after extending for 18.03 m, which
indicates the maximum guidance strength and the best guidance. Therefore, a larger radial borehole
creates better fracture guidance. For this model, when the radial borehole diameter increases by 4 cm,
the guidance factor decreases by 75%.
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4.4. Length of Radial Borehole

The simulation results with radial borehole lengths of 10, 15 and 20 m are shown in Figure 9.
The hydraulic fracture guided by a radial borehole with a length of 10 m deflects after extending for
6.22 m, and its guidance factor is 0.048. Moreover, the deflection distances for radial boreholes with
lengths of 15 m and 20 m correspond to 12.81 m and 17.53 m, and their guidance factors are respectively
0.024 and 0.015. Thus, a longer radial borehole creates a longer hydraulic fracture propagation distance
along the orientation of the radial borehole, which could prevent early deflection of fractures towards
the maximum principle stress and cause better guidance. The guidance factor decreases by about 69%
for every increase of the radial borehole length by 10 m.

4.5. Young’s Modulus of Reservoir Rock

The models with Young’s modulus of 13, 23 and 33 GPa are established to analyze the influence
of Young’s modulus on the propagation of hydraulic fractures, and the simulation results are shown in
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Figure 10. When the Young’s modulus is 13 Gpa, the hydraulic fracture deflects after extending for
17.50 m along the radial borehole orientation, and its guidance factor is 0.015, which has the strongest
guidance strength among three Young’s modulus.Energies 2017, 10, 1680  12 of 21 
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Figure 9. Simulation results of hydraulic fracture propagation guided by the single radial well under
the different radial well lengths: (a) 10 m; (b) 15 m; and (c) 20 m.

When the Young’s modulus is 23 Gpa, the hydraulic fracture deflects after extending for 16.94 m
along the orientation of the radial borehole, and its guidance factor is 0.017. When the Young’s
modulus is 33 Gpa, the hydraulic fracture diverts after extending for 16.81 m along the radial borehole
orientation, and its guidance factor is 0.018, which is the weakest guidance strength. When the Young’s
modulus of reservoir rock increases by 20 GPa, the guidance factor increases by 20%. Thus, an increased
Young’s modulus of the reservoir weakens the guidance of a radial borehole, but this weakening
degree is really small.
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4.6. Poisson’s Ratio of Reservoir Rock

Models with Poisson’s ratios of 0.15, 0.20 and 0.25, and the same other parameters are established,
and the simulation results are shown in Figure 11. When Poisson’s ratio is 0.15, the hydraulic fracture
deflects after extending for 14.53 m along the radial borehole orientation, and its guidance factor is
0.020, which has the weakest guidance strength. When Poisson’s ratio is 0.20, the hydraulic fracture
deflects after extending for 16.32 m along the radial borehole orientation, and its guidance factor is
0.016. When Poisson’s ratio is 0.25, the hydraulic fracture deflects after extending for 17.54 m along
the radial borehole orientation of, and its guidance factor is 0.015, which is the strongest guidance
strength. When the Poisson’s ratio of reservoir rock increases by 0.1, the guidance factor decreases by
25%. Thus, the increased Poisson’s modulus of reservoir strengthens the guidance of a radial borehole
and creates better guidance for hydraulic fracture propagation, but this impact is very weak.
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4.7. Reservoir Permeability

Models with reservoir permeability of 1× 10−3 µm2, 10× 10−3 µm2 and 100× 10−3 µm2, and the
same other parameters were established, and the simulation results are shown in Figure 12. When
the reservoir permeability is 1 × 10−3 µm2, the hydraulic fracture basically propagates along the
orientation of the radial borehole without deflection, and its guidance factor is 0.004, which is the
strongest guidance strength. When the reservoir permeability is 10 × 10−3 µm2, the hydraulic fracture
also propagates along the radial borehole orientation without obvious deflection, and its guidance
factor is 0.010, and its distance between hydraulic fracture and radial borehole is larger than that of the
model with 1 × 10−3 µm2 reservoir permeability. When the reservoir permeability is 100 × 10−3 µm2,
the hydraulic fracture deflects after extending for 16.72 m, and its guidance factor is 0.017, which
represents the weakest guidance strength. When the reservoir permeability increases by 100 times,
the guiding factor increases 4.3 times as much. Thus, the increased reservoir permeability weakens the
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radial borehole guidance. The smaller permeability tends to create a pressured area around the radial
borehole and guide the propagation of a hydraulic fracture toward an ideal orientation.Energies 2017, 10, 1680  14 of 21 
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4.8. Fracturing Fluid Viscosity

Models with fracturing fluid viscosities of 1, 50, 100 and 150 mPa·s are established to analyze
the influence of viscosity of fracturing fluid on propagation of hydraulic fracture, and the simulation
results are shown in Figure 13.
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When the viscosity of the fracturing fluid is 1 mPa·s, the hydraulic fracture deflects after
extending 14.60 m along the radial borehole orientation, and its guidance factor is 0.021, which
is the weakest guidance strength among the four viscosities. When the fracturing fluid viscosity is
50 mPa·s, the hydraulic fracture deflects after extending for 17.33 m, and its guidance factor is 0.008,
which represents a very strong guidance strength. When the fracturing fluid viscosity is 100 mPa·s,
the hydraulic fracture deflects after extending for 17.94 m, and its guidance factor is 0.007, which
is the best guidance strength. When the fracturing fluid viscosity is 150 mPa·s, the radial borehole
guidance continues to decrease and the hydraulic fracture deflects after extending for 15.31 m, and its
guidance factor is 0.016. Thus, the fracturing fluid viscosity serves a dual function, both excessively
high and low viscosity go against radial borehole guidance of a hydraulic fracture, and a fracturing
fluid viscosity of 50–100 mPa·s creates the best guidance for hydraulic fracture propagation.

4.9. Fracturing Fluid Injection Rate

Models with fracturing fluid injection rates of 1, 3, 6 and 9 m3/min were established to analyze
the influence of fracturing fluid injection rate on hydraulic fracture propagation, and the simulation
results are shown in Figure 14. When the injection rate fracturing fluid is 1 m3/min, the hydraulic
fracture deflects after extending 13.12 m along the radial borehole orientation, and its guidance
factor is 0.023, which is the weakest guidance strength among the four injection rates. When the
fracturing fluid injection rate is 3 m3/min, the hydraulic fracture deflects after extending 15.71 m,
and its guidance factor is 0.018. When the fracturing fluid injection rate is 6 m3/min, the hydraulic
fracture deflects after extending for 17.14 m, and its guidance factor is 0.011. When the fracturing
fluid injection rate is 9 m3/min, the hydraulic fracture basically propagates along the radial borehole
orientation without deflection, and its guidance factor is 0.002. When the fracturing fluid injection
rate increases by 8 m3/min, the guiding factor decreases by about 91%. Thus, an increased fracturing
fluid injection rate strengthens the radial borehole guidance and creates better guidance for hydraulic
fracture propagation. This conclusion is a very important basis for guiding field fracturing.
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4.10. Gray Correlation Analysis of Guidance Factors

Gray correlation analysis [35] is a mathematical method that measures the interdependence
of influence factors based on the similarity and diversity of variation trends of studied factors.
The application of the gray correlation analysis method is described as follows: first, the various
parameters need to be treated with dimensionless equalization according to Equation (8), and then the
gray correlation coefficients are obtained according to Equation (9). Finally, the correlation degrees are
calculated according to Equation (10):

Xi(k) =
xi(k)

xi
i = 1, 2, . . . , m; k = 1, 2, . . . , N (17)

ξi(k) =
min

i
min

k
|Xo(k)− Xi(k)|+ ρmax

i
max

k
|Xo(k)− Xi(k)|

|Xo(k)− Xi(k)|+ ρmax
i

max
k
|Xo(k)− Xi(k)|

(18)

γi =
1
N

N

∑
k=1

ξi(k) (19)

where Xi(k) is the dimensionless equalization value of the i-th parameter. i is the parameter number. k
is the data number. xi(k) is the i-th parameter value. xi is the arithmetic mean of xi(1), xi(2), . . . , xi(N).
m is the number of parameters. N is the number of data. ξi(k) is the gray correlation coefficient. Xo(k)
and Xi(k) are the dimensionless equalization values of reference sequence and comparative sequence,
respectively. ρ is the distinguishing coefficient, its value is generally 0.5. γi is the correlation degree.

Nine factors influencing the guidance to hydraulic fracture are treated with dimensionless
equalization by gray correlation analysis, and the correlation coefficients between these factors and
the ‘guidance factor’ are calculated, and their influence is comprehensively analyzed. The evaluation
results are shown in Table 2.

Table 2. Gray correlation coefficient corresponding to different parameters.

No. Parameters Correlation Coefficient

1 Radial well azimuth 0.7680
2 Radial well diameter 0.7537
3 Radial well length 0.7485

4 Horizontal principal stress
difference 0.7921

5 Young’s modulus of rock 0.7465
6 Poisson ratio of rock 0.5312
7 Reservoir permeability 0.7367
8 Fracturing fluid viscosity 0.7354
9 Injection rate of fracturing fluid 0.7476

The gray correlation analysis shows that the correlation between the horizontal in-situ stress
difference and ‘guidance factor’ is primary, and the correlation factor is 0.7921, which shows that
the guidance strength of radial borehole is most influenced by the change of horizontal in-situ stress
difference. The correlation coefficient of radial borehole azimuth is 0.7680, which takes second place,
and it shows that azimuth of radial borehole is also an important factor that influences guidance.
The correlation coefficient of borehole diameter of radial borehole is 0.7537, which takes third place,
and it is also an important factor influencing guidance. The correlation coefficient of Poisson’s ratio
is 0.5312, which is the weakest factor. It is shown that the guidance of radial boreholes on hydraulic
fractures is least influenced. The result of gray correlation analysis shows that the influences level
(from strong to weak) of the above factors on guidance strength of a single radial borehole can be
listed as follows: horizontal in-situ stress differences > azimuth of radial borehole > radial borehole
borehole diameter > length of radial borehole > fracturing fluid injection rate > Young modulus of rock
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> reservoir permeability > fracturing fluid viscosity > Poisson’s ratio. A large amount of simulation
shows that the parameters of radial borehole, physical property parameters of reservoir and fracturing
operation parameters together influence the guidance of a single radial borehole.

5. Experimental Verification

In order to verify the feasibility of directional propagation of hydraulic fracturing guided by
the single radial borehole, two sets of true triaxial hydraulic fracturing simulation experiments were
carried out for large-size artificial cores (300 mm3) [36]. The rock mechanics test results of the artificial
cores show an average Young modulus of 14 GPa, average Poisson's ratio of 0.22, and average tensile
strength of 2.7 MPa. The vertical borehole is modeled with a steel tube, which has an OD of 28 mm, ID
of 23 mm, and length of 270 mm. In order to model an open radial borehole resulting from a radial
hydraulic jet, and guarantee unlikely deformation of pre-set radial boreholes while pouring cement
mortar, a polytetrafluoroethylene (PTFE) tube is chosen to model the radial borehole after several trials,
and a combination of drilling holes and cutting sieves in PTFE tube is adopted to obtain properties close
to those of actual radial boreholes, which not only ensures enough strength to prevent deformation
and stop cement mortar flowing into the PTFE tube when casting specimens, but also guarantees
enough flowing channel. The PTFE tube has a length of 130 mm, and a diameter of 10 mm, is preset in
the modeling wellbore.

Hydraulic fracturing experiments by the single radial borehole are modeled for 1# and 2# cores
with radial borehole azimuth of 15◦ and horizontal in-situ stress differences of 3 and 6 MPa respectively,
and the modeling results are shown in Figures 15 and 16. For the 1# core, the hydraulic fracture initiates
in the heel of the radial borehole, with a fracture height and fracture length propagated along the radial
borehole, forming a fracture with a relatively flat plane (Figure 15a). At the side of the non-radial
borehole, the hydraulic fracture propagates along the maximum horizontal geostress (Figure 15b).
The results show that with a smaller radial borehole azimuth (15◦) and smaller horizontal in-situ stress
difference (3 MPa), the single radial borehole has a significant influence on the propagation of fractures,
and creates strong guidance for the directional propagation of hydraulic fractures. For the 2# core with
a horizontal in-situ stress difference of 6 MPa, the surface of the fractured core shows complicated
fractures (Figure 16a), which initiate in the heel of radial borehole (Figure 16b). However, due to the
larger horizontal in-situ stress difference, the fracture propagates along the radial borehole firstly in the
direction of the fracture length and deflects at the position of 6 cm, and basically propagates along the
horizontal maximum geostress when approaching the core boundary. Controlled by a large horizontal
in-situ stress difference, the fracture height cannot effectively propagate in the plane, but distorts
from the radial borehole azimuth to the direction of horizontal maximum geostress, and it is nearly
parallel to the maximum horizontal principal stress on the surface of the core, forming a wedge-shape
fracture. In addition, affected by the mutual interference from radial boreholes and horizontal geostress,
multi-branch fractures occur in the core under the modeling conditions, forming complicated fractures,
as shown in Figure 16c–e.

Comparison of the fractures in the 1# and 2# cores show that the guidance of a single radial
borehole on hydraulic fracture propagation is limited by the radial borehole azimuth and horizontal
geostress difference. A single radial borehole with larger azimuth and larger horizontal in-situ stress
difference has poor guidance of the directional propagation of hydraulic fractures. Due to the complex
operation, heavy workload, and long experimental period in large size physical modeling of true
tri-axial hydraulic fracturing, only two groups of experiments were carried out, but the experimental
results are consistent with the numerical simulation results, which shows that the numerical simulation
results are reliable to some extent.
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6. Conclusions and Suggestions for Future Work

The paper aimed to provide theoretical support for the artificial control technology of directional
propagation of hydraulic fracture guided by a single radial borehole. A 3D extended finite-element
numerical model of hydraulic fracturing guided by a single radial borehole is established by using the
Abaqus Software. The numerical simulation results were as follows:

(1) The influence of in-situ stress could be overcome by scientifically arranging the single radial
borehole under certain reservoir conditions, which realizes directional propagation towards
target area. Thus, the problem that the hydraulic fracture only propagates along the direction
parallel to horizontal maximum in-situ stress, and the available wellbores fail to develop the
remaining oil and trap reservoir, and complex multi-fractures tend to generate in the immediate
vicinity of wellbore, which makes it hard to realize the deep penetration of fractures, are solved
to improve the effectiveness of fracturing operations and recovery efficiency in oil fields.

(2) The concept of ‘guidance factor’ is introduced for the first time to quantify the guidance of
a radial borehole on hydraulic fractures. A large amount of simulation shows that the ‘guidance
factor’ reflects the guidance of a radial borehole on hydraulic fractures, and larger guidance factor
reflects weaker guidance strength.
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(3) A smaller radial borehole azimuth, horizontal in-situ stress difference and larger radial borehole
diameter and length create stronger guidance strength, and vice versa. When the azimuth of
the radial borehole increases from 15◦to 45◦, the guidance factor increases 2.6 times as much;
when the horizontal in-situ stress difference increases from 2 MPa to 8 MPa, the guidance factor
increases 3.6 times; when the wellbore diameter increases from 3 cm to 7 cm, the guidance
factor decreases 75%; when the well length increases from 10 m to 20 m, the guidance factor
decreases 69%.

(4) Both reservoir physical properties and fracturing operation parameters influence the guidance
of radial boreholes on hydraulic fractures. The increased Poisson’s ratio and injection rate
strengthen the radial borehole guidance, and the increased Young modulus and permeability
weaken the radial borehole guidance, both excessive high and low viscosity go against radial
borehole guidance of hydraulic fractures, and a fracturing fluid viscosity between 50–100 mPa·s
creates the best guidance on propagation of hydraulic fractures.

(5) The gray correlation analysis results show that the influence level (from strong to weak) of
the above factors on radial borehole guidance may be listed as follows: horizontal in-situ
stress differences > azimuth > borehole diameter > length > fracturing fluid injection rate >
Young modulus of rock > reservoir permeability > fracturing fluid viscosity > Poisson’s ratio.
The parameters of the radial borehole, physical property parameters of the reservoir and
fracturing operation parameters together influence the guidance strength of a radial borehole on
hydraulic fractures.

(6) The numerical model is based on real rock parameters from a practical field. It is recommended
that the numerical model of different fields and areas should be established based on their rock
physical mechanical parameters, and the influence of different factors on guidance be analyzed
to obtain radial borehole parameters and fracturing operation parameters applicable to their
conditions, which is beneficial to improving the fracturing success rate.

(7) The experimental results show that the guidance of a single radial borehole on hydraulic fracture
propagation is limited by the radial borehole azimuth and horizontal in-situ stress difference.
A single radial borehole with larger azimuth and larger horizontal in-situ stress difference has
poor guidance of the directional propagation of hydraulic fractures. The experimental results
are consistent with the numerical simulation results, which shows that the numerical simulation
results are reliable to some extent.
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