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The radial borehole fracturing technology has been applied in a certain number of oilfields with good results being achieved.
However, the morphology and variation of fracture still require further study. In this paper, the reservoir model based on
formation fluid-solid coupling equation is established with the extended finite element method (XFEM) in ABAQUS, and the
fracture morphologies in the single-radial borehole, vertical multiradial borehole, and horizontal multiradial borehole are
simulated and analyzed with criteria of maximum principal stress and maximum energy release rate as the damage mechanism.
Moreover, the accuracy of numerical simulation results is verified with the large-scale true 3D physical simulation experiment.
The results show that the induced stress field along the radial borehole during fracturing is the root cause of fracture directional
propagation along the radial borehole whose effective guidance distance reaches 40m. The vertical multiradial borehole can
effectively enhance fracture directional propagation and is capable of reducing fracture initiation pressure. In the horizontal
multiradial borehole, the major fracture propagating along each radial borehole is formed in the remote-borehole area, and the
secondary fracture connecting the neighboring radial boreholes is formed in the near-borehole zone. Coordination of major and
secondary fractures can effectively increase the drainage area and reduce the flow resistance in the near-borehole zone. Based on
the research on fracture morphology of multiradial borehole fracturing, the scheme of radial borehole arrangement is optimized
and verified through numerical simulation of deliverability. The final optimum borehole arrangement scheme is the
intersectional angle of 45° between four orthogonal radial boreholes and horizontal maximum principal stress.

1. Introduction

During fracturing in the wells of perforation completion, the
dual-wing fracture propagating along the maximum princi-
pal stress is always formed, and the fracture network is not
likely to occur [1–4]. Moreover, when not being distributed
along the maximum principal stress, the remaining oil is
not able to be connected by the conventional dual-wing frac-
ture, significantly reducing the effect of stimulation [5].

The radial borehole fracturing technology based on
hydraulic jetting technology has been applied experimentally
in several oilfields of SINOPEC, with good results being
achieved. In this paper, radial borehole fracturing technology
means fracturing based on the existing radial boreholes
drilling by hydraulic jetting technology. Based on the
mature technology of hydraulic jetting [6–9], preliminary

conclusions have been obtained in the research on the
radial borehole fracturing at a certain level, which indi-
cates that this technology can change the inherent mor-
phology of fracture and effectively improve the effect of
reservoir stimulation [10, 11].

Some studies about fracture initiation, fracture propa-
gation, well stability, productivity, and so on have been
conducted. The results are shown as follows.

In the fields of fracture propagation and the influence fac-
tor, both simulation and experiment were conducted. The
fracture propagation path of single radial well was studied
based on XFEM, and a two-dimensional model was estab-
lished. The results show that the diameter of radial well and
the azimuth are the major influence factors of failure pressure
[12]. Also, the quantitative analysis on different parameters
of fracture initiation pressure and fracture starting point
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was arranged to study local stress accumulation situation.
The result shows that initiation pressure and distance
between well and fracture starting point increases as the
length, diameter, and azimuth of radial well section rise
[13]. Another further quantitative analysis was introduced
to quantify the guidance of radial borehole row in the vertical
multiradial well fracturing. The results show that the
directional propagation of fracture is realized through scien-
tifically arranged vertical radial borehole row [14]. By synthe-
sizing the previous studies, the law of influence factors on
fracture propagation is preliminarily clarified which is as
the radial borehole azimuth increases, the preferential rock
tensile fracturing in the axial plane of radial boreholes
becomes increasingly difficult. The increase of the radial
borehole diameter can enhance the guiding strength [15, 16].
Furthermore, thepredictionmethodsof fracture startingpoint
and fracture morphology were available [17, 18].

In terms of multiwells, experiments with true triaxial
fracturing simulation system and numerical simulation were
adopted to analyze the influence of different lateral lengths,
counts, and azimuths on the fracturing initiation and propa-
gation. The results show that the breakdown pressure will
decrease by increasing the lateral length and count; the opti-
mal lateral design for horizontal initiation is four laterals with
the phase of 90°, and each lateral is at 45° from the horizontal
stress [19].

Regarding well stability, the influence of radial well on
well stability was studied according to the criteria of Mises,
Tresca, and MAXPS by a finite element method. Mises and
Tresca grow with the diameter of radial well, azimuth, and
horizontal stress difference rising. Max Principle is nega-
tively correlated with the diameter of radial well and azi-
muth and positively correlated with the horizontal stress
difference [20].

Concerning productivity, a calculation model of distal
radial shaft fracture was derived based on the complex poten-
tial theory and the mirror image principle. The results show
that the flux distribution diagram of radial well is groove
shaped, and the flux distribution is large at the heel side
and the toe side, while the middle is small and average [21].

Based on the pressure analysis of fracturing initiation of
multiple radial holes and the theory of plasticity district, the
criteria of multiple radial wells orientating directional
fracture propagation in the condition of ground stress are
derived in this study. Multiple radial well fracturing will pro-
duce a complex stress field, which guarantees to form the
fracture interconnecting the radial wells and to form the
main crack along the axial direction of the radial wells [22].

According to the available research results, the technol-
ogy of radial borehole fracturing shows several advantages
as follows:

(i) The diameter of the radial borehole is small, so it is
suitable for the development of thin interbed

(ii) The radial borehole is capable of guiding the direc-
tional fracture initiation and reducing fracture initi-
ation pressure, and the fractures can propagate
directionally under some conditions

(iii) The multiradial borehole fracturing creates major
fractures, significantly increasing the drainage area
and improving the reservoir production

(iv) Compared with the horizontal well, the radial bore-
hole has less requirements in terms of the treatment
scale, time and cost, small treatment scale, short
time, and low cost and hence causes small damage
to the reservoir

The fracture morphology and propagation rule during
radial borehole fracturing are still not clearly defined,
and there is no systematic theoretical support, especially
for multiradial boreholes. Based on the actual reservoir
parameters from the target well in Shengli Oil Field and
considering the fluid-solid coupling effect, the 3D geologi-
cal model is established with the extended finite element
method (XFEM) in ABAQUS, and the fracture morphol-
ogies in the multiradial boreholes are defined. The simula-
tion is verified by triaxial rock mechanics test experiment.
Based on this, the scheme of radial bore arrangement hole
is optimized, providing theoretical basis for radial borehole
fracturing and showing practical importance. Also, the
accuracy of arrangement optimization is verified by pro-
ductivity simulation from CMG. At last, the morphology
of fracture and the mechanism of fracture propagation
are revealed; the radial bore arrangement hole is opti-
mized. The technical system of radial borehole fracturing
is established preliminary.

2. Fracture Morphology and Arrangement of
Radial Borehole Fracturing Based on XFEM

2.1. Establishment of a Radial Borehole Fracturing Model

2.1.1. The Mechanism of a Model Based on XFEM. The core
concept of extended finite element method (XFEM) is to
introduce the additional function to improve the displace-
ment space of a unit, e.g., using asymptotic function and dis-
continuous function to characterize the fracture tip, which
ensures good simulation of fracture tip morphology and
enhances the computational accuracy of grid.

In this paper, ABAQUS XFEM platform adopts the linear
elastic traction-separation model and the compound fracture
propagation morphology. In the model, the process of mate-
rial damage is simulated with initiation and evolution stages.
When the material meets the damage initiation criteria, the
fracture will propagate according to the evolution rule. In this
paper, the maximum principal stress (MAXPS) is applied as
the criterion of judging the material damage initiation and
implying that the damage occurs when the maximum princi-
pal stress of material exceeds a certain critical value. MAXPS
is expressed as

f = σmaxh i
σ0max

� �
= 1, ð1Þ

which indicates that the compressive stress will not cause
the damage.
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After damage initiation, the material damage evolution is
based on the criterion of maximum energy release rate, with
an assumption of the fracture with a length occurring in a
slab of infinite unit thickness. The formula of fracture strain
energy is expressed as

Vε = −
σ2

2Es
πa2, ð2Þ

where Es is the surface energy of fracture.
Fracture propagation distance a should meet the condi-

tion as follows:

∂ Vε + Esð Þ
∂a

= 0,

Es = 2γa,

8<
: ð3Þ

where γ is the surface energy of unit area.
Formula (3) means that if the driving force of fracture

propagation equals to the resistance of fracture propagation,
the critical value of driving force can be derived with Formula
(3), and the surface energy is replaced with the critical strain
energy release rate GC in the lithological material.

ABAQUS provides three methods of calculating the max-
imum energy release rate, including the BK law, Power law,
and Reeder law, among which the BK law is used in this
paper to calculate the maximum energy release rate and is
expressed as

GequivC = GΙC + GΙΙC −GΙCð Þ GΙΙΙ +GΙΙ

GΙΙΙ +GΙΙ + GΙ

� �n

, ð4Þ

where GequivC is the critical fracturing energy release rate,
N/mm, and when the energy release rate in the fracture tip
exceeds this value, the fracture tip cracks and the fracture
propagates. GΙC and GΙΙC represent the fracturing toughness
in the normal and first tangential direction, N/mm; GΙ, GΙΙ,
and GΙΙΙ represent the fracture energy release rate in the
normal, first tangential, and second tangential direction,
N/mm; n is the work of each stress in the corresponding
displacement.

Here, the criteria of fracture initiation (maximum princi-
pal stress) and propagation (maximum energy release rate)
are established, and the damage mechanism of the model is
defined [23].

The variation of effective stress in the formation porous
media will change the permeability and porosity; hence, the
coupling relationship between formation stress field and
porous flow field should be considered. According to the
virtual work principle, the stress equilibrium equation is
expressed as

ð
V
σδεdV =

ð
S
tδνdS +

ð
V
f̂ δνdV , ð5Þ

where δν is the virtual velocity, m/s; δε is the virtual
strain rate, s-1; f is the body force of unit volume, N/m3;

t is the surface external force of unit area, N/m2; and σ
represents the total stress of porous medium, Pa.

According to the principle of mass conservation, the con-
tinuity equation of a fluid medium is expressed as

ð
V
δν

1
J
d
dt

Jρwnwð ÞdV +
ð
V
δν

∂
∂x

ρwnwνwð ÞdV = 0, ð6Þ

where J is the variation rate of pore volume; nw is the ratio of
formation liquid volume to total pore formation volume; ρw
is the liquid density in the pore, kg/m3; x is the direction vec-
tor of fluid flow in the pore, m; and νw is the liquid flow
velocity in the pore, m/s.

The relationship between liquid velocity of seepage flow
and the gradient pressure in a porous medium could be
expressed by Darcy’s formula:

νw = −
1

nwgρw
k ρw − ρwgð Þ, ð7Þ

where k is the hydraulic conductivity tensor and g is the grav-
ity acceleration vector.

The conditions of a porous medium are defined with the
simultaneous equations of Formulas (5) and (6). By integrat-
ing the equation set and the boundary conditions, the equi-
librium and the continuity equations can be approximately
expressed as the finite element equation set with interpola-
tion function introduced in the finite element discretization.
The stress-flow coupling equation matrix is eventually estab-
lished and is resolved with the Newton method in ABAQUS.

Here, a model considering multiple factors such as geos-
tress and rock mechanics properties is established by com-
bining XFEM in ABAQUS with fluid-solid coupling, in
which the criterion of maximum principal stress is applied
to determine the position of rock fracture (fracture initia-
tion), the criterion of maximum energy release rate is applied
to judge the fracture damage evolution (fracture propagation
morphology), and the fracture propagation in the radial
borehole fracturing is studied [24]. The simulation provides
a real and visual result, with the reference and guidance value.

2.1.2. Establishment and Validation of a Model. The model
assumes that the direction of X axis is consistent with that
of the horizontal maximum principal stress with 0° azimuth,
and the azimuth increases in the anticlockwise direction with
borehole as the center; the intersection angle θ between radial
borehole and horizontal maximum principal stress is defined
as the radial borehole azimuth (the radial borehole with min-
imum θ is considered as the reference well in case of multira-
dial borehole). Z axis is defined as the direction of vertical
stress. The unit of stress is kPa, and the tensile stress is posi-
tive in the model.

The basic models of single radial borehole, horizontal
multiradial borehole, and vertical multiradial borehole
(Figure 1) are established, and the fracture propagation is
simulated with XFEM to obtain the fracture morphology
under different parameters. The intersection angle between
two radial boreholes in the same layer is defined as the phase
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angle φ. About 10,000 elements are generated in the model,
and the type of element is structured.

The XFEM numerical model in the radial borehole frac-
turing is validated with the laboratory large-scale true triax-
ial hydraulic fracturing physical simulation experiment,
where a large-scale true triaxial fracturing simulation sys-
tem capable of simultaneously imposing horizontal maxi-
mum principal stress, horizontal minimum principal
stress, and vertical stress is adopted. The test specimen is
made with appropriate proportion of cement and silica
sand, so the mechanical parameters of specimen are consis-
tent with those of numerical simulation. The simulated
wellbore is placed in the center of specimen, and the radial

borehole is preset. The fresh water added with red tracer is
used as the fracturing fluid. The physical simulation system
mainly simulates the value and distribution of geostress in
the formation. The experimental conditions and rock
parameters are listed in Table 1. The experiment is con-
ducted with steps in the reference.

With horizontal stress difference being 6MPa and azi-
muth being 30°, the fracture propagates along the radial bore-
hole, but the fracture distortion and diversion occur in the
fracture plane. At this moment, the single radial borehole
has limited guidance to fracture propagation. When increas-
ing the vertical radial borehole density, the fracture plane
propagates along the radial borehole direction and the

𝛳, azimuth of radial well
0°

Radial well axis

Radial well axis

Mesh refinement 
near radial wells 

Mesh of the 
formation

σH

Single radial well Horizontal multiradial wells Vertical multiradial wells
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𝜑, phase angel

xz

y

xz

y

Figure 1: Sketch of a model.

Table 1: Table of hydraulic fracturing model data.

Elasticity modulus (GPa) Poisson’s ratio
Horizontal maximum
principal stress (MPa)

Horizontal minimum
principal stress (MPa)

Porosity (%)
Displacement in the
experiment (ml/min)

16.14 0.18 15 9 12 100
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fracture has a flat profile; thus, the radial borehole has strong
guidance to fracture propagation under conditions of vertical
multiradial borehole. The near-well-bore fracture under hor-
izontal multiradial boreholes firstly connects the neighboring
radial boreholes and propagates, and there is no major frac-
ture propagating along the radial borehole, which is limited
by the size of physical simulation. The result of physical
experiment tends to be consistent with that of numerical sim-
ulation (Figure 2), indicating a certain level of reliability of
fracture dynamic propagation simulation by XFEM, which
is applicable in the research on fracture propagation dynam-
ics of radial borehole fracturing.

Based on the actual reservoir parameters, the application
parameters of the formation basic model are created and
shown in Table 2.

When applying XFEM to simulate the hydraulic frac-
ture propagation, the propagation trajectory is represented
in an irregular and circuitous form. The irregular and cir-
cuitous path of fracture makes it hard to analyze the sim-
ulation results quantitatively which is adverse to reveal
and evaluate the mechanism and effect of radial borehole
fracturing. Therefore, the concept of “equivalent hydraulic

fracture” is introduced for the sake of study. As shown in
Figure 3, the circular boundary is established with the
same radial borehole length R as the radius, and the area
confined by hydraulic fracture, radial borehole, and circu-
lar boundary is defined as S. A straight equivalent hydraulic
fracture is established, and the area confined by hydraulic
fracture and circular boundary (radius R) is Seq = S. Then,
the intersection angle between equivalent hydraulic fracture
and radial borehole is defined as the equivalent fracture
deflection angle η, and the smaller the η, the stronger
the radial borehole’s guidance is to hydraulic fracture
directional propagation.

2.2. Numerical Simulation and Analysis of Single Radial
Borehole Fracturing

2.2.1. Fracture Morphology of Single Radial Borehole
Fracturing. Simulation with horizontal stress difference
6MPa, perforation (drilling) azimuth 45°, radial borehole
fracturing η = 4°, and directional perforation fracturing
η = 30° and conventional perforation fracturing η = 45°
show that the radial borehole fracturing is capable of guiding

Vertical multiradial wellsSingle radial well Horizontal multiradial wells
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Figure 2: Comparison of simulation results and experiment results.

Table 2: Table of basic model parameters.

Well hole diameter (mm) 240 Formation elasticity modulus (GPa) 20

Formation diameter (m) 150 Rock tensile strength (MPa) 3

Formation thickness (m) 0.2 Pore pressure (MPa) 15

Radial bore diameter (mm) 50 Vertical pressure (MPa) 35

Radial bore length (m) 75 Horizontal maximum principal stress (MPa) 32.45 33.33 34.18

Porosity (%) 25 Horizontal minimum principal stress (MPa) 26.43 25.33 24.18

Horizontal stress difference (MPa) 6 8 10
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fracture directional propagation and is conductive to direc-
tional development of the remaining oil and enhancing oil
recovery (Figure 4).

Taking the condition of horizontal stress difference being
6MPa and radial borehole azimuth being 45° as an example,
the fracturing fluids flow through radial borehole into the
formation, forming an induced stress field along the radial
borehole. The induced stress within the field can change the
value and direction of the original geostress within limits,

forming the horizontal tensile stress perpendicular to the
radial borehole axis (Figure 5). This tensile stress is the pri-
mary cause of fracture directional propagation guided by
the radial borehole [25]. Fracture propagation shows ten-
dency of diversion to the horizontal maximum principal
stress. The fracture diversion caused by the original geostress
is weakened by the induced stress. Affected by both original
geostress and induced stress, the fracture propagates with
an intersectional angle with radial borehole. As the fracture

𝜎H𝜎H𝜎H

𝜎h

𝜎h

𝜎H

𝜎h
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Radial well
Real fracture

Equivalent fracture
Enclosed area  

Enclosed area 
S

Enclosed area 
Seq = S

Equivalent 
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Figure 3: Sketch of equivalent fracture.
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Figure 4: Simulation results of different fracture type.
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Figure 5: Stress direction diagram of induced stress field.
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further propagates and breaks away from the induced
stress field, it is deflected to the direction of horizontal
maximum principal stress under the influence of the orig-
inal geostress. Figure 5 shows that the effective guiding
distance of radial borehole to fracture directional propaga-
tion can reach 40m.

In the simulation with ABAQUS, “maximum principal
stress (Max Principle)” is the maximum stress numerically,
and it can be defined as “maximum tensile stress” or “mini-
mum compressive stress” in the model with positive tensile
stress. According to the criterion of maximum principal
stress, rock failure and fracture occur when the maximum
principal stress exceeds the rock tensile strength.

2.2.2. Quantitative Analysis of Parameters on Fracture
Propagation. According to the definition of equivalent
hydraulic fracture, the results of numerical simulation with
different parameters in the single radial borehole are col-
lected to draft the graph which is shown in Figure 6, in which
the influences of different parameters on the fracture mor-
phology are analyzed. With azimuth 45°, horizontal geostress
difference 8MPa, formation elasticity modulus 20GPa, for-
mation Poisson’s ratio 0.2, fracturing fluids viscosity 1mPa·s,
treatment displacement 2m3/min, vertical density of radial
borehole 5 wells/m, and radial borehole diameter 5 cm as
the control group, control variable analysis is conducted.
The variables of the experimental group include azimuths
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60° and 75°, horizontal geostress differences 10MPa and
12MPa, formation elastic moduli 30GPa and 40GPa, forma-
tion Poisson’s ratios 0.1 and 0.3, fracturing fluid viscosity
10mPa·s and 100mPa·s, treatment displacement 3m3/min
and 4m3/min, vertical density of radial borehole 1 well/m
and 0.5 well/m, and radial borehole diameters 3 cm and 1 cm.

Figure 6 shows that as the azimuth increases, the fracture
initiation pressure gradually increases. Thus, the equivalent
fracture deflection angle increases as the azimuth increases;
the equivalent fracture deflection angle increases significantly
as the horizontal geostress difference increases. The increase
of the radial borehole diameter benefits radial borehole frac-
turing, but the increase of the azimuth, horizontal geostress
difference, reservoir thickness, formation elasticity modulus,
Poisson’s ratio, and treatment displacement is not favorable
to radial borehole fracturing.

The results of numerical simulation indicate that differ-
ent horizontal geostress difference, radial borehole azimuth,
rock elastic modulus, Poisson’s ratio, fracturing fluid viscos-
ity, treatment displacement, radial borehole vertical density
(calculated according to reservoir thickness), and radial bore-
hole diameter all have an influence on the η value and frac-
ture initiation pressure or maximum fracture width.
Limited by data volume, the grey correlation analysis can
be adopted to determine the influences of those factors on
study object, providing reference for optimization of radial
borehole fracturing.

After the collection and calculation of the original data
from experiment [26], the correlations of η and fracture ini-
tiation pressure can be obtained, as shown in Table 3.

According to Table 3, based on correlation, factors affect-
ing η value are ranked from high to low as follows: horizontal
stress difference, radial borehole vertical density, fracturing
fluid viscosity, radial borehole azimuth, reservoir Poisson’s
ratio, reservoir elastic modulus, fracturing displacement,
and radial borehole diameter. The factor of fracturing fluid
viscosity is deleted because the η value is constant in the var-
iation of viscosity.

Based on correlation, factors affecting fracturing initia-
tion pressure are ranked from high to low as follows: radial
borehole vertical density, radial borehole azimuth, fracturing
displacement, fracturing fluid viscosity, horizontal stress dif-
ference, reservoir elasticity modulus, reservoir Poisson’s
ratio, and radial borehole diameter.

Thus, by increasing radial borehole vertical density, guid-
ance of radial borehole to the hydraulic fracture can be effec-
tively enhanced, and among human factors, the radial
borehole vertical density accounts for the greatest weight.
In this regard, an appropriate well density is of great impor-

tance. Selection of radial borehole azimuth exerts the greatest
influence on the fracture initiation pressure, so an appropri-
ate azimuth can help reduce the difficulty in fracturing treat-
ment and increase the success rate of fracturing.

2.3. Numerical Simulation and Analysis of Multiradial
Borehole Fracturing. The existing studies show that both sin-
gle radial borehole and vertical multiradial borehole, which
follow the same rules of fracture initiation [10, 14], can cause
fracture directional initiation (fracture initiated in the radial
borehole), with the fracture initiation effect as the only differ-
ence. However, the fracture propagation morphology should
be further studied.

2.3.1. Fracture Morphology of Multiradial Borehole
Fracturing. The existing study shows that the geostress of
multiradial borehole is the superimposition of that of single
radial borehole [27]. Thus, the fracture propagation mecha-
nism in the horizontal dual-radial borehole is studied to rep-
resent the multiradial boreholes in this paper. As shown in
Figure 7, there is an induced stress field along each radial
borehole in the distant area of horizontal multiradial bore-
hole. Due to the influence of main vertical borehole and
radial borehole, there is a complex stress field, which has high
value and complex distribution. Then, this stress field is
defined as the interference stress field. Obviously, the fracture
initiation occurs earlier in the interference stress field near
wellbore than in the induced stress field in the distant area.

(1) Fracture Propagation in the Interfered Stress Field. A
thirty-meter diameter reservoir geological model based on
the data in Table 2 is established to research the distribution
of interference stress field and fracture morphology in the
near-borehole zone.

The fracture morphology is analyzed in the model with
azimuth of 30°, phase angle of 45°, and horizontal stress dif-
ference of 6MPa. According to the result of simulation
(Figure 8), the interference stress field is divided into two
parts. The first part is the stress field resulting from interfer-
ence of dual-radial borehole and vertical borehole, as shown
in the area marked by yellow solid line. The stress in the field
has a high value, and its direction is complex and irregular.
Thus, a fracture is firstly initiated in the near-borehole zone,
where an area of high stress exists, and simultaneous fracture
initiation and multifracture can possibly occur. The second
part is the stress field resulting from interference of dual-
radial borehole, as shown in the area marked by yellow
dashed line, but this area is not influenced by the borehole

Table 3: Correlation results.

Factors
Radial
borehole
azimuth

Horizontal
stress

difference

Elasticity
modulus

Poisson’s
ratio

Fracturing
fluid

viscosity

Fracturing
displacement

Vertical
density of
radial hole

Radial
borehole
diameter

η value 0.7544 0.8320 0.7451 0.7420 / 0.7482 0.8095 0.7095

Fracture initiation
pressure

0.8158 0.7728 0.7582 0.7498 0.7743 0.7765 0.8361 0.7433
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stress. The tensile stress perpendicular to the line connecting
both radial boreholes is generated inside the stress field.
Thus, a secondary fracture connecting both radial boreholes
is formed (principal fracture propagated along the well), as
shown in white dashed line. According to the simulation,
the actual propagation trajectory of the secondary fracture
is consistent with the result of the previous analysis, and
the secondary fracture possibly further propagates after con-
necting both radial boreholes.

As the phase angle increases, the influence of interfer-
ence stress field on the fracture morphology is gradually
weakened. As the phase angle reaches 90°, the possibility
of generating a secondary fracture connecting dual radial
boreholes in the interference stress field is low. Thus,
when the phase angle of dual-radial borehole exceeds
90°, it is considered that the influence of the interference
of dual-radial borehole on the fracture propagation is
weak, which is negligible (Figure 9).

(2) Fracture Propagation in the Induced Stress Field. The frac-
ture is analyzed in the model (formation diameter 150m)
with a phase angle of 90° and horizontal stress difference of
6MPa. According to the simulation result (Figure 10), the

principal fracture in the distant area propagates individu-
ally along the corresponding radial borehole, with the
same propagation rule as that in the single-radial borehole
fracturing [28]. Because of the difference of the fracture
initiation pressure in the dual-radial borehole fracturing,
the fracture is firstly initiated in the radial borehole near
the maximum principal stress, where the fracture propaga-
tion distance is further.

In conclusion, affected by the interference of dual-radial
borehole, the fracture is firstly initiated in the interference
stress field in the near-borehole zone, and then the secondary
fracture connecting the dual radial borehole is generated. The
complex multifractures are possibly generated in the interfer-
ence stress field, which can reduce the flow resistance near
wellbore and decrease the pressure loss along the path. As
fracturing goes on, the multiple principal fractures propagat-
ing along each radial borehole occur in the induced stress
field in the distant area, significantly increasing the drainage
area and enhancing the deliverability.

2.3.2. Theoretical Analysis of Multiradial Borehole
Arrangement. The fracture conductivity is not applicable in
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Figure 8: Fracture morphology in interference stress field.
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evaluating the multiple fractures generated in the multiradial
borehole fracturing. Referencing evaluation of fracture net-
work by stimulated reservoir volume in the volume fractur-
ing, the concept of “sweep area” is put forward to evaluate
the multiple fractures: it is assumed that the fracture gener-
ated by radial borehole fracturing penetrates through the
reservoir with consistent fracture height, the fracture is

equivalent to a line in the top-down plane of reservoir, and
the effective producing range of fracture (straight line) is
defined as the sweep area. The reservoir beyond the sweep
area cannot be effectively produced. Thus, in order to maxi-
mize the drainage area and the reservoir deliverability, the
borehole arrangement scheme should be optimized accord-
ing to the maximum superimposed sweep area of fractures.
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Figure 9: Simulation results of fracture morphology in interference stress field.

Azimuth –45° Azimuth 0°

Azimuth 15° Azimuth 30°

Azimuth 45°

Horizontal stress difference 6MPa
Phase angle 90° 

S, Max. principal

+2.0e+04
+1.0e+04
+0.0e+00
–1.0e+04
–2.0e+04
–3.0e+04
–4.0e+04

S, Max. principal
+2.0e+04

+1.0e+04

+0.0e+00

–1.0e+04

–2.0e+04

–3.0e+04

–4.0e+04

S, Max. principal
+2.0e+04
+1.0e+04
+0.0e+00
–1.0e+04
–2.0e+04
–3.0e+04
–4.0e+04

S, Max. principal
+2.0e+04
+1.0e+04
+0.0e+00
–1.0e+04
–2.0e+04
–3.0e+04
–4.0e+04

S, Max. principal
+2.0e+04
+1.0e+04
+0.0e+00
–1.0e+04
–2.0e+04
–3.0e+04
–4.0e+04

Figure 10: Fracture morphology of two radial boreholes.

10 Geofluids



The sweep area of single fracture is matched with a geo-
metric figure, and the total sweep area of multiple principal
fractures is obtained by concentric rotation of a geometric
figure. In this paper, the oval is taken as an alternative of a
single fracture sweep area (Figure 11), and the optimum
matching effect under different reservoir and fracture param-
eters can be obtained through adjusting the value of major
and minor axes, which is flexible and can be widely used.

The sweep area of multifractures in the multiborehole
(assume n radial boreholes and hydraulic fractures propagat-
ing along the radial borehole, i.e., superimposition of frac-
tures and radial borehole) is the sum of each figure area
minus the superimposed area (Se = nS − ðn − 1ÞSr). The for-
mula Se = f ðφÞ is about total sweep area in regard to φ with
known reservoir and fracture properties. The optimum frac-
ture phase angle φ = 360°/n corresponding to the maximum
sweep area is obtained through analytical geometry.

In summary, according to the multiple fracture mor-
phology and the sweep area, two principles of optimizing
borehole arrangement scheme in the homogeneous reservoir
are obtained as follows: the radial boreholes are symmetri-
cally arranged along the horizontal maximum principal
stress; the radial boreholes are uniformly distributed in the
horizontal plane.

3. Verification of Multiradial Borehole
Arrangement Based on Deliverability

In order to verify the theoretical analysis of multiradial bore-
hole arrangement, the numerical simulation based on deliv-
erability is arranged. Obviously, the highest productivity
indicates the optimized multiradial borehole arrangement.

According to actual geological conditions of reservoir, a
conceptual model is established in CMG, and the influences
of parameters on the deliverability in different development
schemes are analyzed. An edge-water-driven model in the
Cartesian coordinate system is established in CMG, with a
size of 25∗25∗5 (I, J , and K) and step size of 10m in I and
J direction. The rock and fluid parameters are valued accord-
ing to actual reservoir parameters, e.g., original reservoir
pressure 15.6MPa, effective pay thickness 10m, formation
temperature 75°C, formation pore pressure coefficient 1.02,
underground oil viscosity 12,282mPa·s, and oil density

0.98 g/cm3, as shown in Table 2. The relative permeability
curves of oil and water are displayed in Figure 12.

According to the existing studies and above research, the
guidance of radial borehole to hydraulic fracture reaches the
effective distance of 40m. The designed semifracture length
in the actual fracturing treatment is 40m. Thus, the semifrac-
ture length in the model is 40m. Referencing the concept of
“equivalent fracture,” the fracture with a straight shape is
inserted into the reservoir. The fracture conductivity is cho-
sen as 80μm2·cm, the designed value in the actual fracturing
plan [29].

As the radial borehole deliverability accounts for a small
proportion of total deliverability of radial borehole-assisted
fracturing [21], the deliverability of radial borehole is negligi-
ble in the numerical simulation with CMG.

3.1. Simulation and Analysis on Deliverability under Different
Fracture Parameters. The morphology of four fractures gen-
erated during four radial borehole fracturing is chosen as the
basic template for the study, as shown in Figure 13. Changing
the equivalent fracture phase angle, the deliverability of radial
borehole fracturing is analyzed with different fracture phase
angles. The fracture phase angle is 0°, which can be equiva-
lent to dual fractures, i.e., there are two principal fractures
(which are perpendicular to horizontal minimum principal
stress) generated in the conventional fracturing.

The accumulative oil production and water cut during
three years of development are shown in Figure 14. As the
fracture phase angle increases, the accumulative oil produc-
tion increases significantly and reaches the peak when the
phase angle is 90°. Moreover, the larger the fracture phase
angle, the earlier water breakthrough occurs, and the faster
the water cut rises. Thus, in terms of increasing deliverability,
the well should be produced with a fracture phase angle of
90°, and the water-block measure should be adopted in the
late period of production to further enhance oil recovery.
The conclusion is consistent with the result of optimizing
the radial borehole arrangement scheme with the maximum
sweep area as the standard, indicating the accuracy of the
maximum sweep area method, that is, the maximum sweep
area and deliverability are obtained with uniform radial bore-
hole distribution in the plane. Thus, the method of uniform
radial borehole distribution is chosen in the simulation of
multiradial borehole fracturing.

Changing the number of equivalent fractures, the varia-
tion of deliverability of radial borehole fracturing under dif-
ferent fracture numbers is analyzed, as shown in Figure 15.

The accumulative oil production and water cut during
three years of development are shown in Figure 16. The
deliverability of a single well is stimulated significantly by
fracturing, and the deliverability of a single fracture is dou-
bled compared with a nonfractured well. As the number of
fracture increases, the deliverability increases more slowly,
and the water breakthrough advances. Meanwhile, the water
cut increases with the growth of the number of fractures.

Theoretical analysis of the maximum sweep area shows
that as the fracture increases (uniformly distributed in the
plane), the total sweep area gradually increases, but at the
same time, the fracture superimposed area also increases, so

Fracture

Sweep area of fracture S

Overlapping area Sr

𝜑′

Figure 11: Sketch of a sweep area in oval.
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the total sweep area increases more slowly. Numerical simu-
lation shows that the accumulative oil production in three
years increases by 12.8% when four fractures are increased
to six fractures. Considering the influence of horizontal max-
imum principal stress, the fracture initiation pressures in all
six fractures are not unified; thus, the propagation morphol-
ogy of six fractures is not always uniform. Some fractures are
possibly not initiated (the fracture corresponding to radial
borehole near the horizontal minimum principal stress). In
the case of limited increase of deliverability and unstable frac-
ture morphology caused by six fractures, four radial bore-
holes and four fractures are the optimum choice.

3.2. Final Optimization Scheme of Borehole Arrangement.
According to multiple fracture morphology and sweep area,
two principles of optimizing borehole arrangement scheme
in the homogeneous reservoir are obtained as follows: the
radial boreholes are symmetrically arranged along the hori-
zontal maximum principal stress; the radial boreholes are
uniformly distributed in the horizontal plane. According to
the results of deliverability simulation, two parameters can
be determined: better development results can be achieved
with appropriate cost in four radial boreholes in a horizon;
an optimum development effect can be achieved with a phase
angle of 90° of four radial boreholes.

To sum up, different fracture initiation pressures corre-
spond to different azimuths. In order to ensure the uniform
fracture initiation pressure of radial borehole and full prop-
agation of hydraulic fracture corresponding to each radial
borehole, four radial boreholes are arranged with the hori-
zontal maximum principal stress as the symmetry axis.
Because the actual fracture and radial borehole have a cer-
tain deflection angle, the final optimum borehole arrange-
ment scheme is the intersectional angle of 45° between
four orthogonal radial boreholes and horizontal maximum
principal stress. There is a range of optimum drilling hole
(about 10° of fracture deflection margin, and the detailed
margin is determined based on geostress difference, rock
parameters, etc.), so that the intersectional angle between

expected fractures and horizontal maximum principal stress
is 45° (Figure 17). The actual fracture morphology in this
borehole arrangement scheme is shown in Figure 18.

4. Application and Production Analysis

4.1. Application in Field. The radial borehole fracturing was
applied in Shengli Oil Field recently, and the optimization
scheme of radial perforation was adopted in the fracturing
design. Since the reservoir of target well is the prototype of
the model previous in this paper, the parameters has been
shown in preceding chapters. According to the fracturing
design, the expected length of fracture is about 80m. Micro-
seismic crack monitoring was applied, and the results are
shown in Figure 17.

Sketch of fracture morphology based on microseismic
crack monitoring is arranged in order to reveal the fracture
morphology clearly (Figure 19). According to the results of
microseismic crack monitoring, the morphology of cracks
propagated along each of the orthogonal radial wells is con-
sistent with the conclusion of simulation in the previous
chapters. Four major cracks along each radial borehole and
a secondary crack connecting the adjacent major cracks were
formed under the influence of radial boreholes. Because of
the heterogeneity of reservoir, the length of fracture in differ-
ent directions is discrepant and only one obvious secondary
crack is formed. The formed multifracture improves the
degree of reservoir stimulation greatly which is beneficial to
improve the production.

4.2. Production Analysis. Since the trial production is still
in progress and the data is undocumented, the produc-
tion is analyzed by CMG-based simulation to propose
advice on production. The block of target well is heavy
oil reservoir, and huff and puff are the routine techniques
in the exploitation.

Optimization scheme of radial perforation is adopted as
the basic model, where the maximum constrain value of bot-
tom hole pressure during steam injection is 23MPa, and that
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of ground water injection volume is 300m3/d; the minimum
constrain value of bottom hole pressure during steam
injection is 10MPa, and the maximum constrain value of
fluid production is 200m3/d; the period of huff and puff
is one year.

The thermal recovery parameters of a model, i.e., the
steam injection rate 180 t/d, steam injection intensity
150 t/m, steam dryness 60%, and soaking time 4d, are deter-
mined according to existing studies [29, 30]. The result of
deliverability simulation is shown in Figure 20.

The deliverability declines in three years of production
in four development methods (conventional fracturing,
radial borehole fracturing, conventional fracturing+steam
huff and puff, and radial borehole fracturing+steam huff
and puff), and the deliverability declines more rapidly in
radial borehole fracturing and radial borehole fracturing
+steam huff and puff than other development methods.
The reason is that the multiradial borehole and multifrac-
tures effectively increase the sweep area, significantly
enlarging the drainage area of a single well and increasing
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the deliverability rapidly in an early period. However, in
the edge-water-driven reservoir or injector-producer well
pattern, the larger sweep area can cause earlier water
break. Considering the high fracture conductivity and the
great difference between oil and water mobility, the oil
production will decrease rapidly and the water cut will
increase rapidly (Figures 14 and 16). Thus, in the develop-
ment with radial borehole fracturing, the water block
should be implemented as early as possible, avoiding a
large-scale decrease of deliverability.

The accumulative oil production of three years in four
radial boreholes and four fractures is 2.65 times that of con-
ventional fracturing. A good result is achieved in the technol-
ogy of huff and puff with multiradial borehole and
multifractures. Thus, compared with cold recovery, the tech-
nology of multiple-radial borehole fracturing and steam huff
and puff is more applicable in developing low permeability
heavy oil reservoir.

5. Conclusions

(1) The induced stress field is formed during the radial
borehole fracturing, making the hydraulic fracture
propagate directionally. The increase of radial bore-
hole vertical density will effectively enhance guidance
of radial borehole to the hydraulic fracture. And
among the anthropogenic factors, the radial borehole
vertical density has the highest weight

(2) Affected by interference of dual-radial borehole, the
complex multifractures are possibly generated in the
interference stress field, which can reduce the flow
resistance near wellbore and decrease the pressure
loss along the path. As fracturing goes on, the multi-
ple principal fractures propagating along each radial
borehole occur in the induced stress field in the dis-
tant area, significantly increasing the drainage area
and enhancing the deliverability

(3) The arrangement scheme of horizontal multiple-
borehole is optimized with maximum deliverability
as the standard, with conditions of the homogenous
reservoir model as follows: uniform boreholes in the
horizontal plane and uniform intersectional angle
between radial boreholes and horizontal maximum
principal stress. Thus, the final optimum borehole
arrangement scheme is the intersectional angle of
45° between four orthogonal radial boreholes and
horizontal maximum principal stress

(4) The deliverability declines obviously in the first three
years after applying the radial borehole fracturing.
Multiradial boreholes and multifractures effectively
increase the drainage area of a single well and cause
earlier water breakthrough. Thus, in the development
with radial borehole fracturing, the water block
should be implemented as early as possible to avoid
a large-scale decrease of deliverability
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