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a b s t r a c t

Fluid leak-off phenomenon plays a critical role in hydraulic fracturing operation. This phenomenon can
be very impressive in successful operation of hydraulic fracturing. This operation is very complex in
fractured reservoirs due to the reaction between induced fracture and natural fractures. In this study
with the cohesive element method, the effect of presence of natural fracture on the magnitude of hy-
draulic fracturing fluid leak-off is investigated. First of all, cohesive element and extended finite element
method methods are described. The fluid flow inside hydraulic fracture and the affecting parameters on
leak-off of this fluid on adjacent environment are analyzed. Then, effects of natural fracture on hydraulic
fracturing direction such as deviation, leak-off and the mutual influences (which includes the changes of
stress regime around the natural fracture) and also changes in pore pressure are processed. The results
indicate that presence of natural fracture will cause reduction in aperture of hydraulic fracture. This
decrease will lead to extension of fluid lag and eventually delaying of leak-off phenomenon. However,
this effect is negligible against the positive impact due to shear and normal displacement on increasing
leak-off.

© 2019 Southwest Petroleum University. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Hydraulic fracture plays different roles in naturally fractured
reservoirs compared with non-fractured reservoirs. Hydraulic
fracture propagation in fractured porous media leads to an alter-
nation next to all mechanisms of fracture propagation character-
istics because of the interaction between the weak interfaces of
natural fracture. The Behavior of hydraulic fracture at the collision
stage to the natural fracture may leads to the intersection, diversion
or containment. Leak-off in hydraulic fracturing process termed as
the influx of fracturing fluid into the adjacent fracture path layers.
The leak-off rate to the porous media is dominating factor which
can have a great impact on the propagating dimension. The

difference between fluid pressure in the induced fracture and the
pore pressurewithin the surroundedmedium element lead to leak-
off phenomena. The dissipation of fluid to the permeable host cause
changing the stress regime around the hydraulic fracture tip and
impedance of propagation. However in naturally fractured reser-
voir matrix and fracture permeability are the factors which can
highly deal with this phenomena. Increasing the leak-off rate in
medium will lead to a decreasing in induced fracture aperture and
width. All of the mentioned scenarios will increase leak-off rate of
hydraulic fracture along the natural fracture interface, and also
make perturbation stress regime because of alteration pore pres-
sure magnitude around the natural fracture. Leak-off phenomena is
predominant mechanism in hydraulic fracture treatment within
naturally fractured reservoirs that can change the overall contri-
bution of natural fracture at the production stage. Many studies
have been investigated in order to find out the behavior of hy-
draulic fracture propagation and its interaction in naturally frac-
tured reservoirs [1e5]. By defining a crossing criterion in
experimental research can approximately predict the trajectory of
hydraulic fracture after interaction with natural fracture [6].
Greetsma and Haafkens (1979) studied the effect of fluid leak-off
coefficient on the dimension of induced fractures in naturally
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fractured reservoirs [7]. Also, the interaction scenario of hydraulic
fracture propagation in orthogonal and non-orthogonal
approaching angle have been investigated [8,9]. Numerical
modelling has been investigated in order to examine displacement
along the natural fracture and the fluid flow invasion through
natural fracture by Distinct Element Method [10]. Numerical
modelling based on the Determination effect of leak-off rate on the
hydraulic fracture characteristics still remains a complex task [11].
Gue and Liu (2014) developed the relation between leak-off rate of
the hydraulic fracturing and fracture dilation during treatment [12].
Besides analytical and experimental investigations, numerical
modelling has been adopted to specify the interaction of hydraulic
fracture in the natural fracture network [13e15].Wang (2014) using
Extended Finite Element Method tried to model the effect of hy-
draulic fracturing in fractured reservoirs based on cohesive zone
model [16]. Rahman et al. (2009) represented the effect of inter-
facial friction and intersection angle of hydraulic fracturewith leak-
off rate consideration in the extension of fracture by adopting nu-
merical modelling [17]. Segalman developed amathematical model
to calculating the cross-sectional shape of hydraulic fractures [18].
Nonlinear numerical modelling of hydraulic fracture process at the
fracture tip was applied by the implementation of the cohesive
zone method [19].

Deformation of the remote rock mass initiates from elastic to
plastic behavior at the approaching stage of hydraulic fracture.
However, by increasing their interval after the advancing stage of
hydraulic fracture, the rock elasticity behavior emerges again.
Natural fracture causes perturbation of stress regime and also ex-
erts interactional stress at the hydraulic fracture. Propagation of the
fracture fluid into initiated and pre-existing fractures increases
fluid pressure and decrease effective normal stress against me-
chanically closed rock fissures. Leak-off rate through the natural
fracture interface has been captured at the coalescence stage.
Consideration of natural fracture along the hydraulic fracture path
will reduce the width of hydraulic fracture which leads to increase
the fluid lag region. Fluid lag region has a prominent impact on
suppressing the hydraulic fracture and delaying leak-off phenom-
ena at the tip hydraulic fracture. By increasing delay time of frac-
turing fluid, there will be enough time for preceding leaked fluid
dissipate beyond the fracture tip region which leads to which leads
the fluid pressure gradient to decrease around the fracture tip.

The present paper aims to utilize Extended Finite Element
Method (XFEM) to model hydraulic fracture propagation in natural
fractures network in the presence of leak-off. We describe the
governing equations of XFEM and cohesive model. We present the
propagation of hydraulic fracture in natural fractures network, and
leak-off rate with and without natural fracture. The research results
will provide a theoretical and industrial basis for the application of
HF technology in the effective development of naturally fractured
reservoirs.

2. Cohesive element method

Barenblatt (1959) proposed cohesive zone theory in order to
remove singularity of stress at the crack tip which can be imple-
mented in Extended Finite Element Method [20]. The displacement
field in XFEM can be computed by the following expression [16,21]:

uðxÞxfem ¼
X
i2U

NiðxÞui þ
X
j2Ut

bNjðxÞajHðxÞ

þ
X
k2Ut

NkðxÞ
X4
l¼1

Flðr; qÞblk (1)

Where U is the set of all nodes, Ut is nodes where intersected by

the fracture, Ut are the nodes contain and intersected by the tip of
fracture, bNðxÞ andNðxÞ are the nodal the shape function, ui is nodal
displacement vector of degree of freedom, Flðr; qÞ are the asymp-
totic tip of fracture function, aj and blk are the additional enriched
degree of freedom and HðxÞ is the Heaviside jump function which
can be expressed as the following form:
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Where x is the sample point on the fracture, x* is the closest located
on the fracture and n is the unit normal to the fracture.

The asymptotic function to model the displacement field at the
tip of the fracture can be approximated by:

Flðr; qÞ ¼
� ffiffiffi

r
p

sin
q

2
;

ffiffiffi
r

p
cos

q

2
;

ffiffiffi
r

p
sinq sin

q

2
;

ffiffiffi
r

p
sinq cos

q

2

�
(3)

Here ðr; qÞ are the polar coordinate location at the fracture tip.
The tension at the cohesive fracture tip ðtf Þ can be expressed by the
cohesion law [22e24]:

tf ¼
vj

vx0
(4)

Here x0 is the displacement jump, j is the energy density.
The hydraulic fracture propagation in cohesive zone model can

be applied by the traction-separation law:

�
tn
ton

�2

þ
�
ts
tos

�2

þ
�
tt
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�2

¼ 1 (5)

Where tn is normal traction component, ts and tt are the shear and
tangential traction component respectively, t0n is the peak value of
tensile strength of the interface, tos and tot are the shear and
tangential strength of rock interface. Macaulay bracket < > repre-
sent a pure compressive deformation. Stress component are influ-
enced by the evolution of the damage ( _D) which can be expressed
by:

tI ¼
8<
:

	
1� _D



tI; tI � 0

tI; no damage
I ¼ normal; shear and tangential

(6)

Where tI is the stress component without any damage initiation.
Damage factor increase from 0 to 1 for non-damage to the fully
cracked one. Damage variable in linear developing can be approx-
imated by the following equation:

_D ¼
dfr
	
dmax
r � d0r



dmax
r

	
dfr � d0r


 (7)

Here d0r , dfr and dmax
r represent the initial, final and the

maximum relative displacement. Total displacement in mixed-
mode stage ðdmÞ can be obtained by:

dm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2n þ d2s þ d2t

q
(8)

Modelling of fluid leak-off through the adjacent layer at the
propagation stage of hydraulic fracture can be obtained by con-
servation equation [25]:
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Ql þ
vQ
vx

þ vW
vt

¼ 0 (9)

Where Ql is fluid leak-off rate from fracture wall to the adjacent
layer, vQvx is the volume rate of fluid pass at the fracture cross section
area and vW

vt is the opening of the hydraulic fracture.
For the elliptical cross-section fracture propagation area, the

volume rate of fluid (Q) which is related to the pressure gradient
(dp) can be approximated by the following equation:

Q ¼ �pW3H
64m

vp
vx

(10)

Here H is the fracture height, W is the fracture width and m is the
viscosity of fracturing fluid. Fluid loss rate through the formation
given by:

Ql ¼
2ClHffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðt � tðxÞÞp (11)

Where Cl is the fluid leak-off coefficient which is related to the
differential pressure, propagation stage of hydraulic fracture and
the fracturing fluid property, tðxÞ is the initiation fluid leak-off time
at the x location and t is the elapsed time of fracturing treatment.
The input data is specified in Table 1.

3. Leak-off and natural fracture

Hydraulic fracture in naturally fractured reservoirs encounters
some deviation compare with conventional reservoir which origi-
nate from the unique physical properties of these reservoirs. As
hydraulic fracture propagates in the porous media, the leak-off rate
continues increasing simultaneously by advancing hydraulic frac-
ture. Recent studies have indicated that the difference between
reservoir pressure and fluidwithin the hydraulic fracture (as well as
fracture wall permeability) has a great impact on the leak-off rate.
Fluid leak-off exerts a significant influence on the propagation stage
of hydraulic fracture, both in its length and wavering trajectory. In
addition to the above-mentioned reasons, due to their higher
permeability and conduit properties, natural fractures can increase
leak-off rate at the approaching and the intersecting stages of

hydraulic fracture along its interface, bringing about an increase in
the pore pressure within the natural fracture. The effect of natural
fracture on magnitude of leak-off rate depends heavily on the
matrix permeability of reservoir. Moreover, in the high perme-
ability matrix zone, the natural fracture effect can be neglected,
while its influences are relatively significant in low-permeable
porous media. As the leak-off rate increases, the pore pressure
adjacent to the hydraulic fracture wall will also increase. If the pore
pressure around the hydraulic fracture is higher than its fluid
pressure, the fracturewill be closed. Even though the lower number
of crossed natural fractures will reduce the leak-off, the decreasing
number of intersected natural fracture is almost directly propor-
tional to the overall production rate from the reservoir [26]. In our
numerical modelling, we assume that the hydraulic fracture
propagate in a straight path way along the maximum principle
stress, so the wavering trajectory has been neglected. In addition,
the hydraulic fracture criterion satisfy tensile strength of medium.
The rate of fluid loss through natural fracture is directly related to
the induced displacement by the hydraulic fracture. As the hy-
draulic fracture propagates throughout the natural fracture, it ex-
erts a tensile, compressional stress at the interface of the natural
fracture which increases the interval of natural fracture wall.
Determination of the increased aperture is applicable by obtaining
the approaching angle of hydraulic fracture and the natural fracture
characteristics [27].

Deformation of the remote rockmass initiates from elastically to
plastic behavior at the approaching stage of hydraulic fracture;
however, by increasing their interval after the advancing stage of
the hydraulic fracture, the rock elasticity behavior emerges once
more. Natural fracture causes perturbation of stress regime and also
exerts interaction stress at the hydraulic fracture. Consideration of
natural fracture along the hydraulic fracture path will cause a
reduction in width of hydraulic fracture which leads to increase the
fluid lag region. Fluid lag region has a prominent impact on the
suppressing of hydraulic fracture and delaying leak-off phenomena
at the tip hydraulic fracture. By increasing delay time of fracturing
fluid, preceding leaked fluid have enough time in order to dissipate
beyond the fracture tip region which leads to decreasing the fluid
pressure gradient around the fracture tip. However, the negative
effect of natural fracture on the leak-off rate compared to its
increasing effect could be negligible. From Fig 1, modelling of the
elastic behavior of mass rock can be applied by the dynamic
modulus [28].

As mentioned before, by propagation of hydraulic fracture, the
leak-off rate through the fracture wall decreases due to increase in
the pore pressure adjacent the fracture wall. This leads to decrease
in differential pressure between fluid within the hydraulic fracture
and local pressure around the hydraulic fracture path. As seen in Fig
2, maximum fluid leak-off rate taking place at the hydraulic fracture
tip and leak-off rate gradient gradually decreases at greater interval
from tip. Furthermore, considering the natural fracture perpen-
dicular to the tip of hydraulic Fracture, there is an attempt to
visualize leak-off rate gradient by cohesive element method.

At the coalescence of hydraulic fracture with the natural frac-
ture, the fluid pressure within the induced fracture transmitted
along to the host interface (Fig 3). As the fluid pressure in the
natural fracture by the time continuous, the shear and tensile
displacement at the interface increase. With comparison of the
results displayed in Fig (2, 3), It can be concluded that the presence
of natural fracture along the hydraulic fracture path can increase
the leak-off rate up to 3 times compared to its absence.

Debonding of natural fracture interface andmutually opening of
natural fracture will intensify this fluid leak-off phenomena. The
effective normal stress at the fracture surface expressed as:

Table 1
Simulation data.

SHmax 8:5� 103 Psi 59:1 MPa

SHmin 6:4� 103 Psi 44:3 MPa
SV 9:5� 103 Psi 65:7 MPa
Porosity 0.2 0:2
Permeability 2:5 md 2:5 md
Poisson's ratio 0:25 0:25
Young's modulus 1:9� 105 Psi 1:298� GPa
Tensile Strength 261 Psi 1:83 Mpa
Critical Fracture Energy 95 J�

m2

Initial Pore pressure 2:9� 103 Psi 20 Mpa
Slurry Density 9:8 KN�

m2

Viscosity 1 cp 0:001 Pa.s
Fluid Leak Off Coefficient 5:896*10�9 m3=KPas
Injection rate 0:00629 bbl=s 0:001 m3�

s
Formation Thickness 3:281 ft 1 m
Natural fracture Width 328e-6 ft 1e-4m
Natural fracture initial permeability 40 md 40 md
Normal stiffness 30 GPa=m
Shear stiffness 15 Gpa=m
Cohesion Strength 3 MPa
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sneff ¼ sn � P (12)

sn is the normal stress at the fracture interface and P is the
pressure.

By fluid invasion through the natural fracture, the shear and
normal displacement occur at the natural fracture interface irreg-
ular. In the natural fracture, slippage occurs when shear stress
overcomes the frictional shear strength. However, reduction of
normal stress can lead to slippage:

ts � t0 þ hðsn � PÞ (13)

The aperture size and permeability along the natural fracture
prior to the interaction assumed to be equal, however the defor-
mation and displacement along the natural fracture because of

non-equilibrium in fluid pressure along the natural fracture after
the coalescence stage is non-homogeny. Sowe have to calculate the
normal and shear displacement along the natural at every single
location and the final deformation aperture doesn't have a single
value. Figure 4 represent, the shear and normal slippage along the
natural fracture interface at the invasion moment.

As mentioned before, at the coalescence stage, the induced
fracture tip contact with the natural fracture interface. The final
leak-off rate approximated in our study is not constraint to the
coalescence stage and related to the moment of fluid front dissi-
pation through the natural fracture.

With the approach of hydraulic fracture to the nature fracture
the rate of leak-off increases dramatically and debonding occurs at
the natural fracture interface occurs. Pumping the fluid within
hydraulic fracture into the natural fracture.

Fig. 1. The adjacent and remote porous layer behaviors at the propagation and approaching stage of hydraulic fracture.

Fig. 2. Leak-off rate during propagation of hydraulic fracture regardless of the natural
fracture.

Fig. 3. The leak-off rate at the existence of natural fracture orthogonal to the hydraulic
fracture tip approaching stage.
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Causes an increase in normal interval of the natural fracture
which leads not only to normal opening, but also to shear slippage
of natural fracture. As shear slippage advances at the natural frac-
ture secondary leak-off along the natural fracture tip takes place.
Effect of leak-off rate and natural fracture are mutual, leak-off will
increase the opening of natural fracture, and opening of natural
fracture increases leak-off rate.

4. Conclusions

The hydraulic fracturing operation in fractured reservoirs is
incredibly important for increasing production. Analysis of hy-
draulic fracturing propagation in fractured reservoirs is complex
due to existence of natural fractures. This study investigated the
importance of fracturing fluid leak-off in hydraulic fracturing
propagation in presence of natural fractures. Presence of natural
fracture in the direction of hydraulic fracturing propagation will
cause the reduction of hydraulic fracture aperture. This will lead to
increase in fluid lag region and eventually delaying the leak-off
phenomenon. However, this impact is negligible with respect to
the positive effect of shear and normal displacement in magnitude
of leak-off. Therefore, we can state that leak-off rate magnitude is
near to 3 times higher in presence of natural fracture compared
with normal condition.
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