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ABSTRACT

The hydraulic fracturing operation is highly complex in fractured reservoirs. The fundamental key to a successful
operation is processing and analysis of the propagation of hydraulic fracturing in a natural fracture network. In
this paper, the hydraulic fracturing process is evaluated in a fractured reservoir in southwest Iran. The devel-
oping process of induced fracture in a natural fracture network is analysed by the Distinct Element Method
(DEM). After determining the fluid flow regime in the natural fractures of the reservoir, hydraulic fracturing is
applied along different lengths of the reservoir and in each range, the production rate is checked. Fluid flow in
natural fractures after the hydraulic fracturing operation is shown and evaluated in order to evaluate the induced
fracture effectiveness in enhancing fluid flow regimes in the reservoir. The reverse suction phenomenon which
causes changes in the fluid flow pattern in fractures and will thus affect the production rate is also studied in this
paper. Fracture coalescence will cause the induction of natural fractures to hydraulically fracture without their
intersection; this is one of the significant parameters in hydraulic fracturing in naturally fractured reservoirs
which is also discussed in detail. This paper can present valuable information on fluid flow analysis before and
after applying hydraulic fracturing in a fractured reservoir and solve some essential ambiguities in this area.

1. Introduction

The hydraulic fracturing treatment improves the reservoir geo-
mechanical properties in order to facilitate fluid flow through fractures.
Recently, applying the fracturing operation within naturally fractured
reservoirs is developing dramatically because of the effective interac-
tion between the natural and induced fractures. Hydraulic fracturing
treatment is one of the most substantial stimulation methods for un-
conventional and fractured reservoirs.

At the present time, many investigations support the necessity of
applied numerical simulation for hydraulic fracturing in fractured re-
servoirs and also for fracture propagation. Analytical and numerical
methods have been investigated to visualize the local stress adjacent to
the wellbore in order to identify the initiation and propagation direc-
tion of the induced fracture. Hubert & Willis (1957) specified the
minimum fracturing pressure with respect to the state of stress con-
centration around the borehole [1]. The difference in pore pressure and
fracturing fluid pressure will affect on the fracturing direction initiation
[2]. Miskims (2003) determined the significant role of process zone
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stress in propagation of the fracture from the wellbore by using the
Finite Difference Method (FDM). In addition, the existence of a uniform
stress field and modelling of the weak resistance layer was investigated
by using FDM. Apart from the use of FDM in modelling the stress state
around the well and the fracture propagation orientation, many re-
searchers have modelled the fluid flow though porous media using the
Distinct Element Method (DEM). An early investigation, Cundall et al.
(1979), has presented a model that simulates a granular assembly of
particles within the porous media and their conjunction permeability
using DEM [3]. The effect of horizontal stress orientation on the sto-
chastic fracture distribution at the hydraulic fracturing operation was
investigated by Zhang [4]. Other researchers established a correlation
between the magnitude of horizontal stress and natural fracture char-
acteristics in the generation of a complexity network during fracturing
operation [5]. Displacements of the adjacent blocks in edge-to-edge
contact in shearing and slipping mode are significant parameters in
hydraulic fracturing propagation in a natural fracture network [6].
Furthermore, fluid flow through porous media was investigated and
modelled by discretizing fractured blocks [7]. Taheri Shakib et al.
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(2018) showed that hydraulic and natural fracture characteristics and
situations affect the production rate [8,9]. Zhang et al. (1996) used
DEM to approximate the 2-D permeability of a natural fractured net-
work by attributing the fracture density term to each distinct network
[10]. Wettstein et al. (2012) developed measurement and modelling of
a fractured system with a discrete fracture network [11]. The hydraulic
fracture crossing criterion was also represented by numerical modelling
to maximize the total flow rate in a complex fracture network [12].
Fracture properties such as roughness, patterns, connection points,
aperture, pore pressure and fluid flow are pivotal factors for flow rate at
the fracture cross section [13-16].

In this paper, hydraulic fracturing in one of southwest Iran's re-
servoirs is evaluated. After determination of the direction of hydraulic
fracturing using a theoretical method, the analysis of changes in flow
regime and fluid flow patterns in the natural fracture network is per-
formed. Then, two reverse suction and coalescence phenomena which
take place during propagation of induced fracture along natural frac-
tures of the reservoir are discussed, and furthermore, their effects on
the production rate are analysed.

2. Hydraulic fracturing orientation

An understanding of the importance of hydraulic fracturing or-
ientation in a fractured reservoir is the first step for the successful de-
sign of a hydraulic fracture operation. Hydraulic fracture direction
plays a key role in enhancing production by extending the drainage
radius and intersecting the natural fracture network in order to max-
imize the contact between the reservoir and the fracture network. The
differences between far-field stress, pore pressure, material properties,
geological discontinuities and their orientations govern the direction of
crack growth in fracturing, however, stress concentration in the vicinity
and around the wellbore can control the fracturing at the early stages of
initiation and propagation. At the creation step of fracturing, the or-
ientation of fracture depends on the tensile failure zone, but at the
subsequent stage, the direction of fracture is affected by the new stress
field [17]. Several numerical investigations have been performed to
identify fracture orientation in various conditions. For example, Hom-
berg (1996) used DEM to analyse stress perturbation near a dis-
continuity which has an impact on hydraulic fracture direction in this
region [18]. Chuprakov et al. (1998) represents the hydraulic fracture
propagation and orientation with respect to the existence of natural
fractures according to the displacement discontinuity numerical
method [19].

In hydraulic fracture operations in fractured reservoirs, two types of
natural fractures can affect the orientation of propagation. The first
type of natural fractures is the open fractures which are intersected by
the wellbore and the second is the closed natural fractures far from the
wellbore. In the open natural fractures (Type 1), they may have a
considerable impact on fracture orientation in the early stage of in-
itiation in the equal horizontal stress condition [20]. Closed natural
fractures can influence hydraulic fracture orientation by branching of
the propagation path along their end tip or may arrest them, however,
this type of fractures has a minor effect on the alteration of the local
stress field, and in some cases the hydraulic fractures encircle them
[21-23]. In our model, the presence of only closed natural fractures not
intersected by the well means that we have no open natural fractures to
influence the initiation stage of the fracturing treatment. Closed natural
fractures in naturally fractured media can only influence the hydraulic
fracture propagation wavering trajectory and cannot affect the prin-
ciple direction in the far-field stress region and beyond.

Rock anisotropy and far-field stress affect the near wellbore stress
concentration and also have a critical impact on the direction of hy-
draulic fracture initiation and fracture reorientation [24]. The first step
in identifying hydraulic fracture initial orientation in fractured re-
servoirs is specifying the stress distribution around the wellbore. As the
wellbore is drilled through the homogenous equilibrium geostress, the
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stated stress regime around this area is perturbed because of the mis-
match between the fluid in the wellbore and the magnitude of removed
material [25]. A constitutive model has been proposed by many re-
searchers in order to specify the magnitude of stress distribution around
the wellbore. The stress concentration around the wellbore is an im-
portant determiner to identify hydraulic fracture propagation initiation
angle from the wellbore. The stress condition around the wellbore
based on elastic theory can be approximated [26,27]:
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where o, is the effective radial stress in the direction normal to the
borehole axis, g is the effective tangential stress parallel to the well-
bore axis orientation, o, is the maximum stress at the wellbore, o, is
the minimum stress at the wellbore, 8 is the relative angle with respect
to the x axis, 7, is the distance from the wellbore axis, 1, is the wellbore
radius, B, is the wellbore pressure, ¢ is the porosity and 7 is the por-
oelastic stress coefficient.

Rock failure in hydraulic fracture treatment occurs at the maximum
tangential stress (hoop stress) direction which can be reoriented beyond
the far-field stress to the maximum principal stress of the formation.
Based on Griffith's energy criterion, the maximum energy release rate
has to overcome the critical energy release rate in order to propagate
the hydraulic fracture in the direction of maximum tangential stress.
The energy release rate (G) can be expressed by the stress intensity
factor [28]:
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where Tj, Ty are the normal and shear mode intensity factor, respec-
tively, E’ = E is the plane strain and v is Poisson's ratio. In this study,
the tangential and radial induced stress around the wellbore is calcu-
lated with the in situ stress field and other data, shown in Table 1. The
induced tangential and radial stress yields are calculated by analytical
solutions to be 92 MPa and 76 MPa, respectively (Fig. 1).

Implementation of a framework using the extended finite element
method (XFEM) can facilitate tracking of hydraulic fracture direction in
naturally fractured reservoirs. The displacement field in XFEM can be
computed by the following expression [29,30]:

u(x)xfem = Ziegj\]i(x)ui + ZJEQTZ(\]](X)QJH(X)

+ Tpeq, Ne@) T, Fi(r, 6)b 5)
where Q is the set of all nodes, Q. are the nodes intersected by the
fracture, Q, are the nodes that contain and are intersected by the tip of
the fracture, N (x) and N (x) are the nodal shape function, u; is the
nodal displacement vector for the degree of freedom, Fi(r, 6) is the
asymptotic tip of fracture function, a; and bj are the additional enriched
degrees of freedom and H (x) is the Heaviside jump function which can
be expressed in the following form:



J. Taheri-Shakib, et al.

Table 1
Simulation data for the interaction between induced and natural fracture.

General Information

Selectively block dimensions 20*20 m
Well diameter 8.51in
Bulk modulus of reservoir fluid le3 MPa
Maximum model pore pressure 25MPa
Maximum principle stress 75 MPa
Minimum principle stress 40 MPa
Properties of Intact Rock and Fluid

Density of Rock 1800 kg/m3
Shear modulus of Rock 20 GPa
Viscosity of Fluid 70 Cp
API 15

Fracture Properties

Normal hardness of fracture
Shear hardness of fracture

300 e9 (stress/displacement)
130 e9 (stress/displacement)

Yang's modulus (E) 4.0 * 10° Psi
Poisson's ratio (v) 0.25

Fracture cement toughness 0.75 MPam'/?
Fracture toughness 1.50 MPam'/?
Permeability of fracture 1000 ml Darcy
Structural model of fracture Coulomb
Critical Fracture Energy 95 J/mz

Gradient calculation
-9.529%10 t0-9.40%10’
-9.200%10 t0-9.00% 10’
-8.800%10” to-8.60x10’
-8.400%10’ to-8.20x10’
-8.000x10” to-7.80x10’
~7.600x107 to-7.40%10"
~7.200%10’ to-7.00%10’
~6.800%10 t0-6.60x10
~6.400%107 to-6.20%10"
[ -6.000%10" to-5.80x10’
[ |-5.600%107 to-5.40%10’
| -5.200%10” to-5.00%10”
-4.800%10" to-4.60x10’
-4.600x10" to—4.47x10
Interval=2.0x10°

Tangential stress

Radial stress

o«

e

Fig. 1. Induced tangential and radial stress around the well.

1 (x —x*). n> 0(Above the crack)

HX) =
@0 —1 (x — x*). n < 0 Otherwise (Below the crack)

©

where x is the sample point on the fracture, x* is the closest point lo-
cated 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:

6 6 0 8
E(r, 0) = in—, =, Jrsin6 sin — , JF sinf cos—
1(r, 8) [ﬁsm 5 JT cos > JTsing sin > JT sin cos2 ] )

here (r, 6) are the polar coordinate location at the fracture tip.
3. DEM as a procedure of natural fracture network engineering
UDEC (Universal Distinct Element Code) is a two dimensional

Lagrangian calculation software based on the DEM which is used in
modelling of hydraulic and mechanical deformation in fractured
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reservoirs and behaviour of discontinuous rock blocks. UDEC assigns a
strain state to the blocks to exhibit plastic and elastic deformation of
intact rocks in systems consisting of fractures with displacement in the
vicinity of the fractures and also has a feature to define fluid flow in
porous fractured media. Calculation of flow rate within this method was
performed in two different ways which depended on the contact of the
fluid passage. In corner-to-edge and corner-to-corner contact, the flow
rate (Q) is calculated by the following expression [30]:

Q= —-K.4p (8

where K, is the joint permeability parameter which is related to the
geometry of the contact and Ap is the pressure differential between the
two adjacent domains. In the case of an edge-to-edge contact, the
fracture flow calculation is based on the cubic law in a planar fracture
and is given by:

Ap
= —Kodp =
Q ed%n L 9)
where K4 is the joint conductivity parameter which is related to the
dynamic viscosity, d, is the equivalent hydraulic aperture contact and L
is the effective contact related to the domain length. The hydraulic
aperture (d;) can be expressed as:

dy = do — Dy 10

where d, is the aperture at zero normal stress and D, is the contact
normal displacement which is governed by the grain characteristic and
the normal stress. Below the residual aperture size value (d,.s) it is as-
sumed that the hydraulic permeability of the fractures is not influenced
by the mechanical closure. Where hydraulic pressure approaching the
normal stress is acting on the fracture surface and its value is higher
than the normal stress, the aperture size might be larger than dj, be-
cause of the fracture opening. In the apparent permeability calculation,
the permeability is related to the saturation where in zero saturation
phase the permeability is set to zero. The UDEC software uses a fixed
parameter to consider the effect of saturation on the apparent perme-
ability:

F(s) = S;(3 - 28p) an

where S; is the saturation and F (s) is a function of saturation which is
zero at zero saturation and approaches unity at higher saturation. The
deformation of blocks consists of their displacement in normal and
tangential directions and the calculation of this displacement is de-
scribed by the stress-displacement law. In the normal and tangential
directions, the stress and displacement are related to each other by a
nonlinear joint stiffness (K) such that:

Ao, = F,AX, (12)

Agy = FEAX 13)

where F, and F; are the normal and shear stiffness, respectively, Ac, and
Agy are the changes in the normal and shear stress, respectively, and
AX, and AX; are the shear and normal displacement, respectively [31].
Fracture fluid causes deformation of the fractured rock masses in order
to separate them and influences the permeability of the conduits close
to its front. In UDEC, simulation of natural fractures in the intact rocks
is represented as discrete blocks.

4. Results and discussions

The discrete fracture network is simulated in an arbitrary direction
around the wellbore with respect to the hydraulic fracture propagation
orientation to represent their interaction. Simple fracture networks
with different orientations in two-dimensional plane-strain simulated
with DEM can cause complex networks after hydraulic treatment. After
generation of discrete blocks and fractures, we use the available in-
formation on the pre-existing fractures and the material properties of
the blocks to assign their properties to the model [32]. The flow rate
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direction in perpendicular and oriented natural fractures can be varied
due to the pressure gradient of fluid toward the hydraulic fracture. In
order to identify interaction of the natural fractures randomly gener-
ated in this model with the hydraulic fracture, the fractures’ shear and
normal stiffness is set to 50 GPa and 110 GPa, respectively. In this
model, a PKN model that assumes a fracture geometry independent of
the fracture toughness and that the fracture propagates in the vertical
plane was utilized to model hydraulic fracturing. Table 1 presents the
properties of the fracturing model [33].

The hydraulic fracturing direction which has been approximated by
the XFEM method from the previous section is implemented within the
model. At the early stage of fracturing, the fracture length increases to
4m and then the crack growth length approximately approaches the
pre-defined block size (20 m). In our model, the dead-end and isolated
natural fractures that were generated randomly and did not have a
contribution to network flow are eliminated, however, the flow rate
effect of the isolated natural fractures which have been intersected by
the hydraulic fracture at every stage of propagation and have a con-
tribution to the production was considered.

Table 1 shows the generated fractures which are intercepted and
connected to the final fracture network. In an isotropic natural fracture
network, many analytical models are proposed so as to specify the total
flow rate of the connected fractures. In Fig. 2, the connected fractures
have various orientations relative to the wellbore axis which affect their
contribution in production. The flow rate within this fracture network
can be obtained by the following expression [34,35]:

Zgil l\boz QO!
Q===
LL (14)
1, Cos®,
i (15)

where 1, is the orientation factor, };, L, are the boundary length of the
fractured area, @, is the angle between a natural fracture and the
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wellbore axis and [, is the length of the natural fracture. In Fig. 2 the
flow rate in effective connected fractures is identified by a red section
line with the flow rate approximated in each single fracture by the
following expression:

di
Qy = Vp cos®, 20 (16)

Hydraulic fracturing in this model performed in natural fractured
blocks can cause enhanced production by intersection with pre-defined
natural fractures and generation of connected fracture networks with an
extending effective treatment surface. In fracturing treatment, natural
fractures have a profound impact on the production in low permeability
reservoirs. As the hydraulic fracture propagates along the natural
fractures, the pore pressure close to the hydraulic fracture tip increases
caused by induced stress and fluid leak to the adjacent block. Prior to
the interception of a natural fracture by the crack tip, the fracture in-
terface is closed but has higher permeability than nearby blocks. At the
intersection stage, the post direction of propagation depends on the
fracturing angle with respect to the natural fracture, mechanical
properties of weakness at the interface and pore pressure within the
joint [36]. Longer fracture length increases the production index by
improving permeability and connecting a greater range of natural
fractures to contribute to spreading fluid flow throughout the reservoir
instead of being constrained to the blocks near the hydraulic fracture.
However, these discontinuities can alter the hydraulic fracture path to
an unfavorable region. After the approach and collision of natural
fractures with the hydraulic fracture, three cases may occur with regard
to the intersection angle of other mechanical properties which consist
of diversion, containment and penetration.

At the fracture coalescence, the maximum fluid leak through the
natural fracture occurs as the lagged fluid reaches the collision point
and diverts along the interface conduit. Prior to the intersection at the
coalescence mode, the natural fracture permeability increased due to
normal and shear stress acting at the coalescence point and causing

C
/ \ N
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. 3 i .
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[ \
4 3 \{ - b SN
) \ \
\ | 1‘ . \
\ | NN = —> \
— / < \N
—— - ‘j \ -
el

Fig. 2. Fluid flow patterns in natural fractures network.
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dilation of the natural fracture conduit. An increase in fracture aperture
due to normal displacement and shear slippage is expressed by a non-
linear equation:

di =dp+ ds+ dps a7)
d, = _do

1+ 9Un.e/gn.ref (18)
ds = X; tan(@, g) 19

where d,, is the fracture aperture in normal displacement, d; is the shear
dilation, d,.s is the residual aperture at high effective stress in opening
mode, o, is the effective normal stress, o, s is the reference normal
stress which caused 90% decrease in initial aperture (do), X; is the
slippage induced by shearing and ¢, 4 is the shear dilation angle.

In the red section line presented in Fig. 2, the fracturing fluid is
flowing through the fractures and causing dilation of the narrow con-
duits by increasing their aperture. An increase in pre-existing fracture
aperture in intersection mode will enhance the permeability. In order to
calculate the total flow rate which is induced by the fracturing treat-
ment, the Rahman et al. (2000) method as used in a fractured reservoir
is preferred. In this model, the reservoir is segmented into small blocks
and the interval between each block is represented as the fracture
aperture which is directly proportional to the permeability and the flow
rate. With an increase in aperture for each block consequently the flow
rate through each block increases and is expressed by Ref. [35]:

Ne
Q= Z M I=x,y direction
= 12X (20)

where Ne is the number of intersected natural fractures that have a
contribution in production, Ly is the intercepted length of Nf and X is
the interval between elements.

The hydraulic fracture is intersected in parallel or by natural frac-
tures oriented with the maximum horizontal stress which must have
lower pore pressure than fluid pressure for flow to go through them. In
a fractured reservoir, fluid flow from matrix blocks and fracture con-
duits can be neglected because of the higher permeability of fractures
compared to the matrix. Fluid flow direction in a naturally fractured
reservoir along the induced fracture has a different scenario which
depends on the aperture, orientation to the local stresses and the frac-
ture complexity [37,38].

As seen in Fig. 2, the principal fluid flow was specified by a red
arrow shape and larger arrows show higher flow rate through related
fractures because of their higher aperture range; minor flow rate
through small fractures was not sketched in Fig. 2. Formation pressure
that is higher than the wellbore pressure will lead to an alteration in the
direction of fluid flow from the fracture network, which is postulated by
Darcy's law, parallel to the pressure gradient in order to contribute to
production. According to the post-research, in most case studies with an
increase in induced fracture length and intersection of a greater range
of pre-existing fractures in a fractured reservoir the production rate
increases obviously [38]. On the contrary, in our model, as seen in
Figs. 3 and 4, the number of intersected natural fractures increased and
fracture length increased from 10 to 12 m, but as a result not only does
the production rate not increase but we also see a decline in production
rate.

As shown in Fig. 5 in parts b and c, the flow direction is reversed and
influx is to the cracks after propagation of hydraulic fractures from 10
to 12 m; this is called reversed suction phenomena. Three main possible
reasons for this phenomena and reduction in production are fracture
shearing, increase in flow permeability anisotropy which changes the
principal permeability axis and roughness direction in tight fractures. In
the fracture propagation stage and while increasing fracture length
through the main natural fracture networks, minor fracture networks
which are far from the induced fracture were activated because of the
remote stress of hydraulic fracturing and connecting to the major
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fracture network. By considering the significant shearing effect of hy-
draulic fracturing acting on the surface of low aperture fractures with
small flows, which cause perturbations in the differential stress in this
region and lower the pressure gradient effect, the flow circulation in
this region reversed. However, we have seen that the high flow rate
direction in intersected fractures and the major fracture network, which
is highly influenced by the pressure gradient and high permeability
induced conduit, will not change [39,40]. In addition, in reality the
fluid flow and gradient are not exactly in the same direction in a
fractured reservoir with variably oriented natural fractures. At the early
stage of propagation, the principal permeability axis is in accordance
with the gradient and causes the flow direction in every region to be
normal to the gradient. However, as the hydraulic fracture propagates,
intersects a higher range of fracture networks and reacts with low
aperture fracture networks farther away, the permeability axis deviates
from the gradient direction and causes recirculation of the fluid flow in
the opposite direction in some portions which have a lower dependency
on the gradient alteration [23,41].

Presence of roughness in natural fractures can cause deviation of
fluid flow in these conduits from the cubic law equation which assumes
the fluid flow is through two parallel plates. In fact, real natural fracture
walls consist of rough surfaces and tortuosity that influence the fluid
flow path and its direction. Based on the above discussion about the real
fracture effect on the flow characteristics, many studies have been
performed to simulate fluid flow direction and flow rate through a
fracture path with roughness. Among all these studies, Boutt et al.
(2006) found that micro-roughness creates a recirculation zone which
causes a reversing of the fluid flow direction mainly in tight natural
fractures [42].

All of the above-mentioned reasons only pertain to the small re-
versed flow direction which is not related to the fracture propagation
length prior to 8 m long. Because, before 8 m of fracture length is
reached, small flow in b and c portion could not have a contribution to
production, and furthermore, their flow rate could be negligible with
respect to the overall production. The main parameters in this model
which affect the overall production at the fracture improvement stage
from 8 to 12 m are negative shearing and induced stress. As shown in
Fig. 4, not only does the production rate from 8 to 10 m in induced
fracture length not increase but we also see a reduction in flow rate. At
the fracture propagation mode, research studies show that remote stress
generated at the tip of the induced fracture causes shear dilation and
tensile opening in the adjacent natural fracture interface and fracture
joint (Fig. 6). It was assumed that at the beginning of treatment, the
natural fractures are closed but have a higher range of permeability
compared to the adjacent blocks. The stress caused by the fracture tip
acting on the fracture wall interface increases until it exceeds the shear
strength of the rock, which leads to increasing permeability of the
natural fractures and joints, but again, beyond a peak value of stress,
the fracture wall convexity coincides with the front wall concavity and
causes a reduction in permeability which leads to decreasing overall
production. The fracture joint is one of the main portions of a naturally
fractured reservoir that contributes a significant portion of fluid flow
through its aperture [43,44]. Shear strength of rocks depends on fric-
tional sliding resistance and roughness of the rock surface. Stress con-
centration and pore pressure at the fracture junctions are higher than at
fracture conduits and natural fractures also have more roughness and
jagged surfaces.

One of the main fracture junctions specified in Fig. 6 has great
impact on the total production rate. As the hydraulic fracture tip ap-
proaches to this fracture conflux point, the local stress around this re-
gion is perturbed and causes shearing slippage at the interface. Beyond
a fracture length of 8 m, the shear slippage exceeds its maximum ben-
eficial displacement and over this displacement junction point aperture
and permeability decline because of the vast range of roughness dis-
tribution at this point. Fig. 3 exhibits the illustration of the reduction in
flow rate at the propagation stage in the fracture junction from 8 m to
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5. Conclusions

The hydraulic fracturing operation in fractured reservoirs is highly
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complex due to the existence of natural fracture networks. In this paper,
we analysed the effects of the presence and propagation of hydraulic
fractures in a natural fracture network. The results obtained from this
numerical modelling show that increasing hydraulic fracture propaga-
tion length in a naturally fractured reservoir may not always increase
the induced production rate. Increasing the fracture length by exerting
tensile/compressional stresses will cause reverse micro fluid flow di-
rection, change in the permeability axis and negative shearing. In ad-
dition, the effect of negative shearing on the major joints has a great
impact on the reduction of the fluid flow aperture. Fracture shearing
could be due to the shearing action of hydraulic fracturing on the
fractures which may cause permeability anisotropy. This will lead to a
change in the principal permeability axis and eventually roughness
direction in tight sections of the reservoir. Another reason, which is
more significant than the first, can be the effect of roughness on the
flows causing reverse flow in fractures with lower diameter. In addition,
the shearing created and the stress perturbation will lead to reversing
the flow at points which are less affected by hydraulic fracturing. There
is the possibility of a deviation of the flow direction in microcracks
oriented with the gradient direction in smaller fractures and farther
from the main fracture with propagation of hydraulic fracturing.
However, the above cases about the reversing of flow is for small
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T rran,,

Fig. 5. Schematic of reverse suction phenomena in low aperture in part b and c.

fractures that have a lower effect on production reduction. The main
reason for production decline is due to the strong effectiveness of hy-

draulic fracture on the main fracture junctions.

Nomenclature

or The effective radial stress in normal direction to the borehole
axis, MPa

Op The effective tangential stress, MPa

o The maximum stress to the wellbore, MPa

Oy Minimum stress to the wellbore, MPa

Un
6
I
rw
p w
by
¢

The normal stress, MPa

Relative angle with respect to the x axis, deg
The distance from the wellbore axis, m
Wellbore radius, m

The wellbore pressure, MPa

The pore pressure, MPa

The porosity

The poroelastic stress coefficient

The fracture aperture in normal displacement
The shear dilation

Normal intensity factor, MPa.m

| Fracture size:4m

a

"Fracture size:8m

Fracture size:12m

b

C

Fig. 6. Shearing displacement effect in one of the main fracture junction.
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Ty Shear intensity factor, MPa.m

E, Normal stiffness, Pa/m

E Shear stiffness, Pa/m

dres The residual aperture at high effective stress in opening
mode, m

do The initial aperture, m

dp The hydraulic aperture, m

D, The contact normal displacement, m

On.e The effective normal stress, m

On.ref The reference normal stress, m

X The slippage induced by shearing, m

D it The shear dilation angle, deg

Ne The number of intersected natural fractures that have a
contribution in production

Ly Intercepted length of natural fracture, m

X The interval between elements, m

E' The plane strain, N/m?

E The Young's modulus, N/m?

v The Poisson's ratio

Q Set of all nodes

Q. Nodes intersected by the fracture

Q¢ The nodes which intersected by the tip of fracture

N(x) Nodal shape function

N(x) Nodal shape function

K Asymptotic tip of fracture function

aj bl Enriched degrees of freedom

H(X) Heaviside jump function

K, The joint permeability parameter, m.s

Keq The joint conductivity parameter, m.s™!

dy The equivalent hydraulic aperture contact, m

yes The residual aperture size, m

L The effective contact related to the domain length, m

Sy The saturation

F(s) Function of saturation

AX, The normal displacement, m

AX; The shear displacement, m

b, The orientation factor

L, L The boundary length of the fractured area, m

@, The angle between a natural fracture and the wellbore axis,
deg

Iy The length of the natural fracture, m

Ap The pressure differential between the two adjacent domains,
Pa
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