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Abstract. Modeling hydraulic fracturing become a challenge task when is necessary have a
realistic knowledgement of some rock criteria. This paper show simulations concerning to
hydraulic problem in naturally fractured reservoirs. A numerical code that includes strong
discontinuities embedded in a finite element mesh was used to perform simulations of reservoirs
that will be submit to hydraulic fracturing operations. The code allows obtaining results for
fluid flow and propagation of fractures analysis using a coarse meshes and reasonable
computational time. Some simulations were performed considering different scenarios for the
initial stress strain. The presence of casing, natural fractures and the angle of perforating
around wellbore were also considered. The analysis shows the increase of connectivity of
natural fractures previously not connected as a result of induced fractures created by medium
pressurization.
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INTRODUCTION

Hydraulic fracturing is a method widely used in petroleum industry to recover as much oil
as possible from the reservoir. In this method, artificial fractures are induced by fluid injection
in order to increase rock permeability. In a naturally fractured reservoir it is fundamental to
know the influence of these fractures on the geometry of the induced fracture because this is
decisive in the mechanical properties of the rock, in-situ stresses and local heterogeneity. Due
to the strong coupling between fluid flow and mechanical behavior, the presence of weakness
planes by the existing natural fractures, modeling hydraulic fracturing becomes a challenge
task. The choice of an appropriate constitutive model that predict the mechanical behavior in a
realistic way as well as takes into account the properties from the reservoir-rock system, such
as fracture energy, is a critical point in modeling hydraulic fracturing.

The hydraulic fracturing problem in naturally fractured reservoirs was simulated in a
numerical code that adopts a strong discontinuity approach to embed discontinuities in a finite
element mesh, and provides a numerical fluid flow analysis in a deformable reservoir. The
resulting code is used to model hydraulic fracture propagation in naturally fractured reservoirs
with relatively coarse meshes and reasonable computational time. The hydro-mechanical
coupling has been determined by a law that relates the variation of permeability as a function
of the displacement jump from the mechanical problem.

In a classic case, the preferential direction of hydraulic fracture propagation is
perpendicular at maximum principal stress because it represents the lowest work way and
aperture of hydraulic fracture is in direction to minimum principal stress, but it is important in
a naturally fractured reservoir have a detailed knowledge of propagation and aperture direction
with the purpose of take decisions regarding the conditions under which the fracturing operation
is going to be realize.

To evaluate the effect of initial stress state in the direction of the induced fractures, the
simulations were performed considering different scenarios for the initial stress state. The
analysis included the effect of pressurized medium in network interconnecting with fractures
previously not connected.

1 MODEL FORMULATION

1.1  Strong discontinuity approach

A strong discontinuity approach was proposed by (Manzoli, 2011; Manzoli & Shing,
2006), to embed discontinuities into finite elements. The strong discontinuity approach was
implemented in the in-house numerical code CODE_BRIGHT (Guimarées, Gens, & Olivella,
2007; Olivella, Gens, Carrera, & Alonso, 1996), which performs numerical analysis of fluid
flow in a deformable reservoir.

The finite element formulation has fundamental aspects from discontinuity such as
kinematics and static information. The kinematic enrichment must correctly reflect the position
of the interface in the element as well as the relative displacement (opening and sliding)
between the two opposite faces of the interface. Furthermore, the traction continuity condition
must be properly imposed to ensure a correct relationship between the tractions in the internal
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interface and the stresses in the surrounding continuum portion (considered linearly elastic and
isotropic).

Consider the triangular element with three nodes from domain Qe, length le, with a band
of strain localization Se, with k, which divides the element into two parts, isolating the node 1
from nodes 2 and 3 (Figure 1).
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Figure 1.finite element crossed by a localization band (Beserra, 2015).

The displacement field jump, [[u]], on S lead to a rigid-body relative motion, driving to the
following nodal displacements:

dy = [[ul];d, = 0;d3 = 0 (1)

With finite element strain-displacement relationship will be obtained the deformation of
continuum. i =1,2,3 represents the vector of nodal displacements of node i, due to the jump in

the displacement field [[u]].

3 3

€=zBi(Di—di)= zBiDi_Bi[[u]] (2)
i=1 i=1

¢ =BD — &R

D; is the nodal displacement vector and Bi is the standard finite element strain—
displacement matrix. The deformation due to the displacement field jJump can be written as
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ek m 0
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Where M is a matrix containing the value of m (normal to the opposite side of the isolated
node) components and le is the distance between the isolated node and the opposite side of the

element.
The stress field is given by:

o =3%(e) = 3¢ (BD—%[[u]]) (4)

where X€ is the material constitutive matrix of the continuum. The vector of internal forces
corresponding to the finite element with area Ae, is given by:

fine = f BT6dQ, = BT6A, = BT
. (5)

Tyc M
fine = B'2¢ (BD - = [[ul] ) 4,
e
The deformation and its corresponding stress in the localization band can be written as
follows:

o= &+ [[ul] = BD 7" [[u]] + 7 ([l (6)
(7)

05 = Zs(gs)

where Kk, denotes the bandwidth of strain localization, X5 is the constitutive matrix of the
discontinuity surface and. N is a matrix obtained from the components of the normal vector n

(normal to the discontinuity), as:

0 |ny
nY|nx

Nyl 0
N = ] (8)

The surface forces in the region of localization band must be in equilibrium with the forces
calculated in the surround (point in the continuous portion which borders the band):

NT(o,—0)=0 (9)

Replacing the Eq. (4) e (7) in (9):
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NTZs (BD — % [[u]] + % [[u]]) — NTx¢ (BD - % [[u]]) =0 (10)

Solving the Eq. (10) will be obtained the displacement jump, [[u]]. Since the jump components
are determined, the stress tensor in the element can be obtained by Eq (4).

1.2 Variation law of permeability
The hydro-mechanical coupling has been determined by a law that relates the variation of
permeability as a function of the displacement jump from the mechanical problem, as follow:
2
_ [l (11)

12

where [[u]]n is the normal jump aperture.

The numerical code, CODE_BRIGHT, uses the convergence criterion of Newton-
Raphson, also it works with an IMPLEX algorithm (Oliver, Huespe, & Cante, 2008).

1.3 Damage model

The damage is the degradation of the material stiffness. The chosen model allows it to be
calculated an effective damage stress.

Total Area=A Damage Area=AD

Figure 2 - Material Damage

The degradation is represented by:

Ap
d= - (12)
Then exist an area that resist efforts known as effective area
A=4-4, (13)
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With eq. 13 is possivel write the damage as:
A

If a nominal stresse (o) and an effective stress (&) are considered,

_F 15
o= (15)
F
A
then is possible write
o A
a7
(17)
c=01-d)o

Damage model is developed in Beserra, 2015
2 STUDY CASES

The formulation in this paper is apply for resolve the hydraulic fracturing problem when
exist a natural fracture network.

2.1 Initial stress strain variation

Some simulations were made with the propose of analyzing the influence of initial stress
strain in the direction of hydraulic fracturing (pressure propagation) as well as the influence of
boundary conditions. Four sceneries were considered. Each one of boundary conditions was
tested with an isotropic and anisotropic field of initial stress strain, considering a fluid fracturing
rate equal to 1.0E-3 Kg/s. Pre-existing fractures were embedded in finite element mesh with an
in-house tool development with properly geological mapping Figure 3.

2.1.1 Hydraulic fracturing with mixed mechanical conditions (slider and
fixed)
This first simulation is a field of initial stress strain isotropic. The value from both principal

stress is 1MPa (Figure 4(a)). Then a field where maximum stress strain is three times the
minimum stress strain was considered. (Figure 4(b)).
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(@)

Figure 3.Embedded natural fractures in finite element mesh

SH=3MPa

SH=1MPa
SH=1MPa

(b)

Figure 4. Finite element mesh mixed mechanical conditions. (a) Isotropic stress. (b) Anisotropic stress

As shown in Figure 5, both cases start with a pressure equal to zero.

PRESSURE

Figure 5. Initial Pressure
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The pressure changes throughout the simulation as a function of the fluid injection that is
performed Figure 6(a) and Figure 6(b) shown evolution pressure for an isotropic case; Figure
7(a) and Figure 7(b) shown the evolution for an anisotropic case.
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Figure 7.Pressure evolution for hydraulic fracturing operation with anisotropic initial stress.
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2.1.2 Hydraulic fracturing with fixed mechanical conditions

A second part the mechanical conditions are fixed throughout the contour, for this, the
simulation is fragmented in two parts. First are considered the same mechanical conditions as
Figure 4, after a while are considering the condition illustrates in Figure 8 .

As it is presented in the previous case (section 2.1.1), the pressure change during the
simulation because of the mechanical boundary conditions and intial stress (Figure 9 and Figure
10) . In order to illustrate clearly de difference between all scenarios are included Figure 11and

Figure 12, these figures correspond to normal jump aperture and can be related to the fracture
propagation.
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Figure 9.Pressure evolution for hydraulic fracturing operation with isotropic initial stress strain and fixed
boundary conditions.
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Figure 10. Pressure evolution for hydraulic fracturing operation with anisotropic initial stress strain and
fixed boundary conditions.
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Figure 11. Normal jump aperture. (a) Isotropic stress strain for mixed boundary conditions. (b)
Anisotropic Stress strain for mixed boundary conditions.
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Figure 12. Normal jump aperture. (a) Isotropic stress strain for fixed boundary conditions. (b)
Anisotropic Stress strain for fixed boundary conditions

2.2  Well variations

This second case of study was performed to analyze hydraulic fracturing in different
scenarios like openhole, perforating and pre-existing fracture. The main objective of this
example is to show the effect of the presence of fractures on the propagation of the induced
fracture.

The simulations where performed by steps. First, generate the initial stress state prior to
the excavation of the well; Second, excavation of formation elements and application of well
over pressure (30MPa); finally inject the fracturing fluid. The initial stress state and boundaries
conditions are presented in Figure 13. The rock young modulus is 41370 GPa and Poisson 0.2,
the fluid fracturing rate used is 1.0 Kg/s. Perforating angles of 30° and 80° were selected to
compare fracture evolution in fractured and non fractured reservoir, also were performed
combinations of perforating in openhole and casing well. The variable of study is the liquid
pressure, which is related with the fracture induced path. The path to the induced fracture will
depend on the reservoir conditions in which the hydraulic fracturing operation is performed.
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So, for example Figure 14 and Figure 15 shown that for a same time of simulation (10.07
seconds) the pressure of the liquid is in different points of the reservoir.

ERRRRRNIRaNauananyy!
L.. =

Figure 13 - Well case boundary conditions

(a) (b)

(c) (d)
Figure 14 - Pressure at 10.07 seconds in a reservoir without fracture. (a)Well with casing, perforating at
30°.(b) Well with casing, perforating at 80°.(c) Well in openhole, perforating at 30°.(d) Well in openhole,
perforating at 80°

Cases in Figure 15 correspond to simulations in a reservoir with pre-existing fractures. In
this case liquid pressure goes in the fracture way. It occurs because of the initial stress state and
fracture properties while in the homogenous reservoir the pressure tends to go in direction of
minimum horizontal stress independent of perforating angle (Figure 14).
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Cases that only differ in the presence of a natural fracture present the same slopes but differ
in the time of rupture, some cases are only pressurized and fail to advance in the formation.
Other cases are propagated through rock matrix (Figure 16). Cases that does not have natural
fracture show a typically curve of liquid pressure during a hydraulic fracturing operation
(Figure 17), but cases with natural fracture are pressurized (Figure 18).

(a) (b) (©) (d)
Figure 15- Pressure at 10.07 seconds in a fractured reservoir.(a)Well with casing, perforating at 30°.(b)
Well with casing, perforating at 80°.(c) Well in openhole, perforating at 30°.(d) Well in openhole,
perforating at 80°
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Figure 16 - Liquid Pressure Evolution. F: Pre-existing fracture; WF: Witouth pre-existing fracture
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Figure 18 - Liquid pressure evolution. Reservoir naturally fractured.
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3 DISCUSSION AND CONCLUSSIONS

In examples where boundaries are fixed the maximum pressure acquired is bigger than
examples where exist mixed boundary conditions. It is possible see in the same illustrations,
red marks, that due to pressure disturbance caused by hydraulic fracturing the intact rock also
undergoes changes.

Rock changes build a connection rock-fracture; that new connections can favor fluid flow
due to the increase in reservoir system permeability.

It is also possible to observe the influence that boundary conditions had on the results
because the hydraulic fracturing had greater effect on the examples with mixed conditions of
contour.

Sometimes the weakness planes are denser in some areas of the reservoir, the degradation
of the rock allows to connect fractures that initially were isolated of the zone with greater
density.

Cases isotropic does not have a direction for opening fractures, but cases anisotropic open
easily in direction of maximum principal stress.

It is necessary to sensitize parameters of the natural fracture to try to know the direction
of the induced fracture and known more about fracture intrinsic permeability and stiffness.
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