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Introduction

The most effective way to recover the gas from ultra-
low permeability reservoirs is hydraulic fracturing,
which is a widely applied stimulation technique (1).
The simulation of hydraulic fracturing began with
the modeling of single-planar fracture propagation
in homogeneous formation (2-4). Because of the
rising tide of shale gas development in the last
decades, hydraulic fracturing has focused on the
creation of complex fracture networks. The governing
mechanisms of interaction between hydraulic fractures
(HF) and natural fractures (NF) play a critical role in
creating complex fracture networks. Hydraulic fracture
intersection with natural fracture was investigated
through both laboratory and mine-back experimental
approaches.(5-6). The results showed that there were
three categories of intersection between hydraulic and
natural fractures: HF crossed NF, HF deflected into
NF, and HF arrested by NF.

Materials and Methods
Introduction of the Region and Geology of the Studied
Field

The southwestern oil field of Iran, which includes huge
parts of the reservoirs, was discovered in 1999. Until
now, 115 wells have been drilled in this field, and the
deepest drilled depth in this field is 5340 meters in the
Nizaran Formation. The four production layers include
Saruk, Kozhdami, Gadvan and Fahlian. According to
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the UGC map, the reservoir layer of Saruk is about
45 to 60 km, and the area of this region is about 900
square km. The amount of oil in the reservoir of this
field is more than 33 billion barrels and the amount of
oil that can be recovered in this field is about 5 billion
barrels.

Software

ABAQUS software is a very powerful set of modeling,
analysis and simulation programs based on the Finite
Element Method (FEM) and this software capable to
solve a wide range of scientific and industrial problems,
including simple problems with linear analysis to
complex problems. In the last decade, many methods
have been developed to model failure in materials. The
finite element method provides methods for predicting
failure behavior in materials, and one of these methods
uses the cohesive law in the finite element to model
crack initiation and propagation. It should be noted
that the cohesive zone model considers failure as a
process that occurs along the crack tip or the cohesive
zone that resists detachment.

Model Description

In ABAQUS The two-dimensional model was made
with a length of 30 meters and a width of 20 meters.
In the model, two types of intersection angles between
hydraulic fracture and natural fracture were considered.
The natural fracture was divided the model into two
parts and two different properties were assigned to
these parts. The injection point was placed
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on the first hydraulic fracture element and the
incompressible Newtonian fluid was injected at a
constant pumping rate. hence, the hydraulic fracture
was initiated and propagated hydraulically by the fluid
pressure. The model was discretized into a domain
CPE4P elements (4-node bilinear displacement and
pore pressure elements). The hydraulic fracture and
natural fracture were defined by COH2DA4P elements
(6-node displacement and pore pressure 2-D cohesive
elements). The shape of the elements is considered
quadrangular and the Structure technique is used for
meshing different parts of the rock and the Sweep
technique is used for meshing the cohesive elements
to increase the accuracy of the simulation. minimum
Horizontal stress was applied from both sides of the
model, perpendicular to the crack growth path. The
maximum horizontal stress was applied perpendicular
to the X axis and parallel to the crack growth path. It is
worth noting that X-displacement and Y-displacement
constraints were predefined on the model’s boundaries.
As shown in Fig. 1, the hydraulic fracture intersects
with the natural fracture at an angle of 70°.

The input data used in the computation are summarized
in Table 1. The data consists of four categories. There
are two values of each variable for rock properties
representing the Part I and Part II formations,
respectively. Similarly, the parameters given as
cohesive zone properties are classified separately into
the hydraulic fracture and natural fracture. For the
purpose of interpreting the effects of variable changes
on the simulation results, the changing values are
divided by the slashes. The cohesive parameters of the

minimum horizontal
stress

natural fracture are defined as medium and weak grade
according to their magnitudes.

Results and Discussion

Various factors play a role in the cross or deflect of
hydraulic fracture into the natural fracture, and in
this study, we investigate the effect of three important
factors. natural fracture cementing strength, differential
stress and approaching angel are the factors that play
significant role in the hydraulic fracturing operation.
In two models of 70° and 90°, we investigate the
differential stresses of 0 and 5 MPa and the effect of the
natural fracture cementing strength on the propagation
of hydraulic fracture when encountering the natural
fracture. As it is clear from the results, at 90° and
70°, If the differential stress is less than 5 MPa, it is
obvious that the hydraulic fracture deflects into the
natural fracture, but the activation rate of the natural
fracture in the 70° is more than the 90°. Moreover,
the change of the natural fracture cementin strength
does not have a significant effect on the hydraulic
fracture propagation. When the differential stress is 5
MPa, hydraulic fracture completely crosses the natural
fracture in both angles, but with the decrease in the
natural fracture cementing strength, hydraulic fracture
has slight diversion into natural fracture. At the end
of the pumping stage, the hydraulic fracture finally
crosses the natural fracture, but in the model of 70°,
hydraulic fracture completely deflects into the natural
fracture. When fluid injection continues, hydraulic
fracture crosses from natural fracture.

maximum horizontal

Stress

hydraulic fracture

natural fracturs

minimum horizontal
stress

| injection point
T A

Fig. 1 Schematic of the fracture propagation processes at the 70° approaching angle model.
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Table 1 Software input parameters.
numbers | Categories Variables Values unit
(Part I) 22
Y ’ 1 P
oung’s modulus (Part IT) 20/5 GPa
Part I) 0/2
Poisson’s ratio EP:rt Ii) 0/19 B
1 Rock properties oart D) 0/05
Permeability (Part I) mD
(Part IT) 0/03
. . (Part 1) 0/02
Void ration (Part IT) 0/03
. (hydraulic fracture) 6
N 1 1 st MP
ormat nominat stress (natural fracture) 1/1/5 a
. (hydraulic fracture) 6
1st sh 1 MP
st shear nominal stress (natural fracture) 1/1/5 a
h lic fi
2nd shear nominal stress (hydraulic fracture) 6 MPa
5 (natural fracture) 1/1/5
Cohesive zone properties (hydraulic fracture) 2000
N 1 fract J/m?
ormat fracture enetgy (natural fracture) 1100 / 1300 m
(hydraulic fracture) 2000
1t shear fract 2
st shear fracture energy (natural fracture) 1100 / 1300 J/m
(hydraulic fracture) 2000
2nd shear fi 2
nd shear fracture energy (natural fracture) 1100 / 1300 Ym
fluid leak-off coefficient 10-10x5 m/(Pa. s)
. Maximal horizontal stress 85/80 MPa
3 In-situ stress — -
Minimal horizontal stress 80/ 80 MPa
. Fluid viscosity 4 mPa-s
4 Pumping parameters
Injection rate 0/001 m/s
o o Pore pressure 40 MPa
5 Initial conditions - -
Void ratio 0/02 -~
Conclusion approaching angle is 90°, with the increase of the

The most important results of this research are as
follows:

1- Numerical modeling was done using ABAQUS
finite element software for a reservoir sample, in order
to study and investigate the behavior of hydraulic
fracturing operation in the presence of natural fracture.
2- When the differential stress is zero MPa, at 90° and
70° approaching angles, the hydraulic fracture deflects
into the natural fracture.

3- By increasing the approaching angle between
the hydraulic fracture and natural fracture to 90°,
hydraulic fracture crosses the natural fracture. with
higher approaching angle, the compressive load and
the toughness of the natural fracture are increased, so
that the hydraulic fracture has an increasing tendency
to cross the natural fracture.

4- When the approaching angle is 70°, with the increase
of the differential stress to 5 MPa, the hydraulic
fracture crosses the natural fracture, but if cement
strength of the natural fracture decreases, hydraulic
fracture deflects into the natural fracture and it crosses
the natural fracture as pumping continues. When the

differential stress to 5 MPa and reducing the cement
strength of the natural fracture, hydraulic fracture
crosses the natural fracture without activating it.
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